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Abstract

Optical fibre has become the dominant theme of transmission in long haul, high
data rate communication systems due to its tremendous bandwidth and low loss. Radio
over Fibre (RoF) technology facilitates the seamless integration between wireless and
optical communication systems and found to be the most promising solution to meet
the exponential bandwidth demands expected for the upcoming years. However, the
main bit-rate/distance limitation in RoF systems is the chromatic dispersion.

In this thesis, the two generations of RoF technologies, namely Analogue RoF
(AROF) and Digital RoF (DRoF) are investigated. The overall aim of this research is
to optimise the optical bandwidth utilisation of these two approaches for a typical
transmission of the fronthaul link proposed in the next generation Centralised Radio
Access Network (C-RAN). Consequently, a number of physical layer design scenarios
for the optimised transmission of the Radio Frequency (RF) signals over a Standards
Single Mode Fibre (SSMF) are demonstrated.

Firstly, for an ARoOF transmission, where the analogue RF signals are transported
over SSMF using an optical carrier, a bidirectional link transmitting four
Downlink/Uplink channels in a chromatic dispersion limited scenario is designed.
Simulation results have shown a clear constellation diagram of a 2.5 Gb/s RF signal
transmission over 120 km fibre length.

Secondly, a DRoF system with reduced optical bandwidth occupancy is proposed.
This system employs an optical Duobinary transmission to the digitised RF signal at
the transmitter side to reduce its spectrum and to address the chromatic dispersion
effect, simultaneously. Simulation results demonstrate the capability of the proposed
system to maintain high-quality transmission of the digitised signals over 70 km of
fibre distance without dispersion compensation requirements.

Finally, an advanced DRoF transmission link based on integrating digital Optical
Single Sideband (OSSB) transmission with Duobinary encoding scheme is designed.
Simulation results have clearly verified system’s robustness against transmission
impairments and have better performances in terms of the obtained BER and EVM
with respect to the 3GPP standardised values. Moreover, the results show that both
transmission distance and power budget are furtherly improved in comparison with

two other digital transmission scenarios.
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Chapter 1

Introduction

1.1 Background

The growth in data traffic demands has been attributed to the expanded use of mobile
smartphones in addition to various bandwidth-hungry applications, such as video
conferencing, High Definition TV (HDTV) and interactive video gaming. Figure 1.1
shows the Global Mobile Data Traffic Forecast from (2016 — 2021) [1]. It predicts that the
overall data traffic is expected to grow from 7 Exabyte (EB), where an Exabyte is equal to

one million terabytes, in 2016 to 49 EB by 2021, which means a seven-fold increase over
2016.

(2]
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Figurel- 1: Cisco VNI, Global Mobile Data Traffic Forecast 2016 — 2021[1]



In addition, the Compound Annual Growth Rate (CAGR) of the mobile data traffic is
expected to grow at 47% from (2016 — 2021). Wireless and broadband services represent
the most prodigious growth stories in data traffic forecast. Consequently, transporting this
massive amount of data would require a considerably huge transmission bandwidth which
is much greater than that offered by the existing networks.

This traffic explosion is presently the major challenge to the existing Radio Access
Networks (RANS). In response to that, fibre-optic technology, which is widely spread over
the past few decades, provides a tremendous bandwidth and capacity in telecommunication
networks. Fibre-optic communication systems are considered as the very promising
technologies for next-generation networks. Beside its ability to carry extremely high data
rates over long reach transmission distances with relatively low attenuation values, they
have many other advantages over the conventional RANs. They are less influenced by
noise, are totally unaffected by the radio frequency interferences, completely isolated
medium, and finally unaffected by the weather conditions and high voltage exchanging
[2]. Many techniques have been developed to offer the potential of Tera-bit per second
transmission bandwidth in optical-fibre networks, such as Dense Wavelength Division
Multiplexing (DWDM).

Therefore, Mobile Network Operators (MNOs) and service providers are in favour of
integrating fibre and wireless (Fi-Wi) technologies to address the challenges of providing
high data rate services to the end users [3], [4]. This presents the concept of Radio over
Fibre (RoF) network as the futuristic solution for supporting super-broadband services in a
cost-effective, solid and ecologically friendly way[5]. It opens the gate for a new era of an

optical wireless converged network to be deployed.

1.2 Research Motivations

The significant growth in data traffic and the evolution in RoF technology have
contributed to the innovation of a novel RAN infrastructure known as a Centralised Radio



Access Network (C-RAN) [6]. In C-RAN, a new concept of Base Station (BS) design is
proposed based on co-locating the Baseband Processing Units (BBU) in a centralised BBU
pool while keeping the relative Remote Radio Heads (RRHs) at the cell site. C-RAN
provides many advantages over conventional RAN, such as BS design simplification,
reduced power consumption even with the densely deployment of the RRHSs, centralisation
of the Radio Frequency (RF) signal processing, the ability to perform a dynamic resource
allocation, cooperative radio techniques, and network functionalities virtualisation to
perform dynamic load balancing [7]. This requires a more effective utilisation of the
transmission system resources.

However, C-RAN advocates for a new paradigm of a transport network connecting the
BBU pool to the RRHs known as the “front-haul” as shown in figure 1.2. Front-haul link is
built using an optical distribution network to meet the increasing demands of the higher

data rate.

| G — )
\—\— _BBUPol _ A __"
6 Optical Network 6 > Front-haul
RRH ‘
RRH

Figurel- 2: The Basic C-RAN Structure

Optical techniques applied for this transportation segment might make use of either

analogue or digitise waveform of the RF signal to be transmitted over the front-haul.



Nevertheless, transmitting an extremely high data rates using any of these transmission

scenarios impose stringent requirements on the design of the front-haul link.

Based on what has been mentioned above, the main motivation for this PhD research is the

design of a cost-effective front-haul link for the next generation mobile networks that can

cope with the challenging high data rate requirements and reduce the optical bandwidth.

1.3 Research Challenges

A physical layer design conceived for a fronthaul link relying on RoF technology is a

challenging research area. Some of these challenges have been addressed through the work

of this PhD research as follows:

Generally, fronhaul link design based fibre-optic can be classified into Analogue
fronthaul (A-FH) and Digital fronthaul (D-FH). Traffic in D-FH is based on Digital
Radio over Fibre (DRoF) technology. The de facto standards for a fronthaul based
DRoF is either the Common Public Radio Interface (CPRI) [8] or Open Base
Station Architecture Initiative (OBSAI) [9]. However, CPRI is the most adopted
standard for the fronthaul interface due to its efficient mapping methods.
Considering CPRI protocol, the digitised signal is transmitted over the fronthaul by
one of its standardised bit rate options which are multiples of (1, 2, 4, 5, 8, 10, and
16) by 614.4 Mbit/s. Therefore, D-FH must be capable of handling data rates that
reach up to 10 Gb/s. This represents a highly challenging issue from the
implementation point of view for the fronthaul as it requires a high optical
bandwidth.

The challenging bit rate requirements for the D-FH based DRoF can result in the
implementation of A-FH based Analogue Radio over Fibre (ARoF) transmission
technology. However, Signal transmission over the A-FH suffers from nonlinear

effects, such as Intermodulation Distortion (IMD) and chromatic dispersion which



reduce the transmission distance to a few kilometres. Consequently, reducing these
impairments in order to enhance the performance and to extend the transmission

distance is a challenge needs to be addressed.

e Due to high data rates in DRoF, it seems unlikely to be integrated with the
operational Passive Optical Network (PON) standards, such as Ethernet Passive
Optical Network (EPON), Gigabit Passive Optical Network (GPON) and Next
Generation-Passive Optical Network (NG-PON1) to achieve the cost-effectiveness.
More recentlyy, NG-PON2 has been standardised by International
Telecommunication Union ITU-T G 989.2 [10] which brings more improvements to
the bit rate capacity relative to the previous PON standards. This introduces a
challenge represented by assuring the compatibility of DRoF link with the NG-

PONZ2 from the perspectives of the wavelength plan and bandwidth requirements.

e With the current capacity expansion in optical fibre networks using technologies
like WDM, the impact of the chromatic dispersion is one of the major challenges
with regard to higher transmission rates and lengths. Particularly, at wavelengths
around 1550 nm, which offers the most reduced attenuation, the impact of the
chromatic dispersion must be considered for the assurance of ideal transmission
approach. For this regard, bandwidth-efficient modulation schemes have been
proposed to address this challenge.

1.4 Aims and Objectives

The main aim for this research study is to design an optimised radio over fibre physical
link for the application in the fronthaul of next-generation radio access network and to
investigate its performance to evaluate its physical functionalities. This design considers
the two major types of RoF transmission systems, namely Analogue RoF (ARoF) and
Digital RoF (DRoF). The aim of this thesis is addressed via the following objectives:



1-

2-

Review the methodologies which have been created, proposed or developed to
compensate or limit the impact of the chromatic dispersion in optical fibre,

particularly in the standard single mode fibre (SSMF).

Adopt a technique or a strategy which would address the impact of the chromatic
dispersion in digital optical transmission systems. This includes applying an
efficient encoding scheme to the digital data signal to optimise its spectrum and to

counteract the chromatic dispersion effect as well.

The focus of this research is on reducing the optical bandwidth of the designed link
so that to improve the transmission performance on one hand, and to increase the
transmission distance on the other hand. This comprises the following sub-

objectives:

a) Employing a bandwidth efficient modulation scheme for both the baseband
and optical signals for different transmission scenarios.

b) Employing higher order modulation formats and making sure to keep the
performance figure of merits, such as Error Vector Magnitude (EVM)
below the standardised limits.

c) Integrating multi-bandwidth optimisation schemes together to gain even

more bandwidth reduction.

Propose a simplified wavelength reuse scheme to be implemented at the Base

Station (BS) side to achieve a bidirectional cost-effective RoF link.

Analyse the performance of the optimised RoF link in terms of a simulation
environment to verify its robustness. The simulation focuses on the optical link

design only while the wireless transmission has not been considered.



1.5 Thesis Outline and Contributions

This thesis is composed into six chapters. Each chapter starts with a concise review
featuring the contributions achieved in that chapter. Then, a brief presentation to the most
recent related work is listed followed by a detailed introduction to the chapter explaining
what has been done in it. Towards the end of the chapter, a summarised conclusion is
presented.

The outline of this thesis contributions are as follows:

Chapter 2: Presents an overview of the optical communication system, and the operation
principles of the components used in it including the transmission mediums and optical
transmitters/receivers. Transmission main impairments that affecting the optical link
performance, particularly dispersion effect with the major dispersion compensation
schemes are described. The two types of RoF communication systems which are ARoF
and DRoF are detailed. The basic operation principles, advantages/disadvantages and
impairments presented in each RoF type are discussed. This discussion justifies the need
for the techniques used in the design of the optimised links presented in the next chapters.

Chapter 3: Considers the design of a bidirectional ARoF system in details, proposing a
scheme for transmitting four downlink signals each one with different Quadrature
Amplitude Modulation (QAM) combination over long reach fibre using four Dense
Wavelength Division Multiplexing (DWDM) channels. Addressing the impact of the
chromatic dispersion has been achieved by using a Dispersion Compensation Fibre (DCF).
As a further enhancement, employing higher order modulation formats have supported
dispersion resiliency as they require less optical bandwidths. The duplex transmission has
been facilitated using a new low complexity technique for reusing the downstream
wavelength for upstream transmission without requiring a separate laser source at the BS

side. The advantages of the proposed link conceived for fronthaul based ARoF technology



is presented and performance results are discussed on the basis of signal’s EVM and BER

showing the feasibility of the designed AROF link.

Chapter 4: Aims for designing an optimised DRoF link. Following a concise introduction
on DRoF, a discussion on the key components used in DRoF systems, namely Analogue to
Digital Converter (ADC) and Digital to Analogue Converter (DAC) are presented showing
their attribution in the highly produced data rate. A cost-efficient physical layer design for
the optimised transmission of a digitised 16-QAM signal over fibre is presented. In this
system, an optical Duobinary modulation scheme is realised with reduced complexity to
optimise the optical bandwidth utilisation. More explicitly, the designed link is capable of
transmitting a digitised 16-QAM signal over 70 km SSMF without dispersion
compensation requirements. Furthermore, the performance of the system is investigated

for different ADC quantisation levels as a separate transmission scenario.

Chapter 5: Introduces a concept of integrating the Duobinary encoding scheme with the
digital Optical Single Sideband (OSSB) transmission to furtherly reduces the optical
bandwidth to obtain even more performance improvements. Therefore, a brief introduction
to the theory of the OSSB transmission technique is presented. For the sake of integration
compatibility, many modifications have been done not only to gain more bandwidth
reduction but also to achieve even more sideband suppression. Moreover, a physical
design to a Finite Impulse Response (FIR) digital filter is proposed to provide the required
Hilbert Transformation to baseband digital signal in the OSSB configuration. Again, the
digitised transmission of a 16-QAM signal over an SSMF is demonstrated. The
performance of the proposed system is analysed and compared with different digital

transmission scenarios in order to highlight its proficiency.

Chapter 6: Concludes the research findings and highlights a range of ideas for the future

work.



Chapter 2

Optical-Fibre Communication System

2.1 Introduction

The block diagram of the fibre-optic communication system is shown in figure 2-1 below.
It consists of a transmitter, a communication channel, which is realised using optical fibre
cable and a receiver. The optical fibre has mostly been developed for telecommunication
networks as it offers an enormous transmission bandwidth. Optical fibre
telecommunication systems can furtherly be divided into two categories: Long-Haul and
Shot-Haul depending on the transmission distance [11]. Indeed, Fibre-optic systems are
not only very attractive for high bit rate long-haul applications but also it is a cost-effective
solution for short-haul multichannel networks with multiple services, such as broadband
integrated services digital networks. In the next sections, we will provide an introductory

review of the main components of the fibre-optic telecommunication system.

input - output
. . Communication . .
——» Optical Transmitter > Channel »  Optical Receiver ——»

Figure 2- 1:Optical Communication System

2.2 Optical Transmitter

The main function of the optical transmitter is to convert the signal from Electrical to
Optical (EO) domains and to dispatch the optical signal into the fibre. The main parts of
the optical transmitter are an optical source, an optical modulator and a coupler as shown

in figure 2-2. The optical source is configured using either semiconductor lasers or Light-



Emitting Diodes (LEDs). Most optical communication systems use semiconductor lasers
rather than LEDs as they have many advantages which include low cost, reliability, small

size and suitability for high frequency signals [12].

Driver

Electrical Signal

Y Y
Optical Signal
Optical Source » Optical Modulator > Coupler ——» Output

Figure 2- 2: Optical Transmitter Components

2.2.1 Continuous Wave (CW) Semiconductor Laser

A laser is a device used for emitting modulated data into the fibre. There are two kinds of
lasers that are generally utilised in optical telecommunications: semiconductor lasers and
fibre lasers. Semiconductor lasers are the most preferable in optical networking as they
have narrow spectral line width, fast tunability and high output optical power. A
semiconductor material can either be doped (adding impurities) with electrons to obtain (n-
type) material or removing some of its electrons, which is so-called adding holes, to obtain
(p-type) material. Therefore, a p-n junction is formed when the p-type and n-type materials
are both intersecting each other with a common boundary between them [13].

The semiconductor laser is generally consisting of three parts: the optical gain, the optical
feedback and the pumping mechanism as shown in figure 2-3.The optical gain is an atomic
medium with two electromagnetic levels correspond to the ground (stable) state and the
higher (excited) state. The electrons of the atoms are jumped to the excited level due to the
external pumping mechanism effect. This is referred to as the population inversion. The
operation principle of the semiconductor laser is governed by the stimulated emission, in

which an external photon is bombarded onto excited electrons in the higher state.
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Figure 2- 3: Laser Operating Principles[12]

As a result, these electrons fall from the excited state to the lower energy state, emitting
photons (light) that have the same phase and frequency of the incident stimulated photon
[12]. However, frequency and phase of the laser light are affected by a phenomenon called
spontaneous emission. It happens when excited electrons in the higher level fall into the
lower energy level without stimulation, resulting in a photon emission with random
frequency and phase distribution. Therefore, to sustain the emission of the laser light
continuously, the number of electrons in the higher (excited) level must be greater than the
number of electrons in the lower energy (stable) level. In another word, the rate of the
spontaneous emission (Rspon) Must always be less than the rate of the stimulated emission
as given below [13]:

Ry hf -
=L {e(kBT) - 1} «1 (2.1)
Rspon

where f is the frequency of the emitted light, h is Plank’s constant, T is the temperature
and kg is Boltzmann constant.

There are two main sources of semiconductor laser noise, which is known as the Relative
Intensity Noise (RIN). First, is the spontaneous emission effect, and second, is the
absorption effect, which occurs as a result of filling of holes with some of the free

electrons in the semiconductor material.
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2.2.2 Optical Modulation

The optical signal generated by the laser source needs to be modulated by the information
signal. This is referred to as the optical modulation, which can be divided into two
schemes: Direct Modulation and External Modulation. Directly modulating an optical
signal is limited for the modulation of the digital signal with a bit rate that scales up to 1
Gb/s [14]. The variation in the refractive index of the direct modulator is severely changed
with high optical frequencies, causing variations in the output phase and frequency. The
modulation current in such modulation schemes need to be minimal to suppress the
frequency chirp, which is in turn, decreases the modulator’s extinction ratio, and hence
reducing the signal to noise ratio (SNR) [5], [13]. As a consequent, optical transmission of
high data rate digital signal over long distances can typically be achieved by using external
modulators. There are two main external modulators types used in the simulation
processes carried out in this research, namely, Mach-Zehnder Modulator (MZM) and
Dual-Drive Mach-Zehnder Modulator (DD-MZM). In the following sections, operation
principles of these modulators are described in greater details.

2.2.2.1 Mach-Zehender Modulator (MZM)

It is one of the most widely used external modulators in optical communication networks,
which also referred to as Mach-Zehnder Interferometer (MZI). The operation principle of
MZM is based on the electro-optic effect that occurs in a particular material when the
refractive index of that material changes due to the effect of an external electric field [15].
The most commercially used material for electro-optic effect employment in the Lithium
Niobate (LiNbO3) for its ability to work at high optical frequencies and low-frequency

chirp characteristics [16]. The MZM structure is shown in figure 2-4.
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Figure 2- 4: Single-Drive MZM Basic Configuration[17]

As it can be seen from the figure (2.4), the continuous wave coming from the laser source
is split equally between two optical waveguide arms. These waveguides are fitted in
between two pairs of electrodes which are both connected to the modulating data signal
and the DC bias signal. With the aid of the electro-optic effect, the optical phase of the
optical signal in each waveguide path (arm) is going to be changed relatively quickly in
accordance with the changes in the amplitude of the modulating signal voltage. Therefore,
if only the DC bias signal is applied, there will be no change in the phase of the optical
signals pass through the waveguide arms. As a result, MZM operation is controlled
through the modulation of optical phase. Hence, the amplitude of the output optical
modulated signal depends on the optical phase difference between the phase variation in
waveguide path 1 (¢;) and phase variation in waveguide path 2 (¢2). Therefore, the output
optical power of MZM depends on the phase difference between the modulator’s arms,

and so it can be written as [18]:

Pout(t) = Pin(t) . cos?[AD(t)] (2.2)
with

D, (8) — ®,()

AD(t) = .

(2.3)
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2.2.2.2 Dual Drive Mach-Zehnder Modulator (DD-MZM)

The DD-MZM has two inputs for the modulating drive signals (Vrr1 and Vge2) applied
separately to the electrodes around the optical waveguide arms. Therefore, the optical
phase shift in one waveguide arm is independent from the phase shift in the other arm. As
a result, many applications would be allowed using this schematic of DD-MZM, such as
the Optical Single Sideband (OSSB) modulation [18]. Figure 2-5 shows the basic structure
of the DD-MZM.

Lithium Niobate (LiNbOs)

_— VRFl
Q \ —P¢
Optical Signal Input / ‘ Optical Signal output
— X —>
. \
T/ N
= W Vee2

Waveguides Arms Electrodes

Figure 2- 5: Dual-Drive MZM (DD-MZM) Structure[17]

2.3 Optical Receivers

The main function of the optical receiver is to perform the Optical-to-Electrical (OE)
conversion process to recover the transmitted data. This can be handled by using a Photo-
Diode (PD) made out of semiconductor materials to be placed at the receiver side of the
optical communication network. The operation principles of the PD are based on the
absorption mechanism of the semiconductor material [2]. The PD is typically formed out
of a combination of n-type and p-type semiconductor materials. Figure 2-6 shows a reverse
biased PD with a p-n region known as the depletion region, formulated with free charge
carriers.
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Figure 2- 6: p-n Photodiode[19]

The process of the photo-detection is as follows: when a p-n photodetector is bombarded
with a beam of an incident light through a particular side, electrons in the depletion region
absorb the incident light photons. These electrons gain some energy from the absorbed
photons making them move towards the opposite side, creating an electron-hole pair inside
the depletion region. Due to the reverse biased electric field across the PD terminals, as
shown in figure 2-6, electrons and holes generated inside the depletion region are going to
drift in the opposite directions of their corresponding region depending on the electric
charge. Therefore, a flow of an electric current is resulted, which is known as a
photocurrent (lp). This current is proportional to the incident optical power (Pj,), and

hence, it can be given as [19]:

Ip = RP,, (2.4)

where R is the responsivity of the PD measured in (A/W) units. The bandwidth of the PD
is determined by how fast the electron-hole pairs travel through the depletion region due to
the prompt changes in the incident light. This can be expressed in terms of the transit time,
which is defined as the time required for the response of a system to increase from 10% to
90% of its final value for an abruptly changed input signal, such as step signal. Transit

time can be given as:
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1, = — (2.5)

where, W is the depletion region width, and vy is the electron-hole drift velocity.

The bandwidth of the PD can be increased by decreasingzt,,-. The reduction in 7., might be
achieved by decreasing W in (2.5), which in turn will reduce the responsivity of the PD as
the rate of the electron-hole generation will be decreased. The effective solution to
increase the depletion region while reducing the ., is achieved by inserting a layer of
undoped semiconductor material (intrinsic material) in between the p-n junction forming
what is it called PIN photodiode. A PIN PD that is used InGaAs material in the middle i-
layer is commonly used in modern light-wave networks, with typical responsivity values
between (0.6 — 0.9) A/W [20].

Another optical receiver type known as Avalanche Photo-Diode (APD) is widely used in
optical networks as well. The main difference between APD and PIN PDs is that, in APD,
an additional layer is sandwiched between the i-layer and n-type layer [20]. As a result, a
secondary electron-hole pairs flow is generated due to the impact of ionization, and so, the
optical receiver responsivity is greatly improved in this kind of PDs. However, noise and
gain level in the APD PD is greatly influenced by the temperature. Therefore, PIN PD will
mostly be adopted as the optical receiver in our designed simulation optical networks.

2.4 Optical Fibre

An optical fibre is a transmission medium used for the transmission of information as light
pulses through a glass (Silica) or plastic fibre. It has been first established in the middle of
1980s and used most often in fibre-optic communications [2]. One benefit was to transport
the data for longer distances as well as at much higher bandwidth with less loss, compared
to the coaxial cables. The glass fibre core is surrounded by another glass layer called
cladding as shown in figure 2-7.
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Figure 2- 7: Cross-Sectional Area of a Single Core Optical Fibre[2]

The cladding layer is made with lower refractive index than the core in order to confine the
light entering the fibre within the core boundaries according to the principles of the Total
Internal Reflection (TIR) phenomenon [21]. Optical communication systems are so
attractive due to their capability to transport huge data along large distances with minimal
transmission errors. Today, researchers are investigating the transmission of 100 Gb/s per
wavelength by the employment of multilevel coding and bandwidth-efficient modulation
schemes. Typically, there are two types of optical fibre cables, namely, Single Mode Fibre
(SMF) and Multimode Fibre (MMF).

2.4.1 Optical Fibre Types

We will discuss the various types of optical fibres utilised in the optical communication.
There are two types of fibre depending on the core diameter and paths of the light
propagating through this fibre [20]. The difference between them is their relative size and
optical performance. In step-index guides, single-mode operation occurs when
the normalised frequency (V), which is defined in equation (2.21) is less than or equal to
2.405. Since the core radius of SMF is so small, it only allows the light to propagate in one
mode: this is why it referred to as a single mode fibre as shown in figure 2-8(a). Similarly,
an optical fibre cable with large core size (50 um and more) permit the light waves to
propagate in multiple modes, so as called a multimode fibre [2], [22]. In the following

section, we will discuss the optical fibre types in more details.
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(b)

Figure 2- 8: Optical Fibre Types: (a) Single Mode Fibre, (b) Step-index Multi-Mode Fibre,
(c) Graded-index Multi-Mode Fibre[2]

2.4.1.1 Multi-Mode Fibre (MMF):

In multimode fibre, the light waves travel through multi-paths inside the core, and so, they
arrive at different time instances at the fibre output [2]. This is called the modal dispersion.
Hence, the issue with MMF is that as some modes (paths) are longer than others, the light
pulses will be spread out causing an effect called Inter-Symbol Interference (1SI), which in
turn, restrict the distances that pulses can be transmitted over the MMF. However, as the
MMF has a relatively large core size, it is ideally suited for high bandwidth transmission
(10 Gb/s and more) over short haul distances (300 m -1 km), such as in buildings and on-
campus applications [23].

There are two types of the MMF depending on the core’s refractive index profile. MMF
with constant refractive index across its core is called a step-index MMF, which is shown
in figure 2-8(b). In which, the modal dispersion is severe as the light waves spread out at
different angles and lengths. As a result, the transmission bandwidth would be fairly small

in such fibres. In spite of the low bandwidth and high attenuation associated with step-
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index MMF, its large core size (up to 1 mm) simplifies its connections and splice, which
makes it typical in applications requiring distances less than 1 km [24].

Modal dispersion effect in the step-index MMF can be reduced by the graded design of the
core’s refractive index profile, which is referred to as the graded-index MMF depicted in
figure 2-8(c). This can be achieved by gradually decreasing the refractive index profile
from the centre of the core towards the outer edge. Due to the reduced refractive index at
the core edges, the light waves on the peripheral paths will travel considerably faster than
those on the axial, and cause the light waves to take almost the same travelling time
through the fibre, thus minimising the dispersion effect. Therefore, the bandwidth of the
graded-index MMF is larger than that of the step-index MMF. In contrast, the refractive
index profile is more complex, and hence, it is more costly compared to the step-index
MMF.

2.4.1.2 Single Mode Fibre

SMF also was known as monomode fibre allows for only one mode of light to propagate
through it due to its small core radius, and hence, cannot suffer an intermodal dispersion.
SMFs offer a huge bandwidth and are perfectly suited for the long haul, low cost and high
capacity transmission. The outer cladding of the SMF is at least ten times the thickness of
the core, and the refractive index between the core and the cladding is about 0.6 % [22].
By Design, the core diameter is very narrow compared to the wavelength of the light being
used. Consequently, the confinement of the light inside the core is only controlled by the
step-change in the refractive index between the cladding and the core of the fibre.

The major disadvantage of the SMF is the complexity experienced in attempting to the
couple and/or splices it to another length of the fibre. SMF is widely used in the
transmission of a Quadrature Amplitude Modulation (QAM) signals and Single Sideband

(SSB) transmission.
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Signals being transmitted through optical fibre impose to different types of impairments
induced by the fibre media. In the following section, we are going to discuss these

impairments n details.

2.5 Optical Fibre Attenuation

Signals transmitted through the fibre are subjected to attenuation. It causes a reduction in
the signal power over the transmission distance and it is usually measured in decibel per
kilometre (dB/km). In silica optical fibre, there are two main sources for the attenuation, in
particular, material absorption and Rayleigh scattering.

2.5.1 Material Absorption

Each material absorbs light at a certain range of wavelengths in accordance to the
electronic and vibrational resonances at a particular molecule of that material. This
absorption results in a loss of the photons, and their energy therefore transformed into a
heat. Material absorption in silica can be subdivided into two categories: intrinsic and
extrinsic absorption mechanisms of the silica as the base material used in fibre
manufacturing [13]. Intrinsic absorption occurs in two wavelength regions; one at the
ultraviolet region caused by the electronic resonance, and the second in the infrared region
due to the vibrational resonance. Figure 2-9 shows the reliance on the material absorption
on the wavelengths. It can be observed from figure 2-9 that intrinsic absorption is less than
0.1 dB/km at a wavelength range (0.8 um — 1.6 um), which is commonly utilised in optical
communication systems.

Extrinsic absorption, on the other hand, happens due to impurities in the silica itself. The
main source of the extrinsic absorption is the presence of water vapours in silica. A
vibrational resonance of the Oxygen and Hydrogen ions near the 2.73 um wavelength

causes these vapours. As shown in figure 2-9, there are three attenuation peaks caused by
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the extrinsic absorption occurring near 1.39 um, 1.24 um and 0.95 pum wavelengths due to

the existence of residual water vapours in silica [13].
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Figure 2- 9: Measured Attenuation versus Wavelengths in SMF[13]

2.5.2 Rayleigh scattering

Rayleigh scattering represents the second major source of attenuation in the optical fibre.
The reason for this scattering is the minor variation in the refractive index of the fibre core
[25]. Silica particles are haphazardly moving in the molten state and freeze in place during
fibre manufacturing, which is, in turn, resulted in an inhomogeneous refractive index
profile along the fibre core. Hence, Rayleigh scattering would result in a light diversity out
of the waveguide and/or light reflection back to the source. As it can be seen in figure 2-9,
Rayleigh scattering effect is inversely proportional to the fourth power of the wavelength.

As a result, the intrinsic loss of silica fibre from Rayleigh scattering can be given as [13]:

= = (2.6)
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where C is in the range of (0.7-0.9 (dB/km)-um®), consequently, ag will be in the range of
(0.12-0.16 dB/km at A =1.55um, indicating that fibre loss is dominated by Rayleigh
scattering at this wavelength. The attenuation due to Rayleigh scattering can be reduced by
increasing the transmission wavelength.

The overall attenuation constant or the fibre loss (a) can be calculated in decibels as
follows [13]:

10 Pout
AdB/km = Tlogm (;—u) (2.7)
A

where, Pj,is the input optical power, and Poy is the output power measured at length L of
fibre in km. Figure 2-9 also shows that the lowest attenuation value of 0.2 (dB/km) can be
obtained in the 1.3 um and 1.5 pum wavelengths, which explains why they have been

largely selected in optical communication systems.

2.6 Dispersion in Optical Fibre

The dispersion can be defined as the widening or broadening that happens to the light
pulses as they propagate through the fibre. We have seen that the light-wave speed
depends on the refractive index profile of silica utilised in fibre manufacturing. Hence the
variation in the refractive index will result in a different propagation speed of the
wavelengths travelling along the fibre. Therefore, the optical signal that composed of a
finite range of wavelengths will be broadened at the fibre output owing to dispersion. As
the dispersion widens the light pulse duration along the transmission distance, interference
or overlapping between the consecutive light pulses might be experienced, resulting in
inter-symbol interference, thus limiting the pulses (bits) intervals [18]. As a result, the
transmission rate in optical communication systems will greatly be influenced by the
dispersion effect, and so a reduction in the overall optical system performance, such as the

signal to noise ratio and the received bit error rate. However, there are different types of
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dispersion in the optical fibre. We are going to discuss these types in details in the

following sections.

2.6.1 Modal Dispersion or Intermodal Distortion

The propagation velocity of the wavelengths inside the fibre is not the same for all modes
as they travel through the fibre at the same time period. This means that the light pulse
enters the fibre at a specific time instant will arrive at different times at the fibre end due to
the multipath propagation along the fibre, resulting in a broadening or distortion to the
light pulse received at the output of the fibre. This is referred to as the modal dispersion.
As the modal dispersion associated with the multimode propagation in fibre, it occurs only
in multimode fibre. Therefore, the intermodal dispersion is absent in single mode fibre as

the light pulse is transmitted only in one mode [26].

2.6.2 Chromatic Dispersion or Group Velocity Dispersion.

It is another kind of dispersion that also causes a pulse broadening. The main reason for
this phenomenon is the signal’s angular frequency () dependence of the refractive index
on the light pulse speed as they travel in a dispersive medium, such as the silica (glass)
[24]. As a result, different spectral components that belong to the same light pulse will
travel at different group velocities. This is so-called the Group Velocity Dispersion
(GVD). Pulse broadening due to chromatic dispersion increases linearly with the
transmission distance. Therefore, after a particular length of fibre transmission will
severely be spread out and so overlap with the neighbouring pulses, so that they cannot be
distinguished at the receiver output [27], [28].

The propagation properties of the light pulse in a dispersive single-mode fibre of length (L)

are primarily determined by the group velocity (vg), which is given by:

dw
Vg = @ (28)
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where f is the propagation constant, (8 = nTw , C is the speed of light in vacuum)

The delay time (T) taken by the spectral components of the optical frequency to arrive at

the end of the fibre can also be determined by means of the group velocity as follows:

r =L (2.9)

Vg

Furthermore, the group velocity can be expressed as:

v, o= — (2.10)

where n, is the group refractive index.
The major consequence of the chromatic dispersion or the GVD is the pulse broadening

AT, which can be measured as follows:

AT = Aw = d (L A —LdZ'BA =LB,A 2.11
= w_dwvg w= dwzw—ﬁzw (2.11)

where Aw is the spectral width of the pulse. From (2.11), the parameter 3, represents the
GVD parameter which determines how much the pulse would broaden as propagating
through the fibre. As GVD changes with respect to the wavelength (1), it is preferred to

use AL instead of Aw by considering (w = == and Aw = — =X A). Thus, equation (2.11)
can be rewritten as:
AT = d (L AA = D.LAA 2.12
T da Vg o (2.12)
D - d (1 B 27C 213
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where D is the dispersion parameter of the fibre and it is measured in (ps/(km-nm). The
maximum transmission bit rate criteria B.AT<1 can be applied to examine the dispersion
effect on the bit rate (B). By substituting AT from equation (2.12), this condition can be

rewritten as:

B.L|D|AX < 1 (2.14)

Generally, chromatic dispersion in fibre can be considered as the sum of two other
quantities, namely material dispersion and waveguide dispersion. Material dispersion
occurs due to the frequency dependence of the refractive index, while the waveguide
dispersion caused by the frequency dependence of the propagation mode. The wavelength
dependence of the dispersion is controlled by the frequency dependence of the refractive

index. Therefore, the chromatic dispersion can be expressed in terms of the refractive

index (n) as:
b - 2nc d (1) 2m Zdn+ d*n 215
T T dw\y,) T 2 \"de " Yde? (2.15)
D = Dy + Dy (2.16)

where Dy is the material dispersion, and Dy is the waveguide dispersion. Figure 2-10

shows the variation of the dispersion with respect to the wavelength.
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Figure 2- 10: Dispersion Variations against Wavelength Values[29]

2.6.2.1 Material Dispersion

Material dispersion happens because the refractive index of silica used in fibre
manufacturing varies in accordance with the applied optical frequency (w) [29], [30]. It is
directly related to the resonance frequencies at which the material absorbs electromagnetic
rays. The refractive index can be analysed as a function to the resonance frequencies in

silica fibre using the Sellmeier equation as:

M 2
2 }: Bjw
j=1

where B; is the oscillator strength, and w; is the resonance frequency. Here, (n) might
represent either the refractive index properties of the core or the cladding. There is a

precise relation between the material dispersion and the slope of the group index (ng):

D _1(dng 2.18

The group index of silica fibre can be obtained as follows:
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ng=n-+ o (2.19)

For a pure silica fibre, it has been found that the quantity%" =0 at Apz = 1.276 pm,

which is referred to as zero dispersion wavelength. Therefore, the material dispersion

equals to zero at Apz, negative below Apz and positive above Apz.

2.6.2.2 'Waveguide Dispersion

Wavelength propagation depends on fibre parameters such as core radius and core-
cladding relative refractive index difference (A). The main reason for the waveguide
dispersion is the inhomogeneities of these parameters along the fibre length [25].

Waveguide dispersion Dy can be given by [30]:

21A [n, g2 Vd2(Vb)  dn,,d(Vb)
Dy = — 2.20
w 2 |me avz | de dv (2:20)

where, V is called the normalised frequency, and it is equal to:

2 — 21
V = Ta Tl12 —TLZZ = Tanl\IZA (221)

and b is the normalised propagation constant:

¥ sy = 2

b = 2.22
—— (2.22)

where n; and n; are the refractive indexes of the core and cladding respectively.
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It is assumed that both derivatives in equation (2.20) are positive. Therefore, waveguide
dispersion is negative for the whole wavelength range (0 — 1.6 um). As a result, the major
effect of the waveguide dispersion is shifting the zero dispersion wavelength (Apz) by 20 —
30 nm, and so the chromatic dispersion is zero at 1.31 um as shown in figure 2-10. It must
be mentioned that the wavelength value of 1550 nm is of a great interest for optical-fibre
communication systems as the attenuation loss is considerably low at this wavelength
range. However, high dispersion values of (15 — 18) ps/(km-nm) limit the performance of
1550 nm light-wave systems. Remarkably, waveguide dispersion effect can be used to
design a fibre such that Apz is moved to 1550 nm. Such kind of fibre is referred to as
dispersion shifted fibre (DSF) [20]. Another important facility offered by the Dy effect is
the design of dispersion compensation fibre (DCF), in which the chromatic dispersion or

GVD decreases along the transmission distance due to the variation in the core radius [19].

2.6.2.3 Polarization Mode Dispersion (PMD)

This kind of dispersion is attributed to the imperfect cylindrical symmetry of the fibre
core, which results in what is called the birefringence. As a result, the orthogonally
polarised components of the original fibre mode will have different mode indices, and so if
they were both excited at the fibre input, they would disperse through the fibre as they
have different group velocities as shown in figure 2-11 [31]. As any other type of
dispersion, PMD causes a pulse broadening, which can be calculated by measuring the
time delay (AT) between the orthogonal polarisation components as they travel along a
fibre of length (L) as follows [32]:

L L
AT = |—— —| = L|ﬁ1x - ﬁ1y| = L(ABy) (2.23)
Vgx  Vgy

where, x and y are the orthogonal polarisation components of the pulse, while f; is the
group velocity constant of the two states of polarisation. In a polarised maintaining fibre,
the quantity (AT/T) is the measure of PMD. It approximately equals 1 (ns/km) when both

polarisation components are equally excited at the fibre input. However, PMD might be
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reduced to zero when the two polarisation components initiated along one of the principle

axes.

Orthogonal Polarisation
Components

Figure 2- 11: Polarisation Mode Dispersion

2.7 Fibre Nonlinearities

Any dielectric medium shows a nonlinear response to a light with high intensity. Similarly,
fibre optic behaves nonlinearly when an optical frequency with high electromagnetic field
intensity passes through it. Although silica is not a highly nonlinear material, it is quite
important to consider the nonlinear effects of fibre in the design of fibre-optic
communication systems. In the following sections, we are going to examine the nonlinear

effects that are most applicable in fibre-optic transmission systems.

2.7.1 Nonlinear Stimulated Brillian and Raman Scattering

Scattering losses in silica resulted from microscopic variations in silica density,
composition fluctuation and from the imperfections happening during fibre manufacturing.
There are two types of nonlinear scattering in optical fibre, namely Stimulated Brillian
Scattering (SBS) and Stimulated Raman Scattering (SRS) [33].

These two nonlinear phenomena scatter the photon to a lower energy photon, and so the

energy difference appears in the form of phonon. Raman scattering resulted in optical
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phonons, while Brillian scattering contributed to acoustic phonons. The major effect of
SBS is that the frequency of the scattered light is shifted downward by 10 GHz, whereas
by 13 THz for SRS. At low power levels, loss due to nonlinear scattering is negligible as
scattering cross section is adequately small. However, their effects become more
significant when the power level exceeded the threshold value [34]. There are some
differences between the impacts caused by SRS on a wavelength transmission over a
single mode fibre relative to the ones caused by SBS. For instance, SRS occurs in both
uplink/downlink directions, but SBS happens only in the uplink transmission. Moreover,
the gain spectrum is less than 100 MHz at the SBS case, while it exceeds 20 — 30 THz in
the case of SRS. Both SBS and SRS can beneficially be used in designing fibre optic
communication systems. Recently, SBS effect has been used to generate an optical
millimetre wave (mmWave) [35]. More importantly, SRS can be used to compensate for

the fibre losses in modern light-wave systems due to its extremely high bandwidth [36].

2.7.2 Nonlinear Phase Modulation

Optical fibre shows a nonlinear response during the transmission of high-intensity light-
waves. This nonlinearity is originally created in fibre as a result of enharmonic response
electrons to the high-intensity optical field, which in turn results in a nonlinear
susceptibility [37]. Therefore, it participates in producing harmonics to the optical
spectrum, and hence resulting in bandwidth broadening. The nonlinearity of fibre can be
characterised by means of its nonlinear parameter (y), which is given as:

2nn,

14 (2.24)

B AOCAeff

where c is the speed of light in vacuum, 4, is the reference wavelength, 7, is the nonlinear
index coefficient of the material and A is the effective mode area of the fibre.

Not only the optical spectrum affected by nonlinearity in fibre but also the phase of each
spectral component. As a result, new frequency components are produced due to this phase

change, which gives an additional broadening to the optical spectrum. This phase-change
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affects the long-haul optical transmission as it leads to the phenomenon of Self-Phase
Modulation (SPM) and Cross-Phase Modulation (XPM) [18].

2.7.2.1 Self-Phase Modulation (SPM)

Phase modulation is a nonlinear phenomenon widens the spectral bandwidth of the optical
signal along the fibre length. The term (y) in equation (2.24) produces a nonlinear phase

shift (on1) Which can be represented as [38]:

Oy (t) = YPr(O)Less (2.25)

where L is the effective fibre length and Pj, is the optical input power. Practically, Pj, is a
time-variant parameter, and accordingly, @, varies with time as well. Therefore, the
optical phase of the optical signal changes in the same way as the optical spectrum, so it
causes a frequency chirp that is spreading the optical bandwidth. As this phenomenon is
self-induced, it is called self-phase modulation. Frequency chirp induced by the SPM
results in additional pulse broadening through the fibre length, consequently, it limits the

performance of the light-wave transmission system.

2.7.2.2 Cross-Phase Modulation (XPM)

The XPM is another nonlinear phase shift phenomenon occurs upon the transmission of a
multichannel over fibre using Wavelength Division Multiplexing (WDM) techniques. In
such systems, the nonlinear phase shift for a particular channel depends on the power of
the channel itself as well as on the power of the adjacent channels [39]. Therefore, it can

be written as:
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According to equation (2.26), the factor 2 indicates that the XPM is twice as harmful as
SPM. The nonlinear phase shift also depends on the bit pattern of the adjacent channels, in
which, two pulses at different group velocities and bit rate walk over each other, resulting
in an induced phase shift. It is difficult to estimate the impact of XPM on the performance
of the WDM systems [40]. However, it can be mitigated by carefully selecting bit rates of
neighbouring WDM optical channels.

Since the nonlinear parameter y depends inversely on the effective core area, the impact of
fibre nonlinear phase modulation can be reduced considerably by enlarging the effective
core area of the fibre core. In the design of light-wave systems, a power margin of
approximately 0.5 dB is reserved to count for the power penalty caused by each of SPM
and XPM.

2.7.2.3 Four-Wave Mixing (FWM)

If three optical frequencies w1, ®,, and w3 propagate simultaneously along the fibre, they
would interact with through the third order nonlinear susceptibility of the optical fibre,
producing a fourth optical frequency (w4). This effect is called the four-wave mixing
(FWM) [20]. In practice, o4 is related to the other frequencies as (w4 = ®1 + ®p — ®3) for
modern multichannel communication systems. This is because wavelengths lie close to the
zero dispersion wavelength become approximately phase matched.

FWM severely affects WDM systems by decreasing channel spacing of wavelengths with
high signal power levels. Chromatic dispersion and inter-channel crosstalk are also
increased due to FWM effects, in particular for equally spaced WDM channels. Therefore,
one of the most effective mechanisms that used for FWM mitigation is the design of
uneven channel spacing WDM systems. On the other hand, FWM can effectively be used

in de-multiplexing channels transmitted using time division multiplexing (TDM)
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techniques. It can be used as well in dispersion compensation and also can be used in
wavelength conversion [41].

2.8 Dispersion Management Schemes

The major limiting factors in the design of optical communication networks are dispersion
and nonlinear effects rather than fibre losses, especially after the advent of optical
amplifiers. As described in section 2.6, chromatic dispersion is the main reason for
bandwidth broadening of optical signals along the fibre length. Therefore, optical signal
waveform deformation due to chromatic dispersion must be corrected. This can be
achieved by compensating for the chromatic dispersion induced by fibre. This is referred
to as dispersion compensation. Low bit rate network can operate without dispersion
compensation. However, at high bit rate transmission over long-haul optical fibre,
dispersion management is needed during the design of the transmission system. Various
Dispersion Compensation Modules (DCMs) have been developed to address the dispersion
problem [27], [42]. Fibre-based dispersion compensators are the most applicable, powerful
and cost-effective technique utilised for the dispersion compensation. Conventionally, the
main technique of DCM that is used widely in WDM and OTDM systems is accomplished
using Dispersion Compensation Fibre (DCF) [43]. There is an alternative solution to
control the chromatic dispersion and to expand the transmission distance. It is based on the
use of Fibre Bragg Grating (FBG), which is the Chirped FBG (CFBG). In the following

sections, we review will these techniques in details.

2.8.1 Dispersion Compensation Fibre (DCF)

DCEF is a single mode fibre designed to produce a relatively negative waveguide dispersion
value that may reach up to -80 ps/nm/km or even more. The chromatic dispersion induced
in a Standard Single Mode Fibre (SSMF) is cancelled by inserting a DCF with a sufficient
length to equalise the dispersion of that SSMF as shown in figure 2-12 below:
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Figure 2- 12: Chromatic Dispersion Compensation using DCF[29]

The role of the DCF has become more and more important as both the bit rate and the
transmission distance are dramatically increased. DCF is more advantageous and
preferable than other DCMs as it can use to compensate for several WDM channels
simultaneously because the residual dispersion after compensation becomes small enough
within a certain wavelength band, not only at a single wavelength. Different types of DCF
modules have been developed to cover most of the wavelength bands, such as C-band
(1530-1565 nm), L-band (1565-1625nm) and S-band (1460-1530 nm), while it is less
effective for wavelengths in the range of E-band (1360-1460nm) [44]. However, adding a
DCF to the transmission network will increase the total attenuation. This can be addressed

by using optical amplifiers and/or increasing the input optical signal power.

2.8.2  Chirped Fibre Bragg Grating (CFBG)

A Fibre Bragg Grating (FBG) is a Bragg reflector that can be used in optical
communication networks as an optical filter to prevent a specific wavelength from passing
through the fibre or as a reflector for a certain wavelength. Most importantly, it has been
suggested to be utilised as a dispersion compensator [45]. Generally, Chirped FBG
(CFBG) can be used as a DCM for a single channel transmission and for WDM systems as

well. It has been widely employed in optical communication systems for its small size, low
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cost and dispersion tenability. The chirp mechanism can take different forms over the
length of the grating. The refractive index of the grating section is modified in a way that
the reflected wavelengths will have the same speed as the output of the CFBG. As a result,
the GVD effect experienced by the light components during the fibre transmission will be
balanced, resulting in a reduction of the pulse broadening caused by dispersion [46]. The
minimum grating length of the CFBG can be obtained as follows:

1/ ¢
Lo, = — AA.D.L 2.27
min 2<neff> ( )

where A/ is the compensating bandwidth, D is the total dispersion, L is the whole fibre

length and ne is the effective index of the guided mode.

2.9 Radio over Fibre Technology

Information to be transmitted through any communication system is represented as an
electrical signal that may take either analogue or digital format. Radio frequencies can be
used as a carrier signal to transmit this information to the mobile users through wireless
networks as it offers mobility. However, wireless networks cannot provide sufficient
bandwidth required to cope with the increasing demands of high data rate applications. On
the other hand, optical network possesses a huge bandwidth, but it does not support
roaming connections. The seamless integration of wireless and optical networks has
enabled the transmission of high bandwidth services to both mobile users and fixed
terminals (broadband services) [47]. This was firstly accomplished in the middle of 1990s
by modulating the RF signal over an optical carrier and transmitting the modulated signal
over fibre using a technology known as Radio-over-Fibre (RoF) technology [48]. RoF
communication system can be designed to analogue and digital signals depending on the
format of the RF signal transported over the fibre [49]. Two different scenarios of RoF

communication systems, namely Analogue RoF (ARoF) and Digital RoF (DRoF) are
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described in this thesis. In the following sections, the main two methods of transmitting
and multiplexing the RF signals are discussed in details.

2.9.1 Intensity Modulation and Direct Detection in RoF

It can be considered as the simplest method of transporting RF signals over optical fibre. It
entails the variation of the optical carrier intensity in a proportional way to the intensity
variation of the modulating RF signal and then directly detect the transmitted RoF signal
using a PD at the receiver side [49], [50] There are two ways of implementing the intensity
modulation (IM): direct modulation and external modulation as shown in figure 2-13.
Indirect modulation, The RF signal is used to directly modulate the LD’s current, whereas
the external modulation involves using a CW light source and an external modulator, such
as MZM, to modulate the intensity of the CW in accordance to the RF signal intensity
variation. In both cases, the RF signal must be superimposed with a DC biasing voltage
and also must previously be modulated with the data need to be transmitted using a

sufficient modulation scheme (analogue or digital).

RF Modulating Signal 2 v
(analogue or digital) *ﬂ @ *z R RF electronic
D A "] Detection System
Direct Modulation . l PIN
Bias :
T
) I
CW -
A MZM
External Modulation E,? ‘ Bias
RF Modulating Signal
(analoque or digital)

Figure 2- 13: Intensity Modulation and Direct Detection Schematic Diagram Showing

Both Direct Modulation (Upper Branch) and Eternal Modulation (Lower Branch)
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It can be seen from figure 2-13 that direct method is simple and cost-effective as well.
However, it is inefficient for the transmission of high RF signals (greater than 10 GHz).
On the other hand, external intensity modulation may provide further advantages relative
to the direct method. For instance, external modulators can be used to modulate high-
frequency signals, such as millimetre wave (mm-wave) signals, but at the expense of
utilising costly drive amplifiers. In addition, some external modulators, such as DD-MZM,
can be structured to perform a Single Sideband (SSB) modulation, which in turn reduces
the dispersion effect on RoF transmitted signals (as it will be explained later in chapter 5).

Most RoF communication systems use IM-DD technique for the transmission of both
single and multi-level modulating RF signals, such as mQAM signal, which can then be

detected using an electrical detection system after the PD.

2.9.2 RoF Multiplexing Techniques

2.9.2.1 Subcarrier Multiplexing (SCM)

In this technique, multiple RF signals are multiplexed in the electrical domain by
superimposing them electronically. Then, the resultant signal is used to modulate the
intensity of the optical carrier at the transmitter side [51], [52]. It is, therefore, the most
cost-effective RF multiplexing approach used to exploit the optical network’s available
bandwidth as it only utilises one optical source. In SCM, the modulation of the optical
carrier signal can be achieved either by an external modulator or by directly modulating
the laser source [51]. Each RF signal may use a different modulation scheme. Figure 2-14
shows the schematic diagram of the SCM technique, where each subcarrier (fs) can be
modulated with different information signal (analogue or digital). However, the main
disadvantage of the SCM approach is that it is susceptible to the fibre nonlinear effects.

Here, the RIN is the main source of noise [51].
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Figure 2- 14: Sub-Carrier Multiplexing Technique of Two RF Signals

2.9.2.2 Wavelength Division Multiplexing (WDM)

Multiplexing RF signals using WDM technique has recently gained a considerable
attention since it provides better exploitation of the optical fibre bandwidth as well as, it
addresses the laser RIN noise [53], [54]. In WDM, each RF signal is modulated separately

over a single optical carrier, and the resultant signals are multiplexed in the optical domain

as shown in figure 2-15.
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Figure 2- 15: Wavelength Division Multiplexing
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Another significant advantage of employing WDM in RoF transmission networks is that it
can allocate a specified wavelength to each Base Station (BS), enabling a simple network
management [55]. As a result, transporting mm-Wave using WDM topology has
increasingly been studied [56]—[58]. Apart from the cost constraints of using separate laser
source to each RF signal, WDM networks might be involved in the XPM effect, which
was explained in section (2.7.2.2). Recently, optical communication networks that
combine both multiplexing techniques explained earlier are presented in [59], [60] to
exploit the advantages of these two techniques. However, mm-Wave transmission spectral
width might exceed the WDM channel spacing. Dense WDM (DWDM) technique is
proposed to increase the number of the available wavelengths for further BS deployment
in RoF networks [58]. Moreover, it is required in bidirectional optical transmission
networks to have a singular wavelength for each BS, which can be recovered and used for
upstream transmission [61], [62]. In chapter 3, an optical carrier reuse scheme is proposed

in a designed bidirectional DWDM-RoF system.

2.10 Analogue Radio over Fibre (ARo0F)

In an ARoF transmission system, the information signal transmitted over fibre in the
analogue format. The RF carrier signal is first modulated by the baseband downstream
data signal using a particular modulation, such as mQAM. The produced RF signal is then
used to modulate an optical carrier signal at the Central Station (CS) side. A bi-directional
AROF transmission system structure is exhibited in figure 2-16. In which, the EO
conversion is performed at the transmitter side by using either a direct or external optical
modulation scheme depending on the value of the modulating RF signal. The optical
modulator produces a DSB-AROoF signal, which is then transmitted to the BS, where the
antenna installed, over an SMF to achieve a long reach transmission system. At the
receiver side, the OE conversion is accomplished using a PD, such as a PIN to recover the

transmitted RF signal. The demodulated RF signal is then passed through a Band Pass
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Filter (BPF) to filter out the unwanted frequency components resulted from the photo-
detection process. The filtered RF signal is then power amplified so that to be transmitted
to the Mobile Subscribers (MSs) through the antenna.

Central Station (CS) Base Station (BS)
Baseband Mapping RF Up- E/O ) O/E RE AT
- — — . . - N and
Signal Scheme Conversion Conversion Optical || Conversion g
. Amplification
Fibre
RF
Baseband DeMapping RF Down- O/E ) E/O P LT
. « - . . . and
Signal Scheme Conversion Conversion Optical | | Conversion e
Fibre Amplification

Figure 2- 16: General Architecture of Bidirectional ARoF System

In the upstream direction, the antenna at the BS can be used to receive the incoming
signals from the MSs and send them to the amplifier before being optically up-converted
using a specified EO conversion scheme. The resultant upstream optical signal is
transmitted back to the CS over the same SMF or different one. At the CS, the received
optical signal is demodulated using PD to obtain the RF signal that was transmitted by the
BS.

2.10.1 Analogue RoF Impairments

Optical signal exposes some impairment while travelling through the optical
communication system due to the nonlinearity of optical components and the transmission
medium as well. These impairments cause degradation in the performance of the ARoF
transmission system. In another word, it distorts the received RF signal. The major source
of these impairments is the nonlinear characteristics of the optical modulators. In the case
of transmitting high RF signal with high spectral bandwidth, an external modulator is
required as mentioned in section (2.9.1). Due to the external modulator’s nonlinearities,

extra out-of-band spectral components are generated causing an Inter-Modulation
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Distortion (IMD) components received at the receiver [63]. A large number of spurious
IMD components appear on both sides of the original ARoF signal spectrum. However,
some of these components can easily be filtered out using a BPF, but some others are
closely located to the desired frequency components and hence, they cannot be filtered out.
These non-removable IMD components have a significant impact on AROF system
performance as their power might be greater than the noise power [63].

Further to the IMD components effect, ARoF signal transmission is susceptible to some
minor impairment during the EO conversion process as follows:

e The residual chirp. It causes distortion to ARoF signal as it travels through a
dispersive optical fibre since it converts the phase modulation to amplitude
variation with the aid of the dispersion effect.

e Residual phase modulation. It resulted from the difference in the modulation
efficiency of the two branches of the external modulator, such as MZM, [64]. Due
to the effect of the dispersion, residual phase modulation causes an intensity
modulation [65], [66].

These impairments have clearly shown the impact of the chromatic dispersion on ARoF
communication systems. Additionally, ARoF transmission system as any other analogue
system is subjected to nonlinearities induced by the transmission medium. In analogue

optical systems, nonlinearities induced by fibre limits the signal’s dynamic range [67].

2.11 Digitised Radio-over-Fibre (DRoF) Technology

In this technology, The RF signal is transformed into a digital format at the CS side to be
transmitted over the optical fibre [68]. DRoF technology has been proposed as an
alternative to AROF as it is more flexible, reliable and resistant to nonlinear effects
imposed by the optical components and transmission channel [69]. Unlike ARoF
technology, DRoF assumes the digitisation of the RF signal before being transmitted

optically to the BS. Digitisation process is performed at the CS using an Analogue-to-
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Digital Converter (ADC). The digitised RF signal is modulated using either a direct or
external optical modulator and the produced optical signal is then transmitted over the
fibre. At the BS side, the optical signal is demodulated using a PD, and the detected digital
signal is retrieved to the analogue format again using a Digital-to-Analogue Converter
(DAC). The obtained analogue RF signal is then filtered, power amplified and transmitted
to the end users through the antenna. Figure 2-17 shows the basic structure of a DRoF
transmission system. The same process is repeated for the upstream transmission of a

digitised RF signal as presented in figure 2-17.
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Figure 2- 17: General Architecture of Bidirectional DRoF System

Many factors have motivated the preference of this technology against ARoF. As
mentioned in section (2.10.1), the received AROF signal at the RAU might be distorted due
to the nonlinearities of the optical fibre and some of the optical components. Not to
mention the IMD noises occurrence especially when SCM is applied. On the other hand,
DRoF technology has addressed these transmission impairments according to the state of
the technology [70], [71]. Furthermore, DROF system can preserve the dynamic range of
the transmitted signals along the transmission distance regardless to the accumulated
attenuation values with the increased fibre length until the received optical power goes
below the sensitivity limits of the optical receiver [72]. For this regard, two industrial
approaches, namely Open Base Station Architecture Initiative (OBSAI) [9] and Common
Public Radio Interface (CPRI) [8], have been proposed to achieve the DRoF

interconnection rules between the CS and multiple RAUs.
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However, RF signal’s digitisation produces a high bit rate baseband signal, which requires
high optical channel bandwidth, and hence, impairments induced by the fibre, such as the
chromatic dispersion, become more severe [73]. Moreover, for a highly performance
DRoF system, ADC/DAC devices with a high sampling frequency (high speed) and
resolution are required [71]. Such an operation should be too costly and/or not quite
feasible because of the constraint forced by Nyquist theorem, which states that the
sampling frequency required for an analogue signal must be at least two times greater than
the highest frequency component contained in that analogue signal [74]. For example, to
digitise a WiMAX 802.16a RF signal of 2.475 GHz, an ADC with at least 5 GHz sampling
frequency is required. Such a digital circuitry is not available, and if so, it would not be at
reasonable prices. Therefore, ADC/DAC quantisation and jitter noises are very critical
issues in DRoF link implementation since they represent the major source of impairment

in such technology.

2.12 Transmission of a Digital Optical Signal

The first step in the optical transmission of digital signals over fibre is to convert the
digital data into a digital electrical waveform called a baseband signal using a process
known as coding [74]. In another word, digital data is encoded at the transmitter side to
obtain the baseband digital signal and then recreated at the receiver side by decoding the
received digital signal. Therefore, the digital optical transmission is simply a frequency up-
shifted version of that baseband signal. Two coding schemes are used for the digital-to-
digital conversion process referred to as line coding and differential coding schemes. In the

following sections, we are going to go through the details of these coding schemes.

2.12.1 Line Coding

It is a digital-to-digital conversion process, in which, the digital sequence is represented by
a pulse waveform or a baseband signal [75]. There is two major line coding categories that
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developed for the digital transmission, namely Non-Return-to-Zero (NRZ) and Return-to-

Zero (RZ), where the waveform returns to zero level for a portion of the bit’s time interval.

NRZ and RZ can be furtherly subdivided into the following modes based on the rules by

which the voltage levels are assigned to represent each binary digit:

1- Unipolar Signalling: Digit 1 is represented by a high voltage level (+V), whereas

digit 0 by a zero level. It is also known as On-Off Keying (OOK).

2- Polar Signalling: Digit O is represented here by a negative voltage level (-V).

3- Bipolar Signalling: It is also called “Pseudoternary” or Alternative Mark Inversion

(AMI) signalling. In which, digit 1 is represented alternately positive or negative

voltage level, while digit O is always represented by level zero.

Figure 2-18 shows the waveforms of the basic line coding schemes. These coding schemes

are different in their performances, which will lead to different features to the applications

that they used with. The following are some of the features that may offer by line codes:

Time synchronization: This requires that the line coding scheme must provide a
sufficient transition time to recover the received data sequence correctly. A long bit
stream should not cause any unsynchronized time recovery.

Bandwidth: This should be selected so that to provide as narrow bandwidth as
possible for the resultant baseband digital signal. Transmission bandwidth can be
reduced either by filtering or by employing a multilevel signalling. The penalty for
transmitting higher bandwidth is an increase in 1SI and degradation in SNR.

The available channel spectrum: Sometimes, the assigned channel bandwidth is so
small. Therefore, line coding scheme must be selected to provide a sufficiently
small signal bandwidth to prevent ISI, as it will be discussed later in chapter 4.

Low bit error probability: Line code with low bit error probability that is caused by
noise and/or ISI is preferable, while another characteristic, such as bandwidth and
synchronization should be put into the consideration.

Error detection: The selected scheme should be capable of detecting errors at the
received data sequence. This can be used to evaluate the performance of the

transmission system by measuring the received Bit Error Rate (BER).
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e Transparency: Line coding scheme must be able to encode and/or decode and kind

of data sequence regardless of the transmitter and/or receiver used, respectively.
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Figure 2- 18: Waveforms Representation of Various Line Coding Schemes

2.12.2 Differential Coding

It is another kind of coding that is used to obtain a baseband signal before being modulated

onto a carrier. The differentially encoded data are given according to the rule [76]:
epn=d, De,_1 (2.28)

where d, is the original digital data sequence, e, is the differential encoder output and &

denotes the modulo-2 or exclusive OR (EOR) operation. This means that the encoder

output compares the present and previous encoded outputs. The encoder gives digit 1

output only when the present and past encoded bits are of different states, whilst a binary
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output of O is encoded if they have the same state. This is why this encoding scheme is
called differential encoding. An example of a differentially encoded data sequence is
shown in the figure 2-19, where a reference digit denoted by e, is needed.

At the receiver, the encoded signal is decoded using the following rule:

d, = 6, ®6, , (2.29)

where the tilde sign is an indication for the received data. Figure 2-19 shows the block
diagram of both differential encoder and decoder defined by (2.28) and (2.29),

respectively.

modulo 2 adder modulo 2 adder
(XOR) (XOR) B
dy m/ n | Line Encoder Line Decoder | | €n \m d,
» » o —»  Channel | e » >
Circuit Circuit
1bit 1pit ||t
€n.1| Delay Delay
Differential Encoder Differential Decoder

Figure 2- 19: Differential Coding System

The polarity of the received data might be reversed at the receiver due to the noise of the
transmission channel. In this case, the whole sequence will be reversed as shown in figure
2-20. It can be seen from figure 2-20 that one of the most important benefits of employing
the differential encoding is that it eliminates the polarity reversal effect on the received
data because of the decoder output remains the same as the difference between any
adjacent bit stays the same. The other benefits of using the differential encoding will
become clearer when we will discuss its utilisation in Duobinary signal generation later in

chapter 4.
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Input Sequence —> d, i1 1 0 1 0 0 1

Encoded Sequence —>» ¢, 0 1 1 0 0 0 1
Reference Digit (e,) —T

Decoding with correct channel polarity —> €, 1 0 1 1 0 0 0 1

Decoded Sequence —> d,, 1 1 0 1 0 0 1

Decoding with inverted channel polarity —» €, 0 1 0 0 1 1 1 0

Decoded Sequence —» d,, 1 1 0 1 0 0 1

Figure 2- 20: Example of Differentially Encoded Data Sequence

2.13 Bandwidth-Efficient Modulation Formats for Digital Optical-

Fibre Communication Systems

The growing demands of higher capacities and longer reach optical networks have
dramatically increased the need for wavelength multiplexing networks, such as DWDM.
However, increasing the number of wavelengths results in a decrease of the channel
spacing and increases the impact of the dispersion and fibre nonlinearities. A promising
technology that can improve the system’s performance in terms of reducing the dispersion
effect and/or nonlinear impairments while providing higher spectral efficiency is the use of
bandwidth-efficient transmission format [77]. If the transmission format is adapted, so
that, it produces a narrower spectrum than the commonly used formats, a reduction in the
dispersion and nonlinear effects will result, and consequently, the necessity for dispersion
compensation is omitted at all or even less compensation is required.

The theme of this section is to explore and review the digital transmission formats that
would permit increasing the spectral efficiency, dispersion immunity and fibre
nonlinearities. We will emphasise transmission formats that have spectral occupancy less

than the traditionally used ones, such as NRZ. It will be shown that some formats are more
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immune to dispersion effects than others, however, considerations to some other
impairments need a closer attention. Various transmission formats have been proposed for
this subject [78], [79]. This thesis has concentrated only on those that have potential
applications to digital optical communication systems, in particular, Duobinary signalling,
which is a type of partial response coding schemes, and also on the Optical Single
Sideband (OSSB) modulation.

2.14 Duobinary Encoding

Duobinary is a bandwidth efficient coding scheme, in which the binary digital signal is
encoded into a three-level baseband signal using a particular precoding technique [77].
The performance of high data rate optical communication systems is primarily dispersion
limited. Duobinary signalling can be considered as an effective way to reduce the
influence of chromatic dispersion in the optical fibre. It reduces the bandwidth requirement
for transmitting a data rate of R bit/s to less than R/2 Hz of the transmission bandwidth. It
has been proven in[80]-[82] that ISI can be mitigated by using one of the partial response
signalling techniques, such as the duobinary signalling, by introducing a deterministic
amount of ISI into the transmitted signal so that it can be counteracted upon detection at
the receiver. This, in fact, constitutes another advantage of using this encoding scheme in
addition to the reduced bandwidth. In order to understand why this makes sense, one must
understand how duobinary data is generated. The coding rule for the duobinary signal is

given by [83]:

Cp = bk + bk—l (230)
where by is the k™ element of the binary sequence. Meaning that the duobinary encoder
output ¢k correlates present binary input bits and the previous input bits (i.e. there are three

output levels {-1 0 1} depending on by and by.1). An important property of the three-level

sequence is that the combinations {1 0 1} as well as {-1 0 -1} can never occur at the output
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of the encoder; only {-1 0 1} and {1 0 -1} can occur as shown in figure 2-21. This
sequence is another reason why duobinary encoding is resilient to dispersion.

NRZ Coding Duobinary Coding

Input
No Broadening

101

1/0(1
Some lgroadenmg 1 011 m&y

Output with ‘ ii \ ‘ \
Detrimental Broadening 11111 1 1

ISI

Figure 2- 21: Dispersion Effect on NRZ and the Duobinary Coding Schemes

The receiver can recover the transmitted data sequence by by the following rule:

bk = Cx — bk—l (231)

This means that a single ISI error will propagate at the receiver due to the correlation

between symbols. To overcome this, a precoding scheme is used before the duobinary

encoder at the transmitter. The data bits are pre-coded or differentially encoded as follows:

Ck = b @ cp1 (2.32)

where @ denotes the modulo-2 addition. Hence, the receiver samples the value:

ck D k1= k1D b D cp—1 = by (2.33)

To implement the differential encoder, an exclusive OR (XOR) gate can be used, as shown
in figure 2-22.
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1 bit period
delay

Figure 2- 22: Conventional Duobinary Pre-Coder

However, the implementation of the 1-bit delay feedback precoder does not support the
transmission of high data rate beyond 10 Gb/s based on the simulation results. Figure 2-23
illustrates the functionality of the designed precoder measured at a bit sequence of 10
Gbl/s.

de :0/[1{0(1 /11 1{0 0 0 0J1({0|1|0]|1|0

d© i1]o[1]lo 0 o1 1 1 1]of[1]o[1]o[1
k) 0i1 1|10 0 0 Oo[1]of1]o o1 1]o0 of1

Nolkage b(k-1) + b(k) -1

Mapper

Duobirary 1010 -1+1-10 0 0O Oﬁg‘ﬂO 10

Figure 2- 23: Bit Sequences illustrate the operation of Duobinary Coding System

2.15 Chapter Conclusion

In this chapter, the basic components utilised in the design of the optical fibre
telecommunication system have been discussed. These components are used in both
analogue and digital optical transmission networks. The conclusion of this chapter can be

summarised as follows:
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10-

11-

Optical transmitters mostly composed of a CW laser diode which can be modulated
either directly or externally using an optical modulator with the information data
signal in order to be transmitted over optical fibre.

The optical fibre, which is mainly manufactured from Silica, induces some
impairment, such as dispersion, attenuation and nonlinearity over the transmitted
signals.

Optical-to-Electrical (OE) conversion process takes place at the receiver side. The
detection is generally established using a photodiode, such as PIN or APD.

Optical amplifiers are used to compensate for the attenuation caused by fibre, while
the dispersion is compensated using different techniques, such as DCF and CFBG.
Optical transmission capacity can be increased by multiplexing wavelengths using
WDM or DWDM technologies. To ensure the cost-effectiveness, wavelength re-
use schemes are proposed.

The RF signal can generally be transmitted over fibre via RoF technology using
either an external or direct intensity modulation or direct detection techniques.

The RF signal can be multiplexed either in the electrical domain using SCM or
optically using WDM.

There are two types of RoF communication systems divided on the basis of the
transmitted RF signal format, they are ARoF and DRoF.

The ARoF system exhibits impairment upon the transmitted RF signal caused by
IMD, optical components nonlinearities, reduced dynamic range and impairment
induced by fibre.

The key components in DRoF systems are ADC and DAC, and hence, DRoF
system performance is limited by their sampling frequency and resolution.

The high optical bandwidth produced in DRoF is reduced using bandwidth-
efficient modulation formats, such as OSSB and multilevel modulation schemes

like Duobinary.
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Chapter 3
A Bidirectional DWDM Analogue-

RoF Transmission

3.1 Overview

Optical wireless access technology has been considered as the most effective solution to
meet the increased bandwidth demands and to extend the transmission reach at a relatively
low power budget. The integration of the wavelength division multiplexing (WDM)
technique in RoF technology can provide a much higher data rate transmission over longer
distances [84].

In this chapter, a bidirectional Dense Wavelength Division Multiplexing Radio-over Fibre
(DWDM-RoF) transmission link has been designed. In this system, four carrier signals
each of 5 GHz have been modulated using different combinations of Quadrature
Amplitude Modulation (M-QAM) schemes with a 2.5 Gb/s data rate per channel and
transmitted over a Standard Single Mode Fibre (SSMF) to the Base Station (BS). For the
upstream transmission, a very simple and cost-effective technique based on employing an
Optical Band Pass Filter (OBPF) at the BS side to filter out the transmitted wavelength and
reuse it for the upstream transmission of a 2.5 Gb/s On-Off Keying baseband signal, after
being externally modulated, over fibre to the Central Station (CS). The dispersion effect
has been investigated and counteracted by employing a Dispersion Compensation Fiber
(DCF). Simulation results showed an approximately negligible power penalty between
Back to Back (B2B) and after 120 km transmission distance. System Performance has
been evaluated by measuring Error Vector Magnitude (EVM) and constellation diagram

with respect to the fibre distance. Finally, the upstream signal performance has been
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evaluated by measuring its Bit Error Rate (BER) and eye diagram at the CS side. As a
result, error-free transmissions of 10 Gb/s for both upstream and downstream signals over
30 km and up to 120 km (SMF-DCF) are demonstrated to verify the suitability of the
proposed link in A-RoF technology.

3.2 Introduction

The architecture of the next generation Radio Access Network (RAN) has to manipulate
the growing demands of high bit-rate and bandwidth requested by the end users. Radio
over Fibre (RoF) technology can be considered as a promising solution for the increased
capacity and mobility in RAN since it introduces a good data transmission rate and large
bandwidth [5]. In RoF system, Radio Frequency (RF) signals are modulated by light either
directly or at intermediate frequency and then transmitted over an optical fibre to raise
transmission as well as wireless access. It transmits RF Downlink/Uplink (DL/UL) signals
between a Central Station (CS) and Base Stations (BSs), where the RF signal is
transmitted wirelessly to different users. Therefore, RoF system should have many BSs

connected to the CS.

It has been mentioned in section (2.9.2.2) that the WDM technique has been proposed to
enlarge the optical bandwidth utilization of the RoF link connecting the CS to the
corresponding BSs. Such WDM-RoF architecture could be capable of reducing antenna
site complexity, dynamically assigning RF signals to different antenna sites, reducing
power consumption and it will be easy in its installation and maintenance [85], [86]. In the
same context and to achieve better bandwidth exploitation, DWDM technique has been
proposed to increase the number of the available wavelengths in order to expand BSs
deployment within RoF network [84]. Bidirectional WDM-ROF systems require expensive
optical source assigned to each of the DL/UL signals transmission so that it has not been
largely deployed. For this reason, an access network architecture utilizing a central light

source at the CS with data re-modulation using the DL wavelength received at the BS is an
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effective solution for low-cost implementation of an upstream transmitter as it requires no

wavelength management and needs no external light source [87].

In order to achieve high data rate as well as to optimize bandwidth utilization, RoF signals
have been integrated with Dense WDM. DWDM is a multiplexing system with channel
spacing less than or equal to 200 GHz [88]. Thus DWDM-RoF architecture can provide
the most extensive and cost-effective way to expand the bandwidth of fibre-optic channels
to support a huge number of distributed antenna stations. Quadrature Amplitude
Modulation (QAM) has been chosen to be the modulation format for the proposed
downstream RF signal. Recently, m-QAM RF signals have become the potential candidate
for transmission in the next generation access network because of its high spectral-
efficiency and its resilience to chromatic dispersion [89].

In this chapter, we propose and demonstrate the transmission of 4 RF channels over a
DWDM-RoF bidirectional system. In this system, the downstream signals are resulted
from modulating a data rate of 2.5 Gb/s per channel on a 5GHz RF carrier signal using 4-
QAM, 16-QAM, 64-QAM and 256-QAM modulation schemes. The upstream signals are
produced from OOK baseband signals each of 2.5 Gb/s externally modulated using an
OAM modulator. In the proposed scheme, we have utilized, for the first time, an Optical
Band Pass Filter (OBPF) with a Gaussian transfer function to filter out the downstream
optical carrier and reuse it for the upstream transmission. Furthermore, we have
successfully proposed an effective solution for the long-haul transmission of DL/UL
signals over more than 100 Km long SMF by adding a Dispersion Compensation Fibre
(DCF) to adaptively compensate the dispersion caused by SMF and to increase the
transmission distance. Finally, the effect of dispersion power penalty on the performance
of the transmitted wavelengths has been studied. The obtained results showed an error-
free performance for different transmission distances, which makes our proposed structure

as one of the potential candidates to the next generation access network.
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3.3

Related Work

Many systems have been proposed for the sake of reusing the received downstream optical

carrier for the upstream transmission:

1-

A DPSK RF signals transmitted over fibre using a WDM based Passive Optical
Network (PON) is demonstrated in [90]. The upstream transmission of a 2.5 Gh/s
data rate is realized by directly modulating a Fabry-Perot (FP) laser placed at the
Optical Network Unit (ONU) side.

A 16-QAM RF signal transmission over fibre to the Remote Antenna Unit (RAU)
by phase modulating an optical frequency is presented in [91]. The upstream
transmission is achieved by intensity modulating the upstream data with the
received optical carrier.

A method of implementing an upstream transmission based on spectral slicing with
wavelength seeded Semiconductor Optical Amplifier (SOA) modulators are
described in [92]. An upstream data of 1.25 Gb/s transmitted over 25 km SSMF
with relatively low dispersion penalty was achieved using WDM-PON system.
According to [93], a Vertical-Cavity Surface Emitting Laser (VCSEL) has been
used at the ONU side and injected by an Amplified Spontaneous Emission (ASE)
light to provide the light source needed for the upstream transmission.

Recently, cost-effective approaches to achieve upstream data transmission have
been mentioned in [94] and [95] based on using a Reflective Semiconductor
Optical Amplifier (RSOA) at the OUN side. The WDM-PON system based on
RSOA doesn’t require an optical amplifier, the transmission length between CS
and BS can be extended and there will be no need for an external modulator
because RSOA can perform the two functions of amplification and modulation.
The research finding has shown that the modulation bandwidth of RSOA is limited
to 2 GHz by carrier lifetime in the active layer, which consequently limits the value

of upstream data-rate to less than 2.5 Gbps in these schemes.
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3.4 System’s Theory

Transmitting RF signals over fibre has created a revolution in telecommunication systems
not only because of the huge bandwidth available but also because of its resiliency against
electromagnetic interference. The basic optical transmitter contains a light source which is
modulated by the electrical signal and transmitted through the fibre to the receiver. As
mentioned in chapter 2, different wavelengths travel at different speed through fibre due to
the chromatic dispersion. Consequently, optical pulses are broadened after travelling
through a particular length of the fibre. As a result, these pulses will interfere with each
other causing BER degradation at the received signal. It has been also explained in chapter
2 that the chromatic dispersion value is zero at a wavelength of 1310 nm, but the
attenuation is relatively high at this wavelength due to the Rayleigh scattering
phenomenon. Therefore the wavelength of 1550 nm is highly preferable in modern
telecommunication optical systems, and so, it has been considered as the reference

transmission wavelength in our designed system.

3.4.1 Chromatic Dispersion Management

The dispersion effect can be reduced by using a dispersion compensation fibre (DCF),
which can be designed for different transmission lengths. DCF has negative dispersion
characteristics with respect to the material dispersion in the SMF. Therefore, the chromatic
dispersion can be equalized and set to zero by adding a DCF to the SMF link. The standard
dispersion value at a wavelength of 1550 nm is 16 ps/nm.km.

Accordingly, a combination of DCF and SMF has been considered in our simulation
design to minimize the dispersion caused by the SMF as low as possible. By inserting a
DCF into the transmission link, the accumulated dispersion caused by the SMF is
compensated. The Total dispersion and attenuation of the SMF-DCF combination are

given by:

56



Dr = Dsyp.Lsyr + Dpcr-Lpcr (3.1)

Ar = Asyr-Lsur + Apcr-Lpcr (3.2)

The main drawback of employing the DCF is the high attenuation values in this special
kind of fibres, which is practically, around 0.4 dB/km at 1550 nm. Therefore, DCF length
should be minimised. In our design, DCF parameters have been adaptively adjusted so that
to maintain the total dispersion produced as low as possible, while an EDFA optical

amplifier has been used to compensate for the added attenuation by the DCF.

3.4.2 M-QAM signals Transmission Based DWDM

As described in section (2.9.2.2), applying WDM in RoF systems enlarges its capacity and
increases the number of the BSs supported by a significant CS. In the proposed system,
DWDM technique has been adopted as it can achieve even more bandwidth utilisation and
expand the transmission capacity.

M-QAM signals are preferable for multi-band WDM based RoF transmission of analogue
signals because of their spectral efficiency and noise immunity [96]. The proposed modal
provides a schematic test-bed to investigate the transmission of ARoF downstream signals
with different QAM combinations (4, 16, 64 and 256) QAM. Each one of these QAM
signals is frequency up-converted using a carrier frequency of a 5 GHz and then

transmitted over fibre using a separate wavelength.

3.4.3 Wavelength Reuse and Uplink Transmission

Wavelength reuse refers to the ability to use the same wavelength of the downstream
channel for the transmission of the uplink channel. It can also be used for the
communication between multiple BSs deployed using ring topology within a singular CS,

which increases the number of channels in the network [97].
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Instead of having a separate light source at the BS side, wavelength reuse scheme would
significantly reduce the cost and simplify BS structure. In the proposed system, a
simplified structure based on employing a passive splitter followed by an optical BPF is

considered to achieve the requirement of the fully duplexed transmission system.

3.5 The Proposed Bidirectional ARoF System’s Architecture

The schematic diagram of the proposed bidirectional DWDM-AROF system is shown in
figure (3.1). This work has been designed, simulated and analysed using VPITransmission
Maker ™ software packages V. 9.5 [17]. This software creates real-time simulation closer
to most practical optical transmission systems.

In the downlink direction, a four RF signals, namely (4-QAM, 16-QAM, 64-QAM and
256-QAM), respectively were generated by separately modulating a carrier frequency of 5
GHz with a data rate of 2.5 Gb/s by using a different kind of QAM mapping as nominated
earlier. These for QAM signal are used to modulate a series of four CW lasers of (192.5,
193.05, 193.15 and 193.25) THz, each with an average power of 5 mW and laser linewidth
of 10 MHz, by using a conventional MZM to generate a DSB optical signal. The generated
optical DSB signals are multiplexed using 4:1 DWDM multiplexer with channel spacing
Af =100 GHz, which translates into a A\ of 0.8 nm wavelength spacing, to achieve a total
downlink rate of 10 Gb/s transmitted to the BSs side over a combination of an SMF-DCF
transmission link. An Erbium Doped Fiber Amplifier (EDFA) with its standard gain value
of 20 dB was used to compensate the added attenuation by the DCF at the end of the
transmission link, so that to strengthen the transmitted QAM signals before being de-
multiplexed to four channels by (1:4) DWDM de-multiplexer where various optical signals
are sent to different BSs.

At the BS side, each optical signal is divided into two portions by using a passive splitter
(PS). One portion is sent for detection to a PIN (with 0.9 A/W responsivity and 10 nA dark
current) to perform the (O/E) conversion process. The produced electrical signal is then

fed to the corresponding QAM receiver block, which is provided by the simulator to
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observe the constellation diagram of the received QAM signal and to measure the SER and
EVM with the received power for different transmission distances. The other portion of the
PS is passed through an optical BPF of a 5 GHz bandwidth and Gaussian transfer function
with filter order of 5 to completely remove the sidebands and filter out the optical carrier
to be reused for the upstream transmission.

In the uplink direction, a 2.5 Gb/s OOK baseband signal is externally modulated with the
filtered optical carrier using an optical amplitude modulator (OAM) to produce the optical
upstream signal. The upstream signals from each BS are multiplexed and then transmitted
over the same SMF-DCF transmission link to the CS. The received upstream signal at the
CS side is detected using a PIN detector and fed into error detection circuit to estimate the

BER and to observe the eye diagram.
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Figure 3- 1: Architecture of the Proposed Bidirectional DWDM-ARoF Transmission System
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3.6 Simulation Results and Discussion

The simulation of the system in this research represents the setup of a physical layer
transmission link which increased the scalability of the analogue RF signals transmitted
over fibre with different modulation schemes of 4-QAM (or QPSK), 16-QAM, 64-QAM
and 256-QAM. Firstly, each QAM combination is modulated with an optical carrier using
MZM. The wavelength difference between each two adjacent optical carriers is 0.8 nm.
The output optical signal of each MZM is launched into the DWDM multiplexer to be
merged together into one signal and injected to the fibre. Figure 3.2 shows the optical
spectrum of the four multiplexed optical channels before being transmitted over the fibre
link.

Power [dBm]
—
(=]
(=]

-187 -150 -100 -50 0 50 100 150 186
Frequency relative to 193.1 THz [GHz]|

Figure 3- 2: The Optical Spectrum of the four ARoF Signals

The proposed system achieves compensation for the dispersion in SMF by using a DCF,
and hence ARoF transmission can be extended. Subsequently, These ARoF signals are
transmitted over two stages of fibre, namely SMF (100 km) and DCF (20 km).

Table 3.1 illustrates the parameters used in the simulation program for both SMF and
DCF; keeping in mind that the reference wavelength used in both fibre segments is 1550

nm.
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Table 3- 1IFIBRE PARAMETERS

Parameter SMF DCF
Dispersion 16 ps/(hm.km) -80 ps/(nm.km)
Fiber Attenuation 0.2 dB/km 0.4 dB/km
Dispersion Slope 0.08 ps/(nm?.km) -0.21 ps/(nm?.km)
Non-linear index 2.6e-20 m*/W 4e-20 m?/W
Reference Frequency 193.1 THz 193.1 THz

-10

According to the given parameters, the accumulated dispersion in SMF of 100 km long is
(16 x 100 = 1600 ps/nm.km). The DCF is configured to a negative dispersion of a -80
ps/nm.km. Therefore, according to equation (3.1), a 20 km DCF is required to maintain
zero dispersion over the total distance of SMF-DCF transmission link. The problem of
high attenuation and dispersion penalty in DCF is handled by utilizing an EDFA of gain 20
dB. The transmitted ARoF signals are de-multiplexed by a DWDM-DMUX and each
signal is delivered to a 3 dB Passive Splitter (PS) to divide the signal into two parts at each
BS. The first part is injected to a PIN photodetector with 10 nA dark current to detect the
electrical RF QAM signal. For instance, the electrical spectrum of the transmitted and
received 4-QAM RF signal is exhibited in figure 3.3.

5079 | Receieved 4-QAM Signal

— Transmitted 4-QAM Signal
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Figure 3- 3: Electrical spectrum of both transmitted and received 4-QAM signal After 120

km (SMF-DCF) measured at 2.5 Gbps, RF=5 GHz and optical carrier= 193.25 THz
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The second output of the PS is fed to an OBPF with a Gaussian transfer function. The filter
order is chosen to be 5 so that to completely remove the DSB components of the received
signal. A power controlled amplifier of 1 mW is utilised after the OBPF to amplify the

output optical carrier to be reused for the upstream transmission as shown in figure 3.4.
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Figure 3- 4: Spectrum of the Optical BPF Output Signal

At the receiver side, QAM demodulator splits the received bit sequence into two parallel
sub-sequent; in-phase (1) and Quadrature-Phase (Q) components. This is achieved by using
QAM decoder. The QAM demodulation is performed by multiplying Q and | components
by two quadrature carrier signals obtained from a local oscillator of 5 GHz. The | and Q
electrical signals are transmitted to a DSP module provided by the simulator known as
“Rx_EI-mQAM_BER” which is used to estimate the SER and EVM of an electrical M-
QAM signal.

Figure 3.5 shows the EVM performance for the four downstream channels over the SMF
length. Most notably, the EVM for all QAM signals remains below 17.5%, which is the
threshold that the 3GPP standards requires for QPSK (or 4-QAM) transmission in LTE
[98] for distances up to 99.5 km. After this transmission point, a severe degradation in the
EVM performance of the 4-QAM signal is occurred due to the chromatic dispersion effect

with respect to the actual bandwidth resulted for this channel.
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In order to reduce the penalty of the chromatic dispersion and other optical impairments, a
bandwidth optimization process is performed based on using higher-order modulation
formats. The accumulated bandwidth for each QAM combination (BW.) is given by [79]:

R

BW,., =
" Jog, M

(3.1)

Where R is the channel capacity, M is the number of bits per each symbol QAM.
Accordingly, the resulted bandwidth per each QAM signal for the same channel capacity

of 2.5 Gb/s per channel is reduced as follows:

Table 3-2 BANDWIDTH FOR EACH QAM COMBINATION

M-QAM Signal Produced BW
4-QAM 1.25 GHz
16-QAM 0.625 GHz
64-QAM 0.417 GHz

256-QAM 0.3125 GHz

As expected, the EVM performance for the remaining three channels is still below their
corresponding EVM limits for longer transmission distances as follows: For the 16-QAM
channel, the average EVM stays below 12.5%, which is the 3GPP standard threshold value
for up to 110 km length. The 64-QAM signal achieved an EVM below 8% for SMF
distances up to 117 km. Finally, the fourth channel (256-QAM signal) was capable to
maintain the desired EVM limit of 3.5% up to 120 km distance. The simulation results of
figure 3-5 clearly show that the chromatic dispersion which is the main source for the
transmission length and data rate limitation in RoF systems can effectively be controlled
by the use of an accumulated dispersion compensation (SMF + DCF) adapted with

employing high order modulation schemes.
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Figure 3- 5: EVM of the (4, 16, 64 and 256) QAM Analogue Signals over Fibre Length

Figure 3.6 shows the SER performance for all QAM channels with respect to the Optical
Signal-to-Noise Ratio (OSNR). The OSNR was set using the “SET OSNR” module
provided by the simulator tool which is placed before the PIN. This module adds ASE
noise (emulated as a Gaussian-distributed optical white noise) to the input signal in order
to reach the specified OSNR. The input signal is assumed to be noise-free and all channels
are assumed to have identical power. The OSNR is changed by creating a sweep control
parameter that varies the OSNR values between (10 — 30) dB using this module and
running the simulation repeatedly in accordance to the variation happening in the OSNR
while measuring the received SER at each iteration. The SER measurements were
evaluated for all channels simultaneously at a transmission distance of 100 km SMF plus
20 km DCF. It can be seen that higher order QAM schemes can offer better SER
performances in terms of the obtained OSNR for a particular SER value. This is attributed
to the degradation in the chromatic dispersion effect associated with the bandwidth
reduction from adopting a higher order QAM formats. It is evident that an SER value of

10™ is an acceptable value for wireless transmission systems without the requirement of
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error correction [99]. Consequently, this SER value is considered as a threshold value for
comparison. Table 3.3 contains the obtained OSNR results for different QAM

combinations.

Table 3- 3 OSNR FOR EACH QAM COMBINATION

M-QAM Signal Obtained OSNR @ 10 SER
4-QAM 25.2dB
16-QAM 23.1dB
64-QAM 22 dB
256-QAM 21.3dB

This confirms that the chromatic dispersion is tolerable for higher order QAM signals.

1()0 T T T T T T T T T
-0~ 4-QAM ]
107! —#=16-QAM
== 64-QAM ]
102 =9=256-QAM
103 b
E?IO
&
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100
10-7 I | 1 1 L L | 1 1

10 12 14 16 18 20 22 24 26 28 30
OSNR (dB)

Figure 3- 6: SER of the (4, 16, 64 and 256) QAM Signals versus OSNR Measured at 100
km SMF + 20 km DCF
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Figure 3- 7: Constellation Diagram of: (a) 4-QAM, (b) 16-QAM, (c) 64-QAM, and (d)
256-QAM Measured at (100 km SMF + 20 km DCF)

Figures 3.7 (a, b, ¢ and d) illustrate the constellation diagrams for each of (4, 16, 64 and
256) QAM signals, respectively. These constellations are measured at 120 km RoF
transmission over the (SMF-DCF) combination. They also show a distortion included in
their constellation, which is resulted from the nonlinear noise of the optical components

and also because of the power attenuation and dispersion in both SMF and DCF segments.

67



Figure 3.8 shows the BER analysis as a function of the received optical power (ROP) for
four OOK baseband signals each with a bit rate of 2.5 Gb/s. It can be seen that an error-

free signals are received at the CS side for all channels.
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Figure 3- 8: BER Performances versus ROP for Four Upstream Signals Each at 2.5 Gb/s.

The ROP is changed using a galaxy block provided by the simulator produces an ASE
noise (emulated as a Gaussian-distributed optical white noise) to the input signal, and a
swept attenuator that produces attenuation values between (10 - 20) dB with a step
increment of 0.5 dB placed at the CS side before the PIN detector. This galaxy block
contains a “Repeat Signal Operation” module to provide multiple copies of the input
signal. Thus, a new attenuation is applied to every copy of the input signal, to become an
output signal. This module can be placed before a BER estimator, and will feed the
estimator with multiple copies of the output of the fibre, each with a different attenuation.
A BER versus ROP can be created by inputting the BER estimate to the y-input of a

numerical 2D analyzer, and feeding the x-input of the analyzer with a power measurement.
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The power measurement is obtained using a power meter module that measures the ROP
values in dBm at each simulation running. It can be noted as well that there is an average
power penalty of about 0.5 dB between the BER performance of channels 2 and 3 and the
BER performance of channels 1 and 4 started after a ROP of about -24 dBm. This is
because channels (2 and 3) are exposed to a dispersion value in fibre different than those
for channels (1 and 4) depending on the utilised upstream carrier frequency. On one side, it
has been mentioned in chapter 2 that the chromatic dispersion is changed as a function to
the operating wavelength. On the other side, it has been mentioned earlier in this chapter
that the negative dispersion of the DCF is calculated in order to cancel out the positive
dispersion caused by the SMF with respect to the reference optical frequency. In another
word, the reference optical frequency, which is 193.1 THz, is set to be the zero dispersion
frequency in our design. As a result, optical frequencies used for channels 2 and 3
transmissions are centred around the zero dispersion frequency with frequency gap of 100
GHz between them while channels 1 and 4 are placed around this zero dispersion point
with 300 GHz frequency gap between them. Consequently, channels 1 and 4 exposed to
higher dispersion values than channels 2 and 3 causing that power penalty between them
during transmission.

The eye diagram is also observed for the upstream data transmission for 120 km (SMF +
DCF) transmission as shown in figure 3.9. It shows a clear eye opening, which means clear

signal reception and a satisfied performance.
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Figure 3- 9: Eye Diagram of Upstream OOK Signal

69



3.7

Chapter Conclusion

Analogue RoF communication systems provide cost-effective solutions to the highly

increasing demands of high bit rate application. Much of the research carried out aims not

only reducing the implementation cost but on improving the system’s performance and

extending the transmission length as well.

In this chapter, a bidirectional ARoF link transmitting four multiplexed downlink RF

channels using DWDM technique each with a bit rate of 2.5 Gb/s and modulated using

different QAM formats has been designed. The main findings of the ARoF link designed

in this chapter can be summarised as follows:

1-

2-

The dispersion problem in fibre has been effectively handled by combining the
SMF with DCF and utilizing high-order modulation schemes.

Transmission of (4, 16, 64 and 256) QAM signals are deployed over RoF
combination of 100 km SMF and 20 km DCF using four wavelengths separated by
0.8 nm channel spacing.

For the uplink, the need for an additional light source at the BS is avoided by
reusing the same optical carrier for the upstream transmission of 4-OOK baseband
signals each at 2.5 Gb/s bit rate.

EVM values below the 3GPP standard limits for every transmitted QAM signal
have been achieved for long-haul transmission distances started from about 100 km
up to 120 km.

Simulation results have proved the system’s ability to achieve SER values of 10
for the downlink channels for 120 km transmission length at highly satisfactory
OSNR values.

Because M-QAM is an effective modulation format for the next generation RAN,
this scheme can provide a significant improvement on both system reliability and

flexibility.
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Chapter 4
Efficient Transmission of a DRoF

System

4.1 Overview

As mentioned in section (2.11), DRoF represents the technology of transmitting the
digitised RF signals over an optical fibre link. With the advent of a high speed ADC and
DAC components, DRoF technology has attracted more attention within the last few years.
It can, for instance, stabilise the Dynamic Range of the DRoF link independent of the fibre
length provided that the power of the received optical signal stays within the optical
receiver sensitivity limits. However, in DRoF transmission, the optical link requires a high
bandwidth due to the digitisation processes, which in turn, represent the major challenge
from the perspectives of DRoF implementation and deployment.

In this chapter, a physical layer design of a DRoF system which uses an optical
duobinary modulation scheme to reduce the spectral occupancy of the transmitted signals
is proposed. In this system, a transmission of a digitized 16-Quadrature Amplitude
Modulation (16-QAM) radio frequency signal with 2.5 Gb/s over a Standard Single Mode
Fibre (SSMF) is presented. Optical duobinary transmission is realized with a reduced
complexity using a simple differential precoder and a single-arm Mach-Zehender
Modulator (MZM). The performance of the proposed system is compared with a DRoF
system that utilizes a Non-Return-to-Zero (NRZ) coding scheme. Simulation results reveal

that the proposed DRoF system is capable of transmitting a digital signal of 10 Gb/s over
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an SSMF that can reach up to 70 km distance without dispersion compensation
requirement. To prove this concept, transmission figure of merits, such as the EVM and
the BER is evaluated according to the limits established by the 3GPP specification.
Moreover, system performance is studied according to the wavelength plan allocated to
TWDM-PON by ITU-T-G.989.2 standards for (NG-PON2). As a result of improvement,
this system can effectively support high data rate requirement of DRoF transmission over

Common Public Radio Interface (CPRI) protocol.

4.2 Introduction

Mobile Network Operators (MNOs) should be prepared to meet the rapid growth in mobile
data traffic. A recent study conducted by Cisco showed that mobile data traffic will reach
49 exabytes per month by 2021 [1]. Cloud-Radio Access Network (C-RAN) has been
recently proposed to attend the increasing bandwidth demands. It introduces an innovative
RAN architecture based on the separation of the baseband processing units (BBUS) in a
single place called the Central Office (CO) from the radio element of the Base Station
(called Remote Radio Head RRH). Connecting the BBUs to the corresponding RRHs is
accomplished through an optical fibre link called the “fronthaul” [100].

Radio over Fiber (RoF) technology can support a long reach transmission network with
high data rates by integrating wireless and optical networks. Most importantly, it can be
seamlessly integrated with the existing optical access networks such as FTTX and WDM-
PON [5]. As mentioned in section (2.9), two types of RoF transmission networks exist,
namely, Analog RoF (ARoF) and Digital RoF (DRoF). On ARoF, traffic transported over
optical fiber by modulating the light with radio signals in the analogue domain. Radio
Frequency (RF) signal transmission over ARoF systems suffers from nonlinear distortion
called Intermodulation Distortion (IMD) caused by optical transmitters. Furthermore, it is
highly vulnerable to the chromatic dispersion effect caused by fibre, which limits the
transmission distance to a few kilometres. This explains why ARoF has not been

standardized yet. On the other hand, DRoF transmission is expected to overcome these
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impairments due to its robustness to fibre nonlinear effects. The transmission of the digital
signal minimizes the nonlinear effects presented on the ARoF transmission allowing the
system to maintain its dynamic range independent from the fibre length until the received
signal goes below the receiver sensitivity. For these reasons, operators and radio
equipment manufacturers are in favour of implementing DRoF technology in fronthaul
link. Two industrial standards have emerged for DRoF transmission, namely Common
Public Radio Interface (CPRI) and Open Base Station Architecture Initiative (OBSAI).
Mapping methods of CPRI are more efficient than OBSAI as CPRI support the concept of
digital Distributed Antenna System (DAS). Hence, most global vendors have chosen CPRI
for their products. However, DRoF requires high optical bandwidth to support the high
data rate produced from the digitalization process to RF signals. This represents one of the
major challenges in DRoF implementation, which may limits its performance and

increases the cost.

4.3 Related Work

In the following, majority of the conducted work done so far on DRoF is summarised:

1- Authors in [70] have designed an analytical modal that can be used to determine
the key parameters of ADC/DAC components utilised in DRoF system. The
research findings have resulted in a set of parameters that have been used for the
transmission of a digitised 16-QAM RF signal.

2- In [101], performance analysis of a digitised 16-QAM unidirectional DRoF system
as a separate transmission scenario and with a coexistence scenario based on ITU-T
(G.989 standards is presented. Based on that analysis, a trade-off between the ADC
bit resolution and ADC sampling rate must be considered to avoid severe
restrictions on the transmission performance. However, the results have shown that
a DRoF system with only 4 bit ADC resolution is fairly compatible with the ITU-T

(G.989 specifications by means of the allocated wavelength plan.
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3-

A digitised transmission of SCM RF signal that composed of a three QPSK
modulated signals using an external modulation and a CW laser source is presented
in [102]. It has been shown that the DAC can cover the received digital signal at
different frequencies without the needs for a mixer and local oscillator.

A comparison study between the analogue and digital transmission of multiple RF
signals, which are all utilising a single ADC/DAC is demonstrated in [103]. The
comparison has revealed that the SNR and dynamic range in the case of DROF is
less severe relative to the AROF case.

A novel methodology to transmit the DRoF signals efficiently is presented in
[104]. In which, a digital processing technology based on using Field
Programmable Gate Array (FPGA) platform to digitise the RF signals. This system
is typical for an in-building digital DAS communication system. It has been shown
that the delay produced on the FPGA board to transmit and receive a digitised 64-
QAM REF signal is less than 2 ps.

4.4 State of the Art

Up-to-date, three different techniques have been suggested to mitigate the limitations
associated with DRoF links deployment. They are Bandpass Sampling, Delta-Sigma
Digitisation and All-Photonic ADC (AF-ADC) techniques. In the following sections, a
brief description to the operation principles of each of these technologies is presented, but
previously, the A/D conversion process is explained to understand its main drawbacks and
how they have been tackled using the nominated techniques.

4.5 Conventional Analogue-to-Digital (A/D) Conversion

Conventional A/D converter transforms the continuous time input signal x(t) into a

discrete time digital output signal. In fact, it samples the input signal at a fixed sampling
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rate (fs=1/Ts), where Ts represents the sampling interval. Each sample is approximated by
a finite precision which can be then transformed into a digital code [105]. Figure 4-1
shows the block diagram of a basic A/D conversion process. It shows three different stages
need to be passed the analogue input signal to be converted to a digital format. Firstly, an
anti-aliasing filter is utilised to prevent the spectral aliasing of the signal in the frequency
domain during the sampling process. Secondly, sample-and-hold circuits to maintain the
sampled signal at a constant level so that to be digitised by the ADC during the sample
interval. Finally, it is the process of converting the continuous time sampled signal into a
discrete time digital signal using quantisation process, where each sample is expressed by
a unique digital number with (N) bits.

; Anti-aliasing Filter
Analogue Input Signal
g X(S g ) A > Sample-and-Hold >

§ Circuit Quantiser

Figure 4 - 1: Conventional (A/D) Conversion Process

Multi-Level Digital Output Signal
—»  X(n)

Quantisation process introduces an error signal known as the quantisation noise. It is the
difference between the generated code number and the original signal. This error signal is
constrained by the sampling frequency and the bit resolution of the utilised ADC. In an N-
bit ADC, there are 2" quantisation levels which also represent the resolution of the
converter. The interval between consecutive levels (gs), which is referred to as the
quantisation step size, is given by:

1
9= 581

(4.1)

The samples value is then approximated to the nearest quantisation level as shown in figure 4-2.
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The quantisation error is small in the case of a small magnitude input signal. It is in the
order of one Least Significant Bit (LSB) in amplitude [105]. However, its impact is more
sever in the case of large input signals. As a result, the ADC digital output x(n) can be
considered as the sum of the sampled signal x () and the quantisation error signal e(n):

x(n) = x*(t) + e(n) (4.2)

It can be seen from figure 4-2 that the noise probability can occur equally anywhere inside
the interval (-gs/2,9+/2), and hence, the noise power (o,) can be determined as:

1 /2 2 9g-2N
0,2 = E[e?] =— ezde=%= 3

T o

(4.3)

where, o, represent the steady state quantisation noise, and E denotes the statistical
expectation. Therefore, quantisation noise is uniformly distributed over the whole
frequency range of the signal as shown in figure 4-3. The noise spectral density is then
obtained by:

q52 2—2N

12f, _ 3f,

N(f) =

(4.4)
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4.5.1 Bandpass Sampling Theory

This theory has found its application for DRoF since the year 2000 [106]. It implies that
the sampling rate depends on the bandwidth of the signal, not only on the highest
frequency involved in the spectrum of that signal according to Nyquist’s sampling
theorem. As a result, it significantly alleviates the excessive sampling rate requirement in
the design of ADC/DAC. To explain the principles of the bandpass sampling theory, let us
consider the spectrum of RF signal with a bandwidth of B, while the highest and lowest
frequencies are fy and f_ respectively, as shown in figure (4.4a). Figure (4.4b) shows the
sampled version of the RF signal, in which, we can observe that the original spectrum of
the signal is repeated periodically at intervals equal to the sampling frequency value. The
sampling frequency (fsam) must appropriately be chosen so that to ensure a perfect
reconstruction of the analogue RF signal and to prevent the spectral aliasing as well. As a
consequent, the original signal can simply be recovered by employing a BPF [106].
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Figure 4 - 4: Frequency Spectrum of (a) the Analogue Signal, (b) the Sampled Version
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where, n is an integer that represents the spectral replica’s position relative to the original
spectrum, and Iy is a function that gives the highest integer that is less than or equal to the
quantity assigned to it. Equation (4.5) can be plotted for different values of n with respect
to the normalised highest frequency in the signal as shown in figure 4-5. It clearly shows
that the allowed values of the sampling frequency lay in the white regions, whereas the
forbidden values in the shaded areas. Therefore, for a particular value of n, the sampling
frequency can be chosen in accordance to the corresponding white region to avoid aliasing
of the spectral replicas. It can be observed also that the higher the value of n, the lower the

required sampling frequency value.
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Figure 4 - 5: Allowed (White) and Forbidden (Shaded) Sampling Frequency

Theoretically, some investigations have been carried out since the year 2010 to examine
the feasibility of bandpass sampling in DRoF for existing cellular networks [68], [69],
[71]. However, it has been found that in the case of broadband RF signals, the design of
the ADC/DAC with high speed may be restrictive. Consequently, it is preferable to digitise
the modulated Intermediate Frequency (IF) signal after being down-converted using an
oscillator at the CS side instead of the RF signal, as it will be discussed later in this

chapter.

45.2 (A/D) Conversion Based Sigma-Delta (£-A) Modulation

Conventional A/D conversion is primarily steered and affected by quantisation noise.
Despite it is a simple and an open-loop technique, undesired effects, such as distortion and
timing jitter will be added the digitised signal causing deterioration to the overall
performance. A/D and D/A conversion can be divided into two categories depending on
the converter sampling frequency as a Nyquist rate or oversampling converters. For the
Nyquist rate ADC/DAC, as the name implies, sampling frequency (f;) must be as low as
the requirement set by Nyquist’s criteria, i.e. more than twice the input signal bandwidth

(B), to prevent the spectral aliasing and to alleviate the sharp requirement of the anti-
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aliasing filter [107]. In many applications, high resolution and linearity ADC/DAC are
required. Besides, the quantisation noise is uniformly distributed over the Nyquist zone in
the Nyquist ADCs [108]. To address these limitations, oversampling converters are
proposed, which perform the sampling process at much higher rates than the Nyquist rate.
There are two main types of oversampling converters, which are both based on a feedback
configuration, called Delta modulator and Sigma-Delta (£-A) modulator [109].

In delta modulation, the quantisation is performed to the changes in the input signal from
sample to sample instead of quantising the absolute value of the signal at each sample.
Figure (4.6a) shows the block diagram of delta modulator. As a result, the modulator’s
output signal is a stream of pulses that represent the encoding of the difference between

the analogue input signal and the quantised signal as shown in figure (4.6b).

x(t) - x(t) v y(n)

Analogue Input

»
»

Output

y(n)

_ %ﬂ 1.,
xtt iUL | B

(b)

Figure 4 - 6: Delta Modulator: (a) Basic Block Diagram, (b) Quantiser Input and Output Signals

Here, we are going to concentrate on (X-A) modulator as it is a cost-effective alternative to
the Nyquist ADC and can ultimately be integrated on DRoF systems [110]. (2-A)
converter makes use of the oversampling and noise shaping techniques to reduce the
quantisation error and to increase the resolution. Figure 4-7 shows the basic elements of
(£-A) modulator. The accuracy of the conversion in (X-A) modulation is improved by
passing the digital output through a 1-bit DAC and adding (sigma) the resulting analogue
signal to the input signal (the signal before delta modulation), and hence reducing the error
introduced by the delta-modulation. The arrangement shown in figure 4-7 is so-called the
first-order (£-A) modulator.
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Figure 4 - 7: Block Diagram of a First-Order Sigma-Delta (X-A) Modulator

The main feature of such (A/D) converter is the enclosing of a 1-bit DAC in a feedback
loop in order to shape the spectrum of the both the input signal and the quantisation noise.
It low-pass filters the signal and high-pass filters the noise. Meaning, the (X-A) modulator
pushes the quantisation noise into a higher frequency bands, and so, it can be filtered out
by a filter. This is what is referred to as the noise shaping process. The modulator can be
analysed in the z-domain as follows:

Y(z) = X(z)STF(z) + Q(z)NTF(2) (4.7)
where, Y(z) is the modulator transfer function; X(z) and Q(z) is the z-transform of the input

signal and quantisation noise, respectively; STF(z) and NTF(z) are the corresponding

transfer functions of both the input signal and the quantisation error, which are given by:

STF() = —1&) 48
2 T HD+1 (48)
NTF(z) = ! 49
2 T HD +1 (4.9)
where, H(z) represents the loop transfer function, and:
-1
H(z) = (4.10)

1 —2z1

As a result, equation (2.26) can be rewritten as:
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Y(2)= z7X(2)+ (1 —-z"1H0(2) (4.11)
Typically, the Dynamic Range (Dg) of the k™ order modulator is:

2k +1
Dg = 6.02L + 1.76 + 10log, (W) + (2k + 1) 10log,,(OSR) (4.12)

where OSR is the oversampling ratio and L is the number of quantized bits.

However, (Z-A) modulation faces some stability issues due to nonlinearities in the
feedback DAC resulting in nonlinearities for the whole conversion process [109]. As the
DAC output needs to follow the input signal very accurately, any nonlinearity in the DAC
results in a distorted signal at the output of the comparator, and therefore, corrupts the
overall modulator performance. One possible solution to avoid this issue is the
implementation of higher order cascaded (X-A) modulator. Authors in [111] have proposed
a second-order (X-A) modulator with a multi-level quantiser to address the stability issue
for the sake of a digitised transmission of a 32 LTE aggregated carrier components over a
25 km SMF.

4.5.3  Photonic Analogue-to-Digital Converter

Photonic ADCs (PADCs) have attracted a great interest within the last few years [112]. It
is a device, in which, the input is an optical signal and the output is a digital optical signal.
One preferred standpoint of PADCSs is that they are equipped for eliminating the effect of
electronic jitter presented in the Electronic ADCs (EADCSs) and to improve the sampling
frequency. PADCs can be subdivided into 4 classes:

1- Photonic Assisted ADCs: They are EADCs as they perform both sampling and
quantisation in the electronic domain, but they use photonics to improve some
limiting properties associated with EADCs.

2- Photonic Sampled ADCs: This kind performs the sampling in the optical domain

and guantisation in the electrical domain.
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3- Photonic Quantised ADCs: In this technique, the domains of operation of both
sampling and quantisation are reversed.
4- Photonic Sampled and Quantised ADCs: Obviously, both quantisation and
sampling are performed in the optical domain.
However, most researchers [113][114] have focused on photonic sampled ADCs to take
the advantage of short duration optical pulse and low pulse-to-pulse jitter. Figure 4-8
shows the basic components of an optically sampled ADC. In which, optical pulse trains
with a timing jitter of about one femtosecond are typically generated by an ultra-stable
Mode-Locked Laser (MLL). This pulse train is then modulated using fast optical
modulator, typically MZM, with an RF signal that needs to be digitised. Therefore, the
amplitude of each pulse at the modulator’s output is proportional to the RF signal value at
the relative pulse time. The modulated optical pulses are then detected using a high-speed
photodetector to produce electrical pulses of current. The detector output current is then
amplified and converted into electrical digital samples after being electronically quantised
using the EADC.

Analogue RF Input /\J

|

Mode Locked .| Fast Optical .| High-Speed .|  Electronic > Digital
Laser (MLL) "I Modulator \' Photodiode ADC (EADC) Digital Output

A

L,

Figure 4 - 8: Optically Sampled ADC

A

To improve the performance of the photonic sampled ADC, a scheme with wavelength or
time de-multiplexing is utilised as shown in figure 4-9. As this system contain an analogue
optical link, its performance is characterised by means of the link SNR, Spur Free
Dynamic Range (SFDR), the bandwidth of the optical modulator, modulation depth,
photodiode bandwidth and saturation current [115][116].
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Figure 4 - 9: Optically Sampled ADC with a Wavelength De-Multiplexing

453.1 Limitations of the Photonic ADCs
Although photonic sampled ADC improves the sampling rate and jitter, it has several
limiting issues:
1- This system, like any other optical link, requires linear modulator response, which
can be obtained only when using low modulation index. This is, in turn, requires an
optical power beyond the practical requirements [18].
2- Photodiode high linearity requirement. It must be linear over the whole range of
operating power. Besides, it must turn on very rapidly and it should have low noise
[117].
3- The EADC must be clocked at the same sampling rate of the MLL, which means
that the sampling time and jitter are both optically controlled [109].

4.6 Baseband vs IF Sampling
Nyquist sampling theorem states that in order to recover an analogue signal from its

sampled version, the sampling frequency (fsam) must be chosen at least equal to two times

or greater than the highest frequency (f,) contained in the analogue signal.
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Baseband sampling involves direct sampling to the entire baseband signal as shown in
figure (4.10), where the incoming signal sent straight to the ADC for conversion after
being treated by an anti-aliasing filter to avoid aliasing effect at the frequency domain of
the sampled signal. Analogue signal digitization passes through three stages, namely

sampling, quantisation and coding.

Baseband Input Signal
—

Anti-Aliasing Output Digital Signal

LPF ADC

Sampling —» Quantisation — Coding

Figure 4 - 10: Baseband Sampling

Due to the Nyquist sampling constraint, baseband sampling has not been possible until
recently, as ADC sampling rates have increased to accommodate the highest frequencies
included in the input RF signal. However, this calls for fast DSP and/or FPGAs to keep up
with the digitized rates. Not to mention how expensive these high speed digital circuitry
would be.

A more practical, cost-effective and easy to implement a solution to relax the ADC
sampling rate requirement is the RF-to-1F down-conversion process as shown in figure 4-
11.
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Figure 4 - 11: Intermediate Frequency Sampling

It takes the incoming signal and down-converts it using a mixer with a local oscillator to a
lower Intermediate Frequency (IF). The signal modulation and bandwidth are retained, but
the ADC sampling rate requirements are much lower. With this architecture, fewer circuits
and filters are needed, lowering the cost and complexity. On the other hand, heterodyne
receivers are required at the BS side for IF-to-RF up-conversion process.

Substantially, this process has been thoroughly optimized in performance, focuses ADC
performance on the essential signal and allows for ADC with the best resolution accuracy
and dynamic range.

As a result, IF sampling technique will be adopted through the digitising process handled
in this thesis in order to ease the ADC sampling rate requirements. Moreover, all previous
DRoF links presented in section (4.3) have utilized NRZ as a coding scheme to the
sampled signal. To achieve a high performance and cost-effective DRoF link, the

bandwidth-efficient coding scheme will be considered instead.

4.7 Duobinary Signal Generation

As mentioned in section (2.4), duobinary is a form of coding known as partial response
signalling, in which binary digits are mapped into a three-level signal (-1,0,1). A signal
with b levels can be generated by a series of delay and add circuits. A duobinary signal is
generated using a single delay of duration T. The spectral density S(f) of a multilevel signal

IS given as:
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2 sinc?[(b — 1)%fT] (4.14)

S(F) =

According to (4.14), spectral width decreases with increasing signal levels as shown in
Figure 4-12. Putting in our consideration the Nyquist criteria which imply that the
transmission bandwidth must be greater than or equal to 1/2T for zero inter symbol

interference (IS1), DB signalling is the most sensible and useful subset [118].
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Figure 4 - 12: Power spectral density for poly-binary signals

4.7.1 Proposed Duobinary Precoder Design

Precoding the input bit stream is essential in duobinary transmitter to avoid error
propagation and additional hardware complexity at the receiver. It was mentioned in
section (2.14) that the conventional duobinary pre-coder uses an inverter, an XOR gate and
a feedback tap with 1-bit delay as shown in figure 4-13a. This feedback tap is hard to
implement at high data rates such as 10 Gb/s.

In our proposal, the pre-coder does not involve delay as shown in figure 4-13b. It is
realized by connecting an inverter and an AND gate followed by a toggle flip-flop (T-ff)

which is used here as a divide-by-2 counter. The designed precoder is implemented using
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an inverter and (AND) gate followed by a Toggle flip-flop (T-ff), which is used as a
divider by two counter to perform the same precoder function. Here, the T-ff clock is AND
gated with the inverse version of the input data. Hence, the counter changes state only

when the input data are high, and remains the same when these are low, which is

equivalent to a module 2 function.

d(k) NOT(W
) Kk
_>D°J_)- AND T-Flip Flop b
— | Gate
1 bit period Clock

delay
(@ (b)

Figure 4 - 13: Duobinary Pre-coder: (a) Conventional Pre-coder, (b) Proposed Pre-coder

In the proposed duobinary coding scheme, which is shown in figure 4-14, the duobinary
encoder is realised using a 5™ order Low Pass Filter (LPF) with Bessel transfer function
and 2.5 GHz cut-off frequency. The purpose of the LPF is to generate the three level
electrical signal for the 10 Gb/s Duobinary system. A single driver amplifier is utilised

after the encoder to provide the required bias voltage to the optical transmitter.

NOT ___

P Data T-Fli b®) M HuoBi N
-Flip uoBinary
AND Ga— Flop > Filter v

Amp. Offset
Clock

(Data x 2) Duobinary Precoder Duobinary Encoder

Figure 4 - 14: Proposed Duobinary Coding Scheme
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4.7.2 Proposed Duobinary Transmitter

The Duobinary signal can be applied to an optical modulator biased at (V-/2) to generate a
three-level intensity modulated optical Duobinary signal as shown in figure 4-15a. Biasing
the optical modulator at this point is essential to maintain the three optical intensity levels
through the transmission. To keep up this criterion, the optical modulator extinction ratio
in the case of Duobinary signal transmission must be degraded compared to the value used
in the binary signal transmission case. As a consequence, the transmitted Duobinary signal
might be susceptible to noise.

To overcome this limitation, a three-level optical electric-field signal can be created using
MZM biased at its full biasing voltage as shown in figure 4-15b. In this form, the three
electric field levels are translated to only two optical intensity levels, where a 0 is
represented by a zero level and a 1 is transmitted by either an optical pulse (+E) ora m
phase shifted pulse (-E), depending on the precoder formula. Therefore, this type of data
signaling is sometimes called as an Amplitude Modulation Phase Shift Keying (AM-PSK)
Duobinary modulated signal.

The generated (AM-PSK) duobinary signal has two levels in terms of the optical power,
while it has three levels in terms of the optical electric-field domain. Thus, the signal
optical electric-field spectrum, which the chromatic dispersion effects on, is still be halved
relative to the conventional binary signal transmission. Subsequently, this format does not
only increase the optical extinction as only two levels are being detected, but also reduces
effectively the chromatic dispersion effects comparing to the conventional transmission

formats.
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In our simulation, Duobinary transmitter uses a single driver amplifier with 2Vz swing
voltage to bias a standard single arm MZM at its null. Using such a single-arm MZM to
generate the Duobinary modulated signal reduces the setup complexity and improves the

transmission performance.

4.8 Efficient Transmission of a Digitised 16-QAM RF Signal

Against the related work and state of the art presented in sections (4.3) and (4.4)
respectively, a cost-effective physical layer DRoF link is designed. In particular, the
digitized transmission of a 16-QAM RF signal over SMF between the CS and BS is
conceived.

Our ultimate goal is to improve the DRoF link performance more than the previous DRoF
solutions discussed in section (4.3) by reducing the produced optical bandwidth. To
achieve that, an optical duobinary coding/modulation scheme is proposed for the
transmission of DRoF system without significantly increasing complexity. It is really
important to mention that this work does not encompass the wireless transmission, but
rather focuses on the fibre link design only. It will be shown that the proposed system

reduces the spectral occupancy of the transmitted signals as well as counters the Inter-

90



Symbol Interference (ISI) effect induced by the chromatic dispersion. It will be tested as a
separate transmission scenario for a digitized 16-QAM radio frequency signal. To
highlight its proficiency, a comparison study will be conducted with a legacy DRoF
system that uses non-return-to-zero (NRZ) coding scheme. Finally, DRoF transmission
will be studied in coexistence with TWDM-PON standards with respect to the wavelength

plan to ensure its compatibility with this technology.

4.9 Simulation Design of the Proposed DRoF Link

Figure (4.34) shows the structure of the proposed DRoF system which is implemented
using VPItransmissionMaker™ 9.5 simulator. In transmitter side, a data rate of 2.5 Gb/s is
generated using Pseudo Random Binary Sequence (PRBS). This data is modulated with a
carrier frequency of 5 GHz using the 16-QAM transmitter component provided by the
simulator. The generated analogue 16-QAM RF signal is then down-converted to an
intermediate frequency (IF) of 400 MHz using a combination of Local Oscillator (LO) at
4.6 GHz and mixer followed by a Low Pass Filter (LPF) with Bessel transfer function and

order of 3. Table I shows simulation parameters used for the proposed DRoF system.

Table 4- 1 SIMULATION PARAMETERS

Parameter Value
Modulation 16-QAM
Fiber Attenuation 0.2 dB/km
Fiber Dispersion 21 ps/nm.km
Laser Emission Frequency 187.266 x 10* Hz
Laser Linewidth 1.0 x 10° Hz
APD Responsivity 0.8 A/IW
APD Thermal Noise 1.0 x 10 A/HZY?
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The direct baseband method of data communication is useful only for short distances
provided the path is independent of any source of interference. If not, then there will be
severe distortion in amplitude and the reception will be noisy. The only alternative for
transmitting this baseband signal error-free is by way of some modulation which can
reduce the noise factor induced by amplitude distortion. So, the baseband signal is always
modulated for communication over long distances whether by wired or wireless
communication[106].

Frequency down-conversion is essential before digitizing the RF signal in order to ensure
that the produced IF signal will satisfy the Nyquist Criteria in sampling theorem, this is to
avoid signal aliasing. Prior to digitalization process, IF signal has been normalized in our
simulation according to the ADC dynamic range. The first step in digitizing the analogue
IF signal is quantization, in which, the signal is divided into a number of levels according
to the selected bit-resolution of the ADC. After that, the quantized signal is converted into
a serial bit stream with a rate that is equal to the product of ADC sampling frequency by
the ADC bit resolution. This was all achieved by using the ADC and the (integer-to-bit)
components provided by the simulation program. Converting the bit stream into a
baseband digital signal is achieved by the encoder. In our proposal, the digital data are
encoded using the duobinary encoder presented in figure 4-13b. Here, digital data are
differentially encoded using a simple binary digital circuit that consists of NOT Gate,
AND Gate followed by a Toggle flip-flop (T-ff) so that to allow for easier recovery of
binary data at the receiver. The output of the duobinary pre-coder is then encoded using
LPF with a cut-off frequency of 7.5 GHz to obtain a 3-level electrical DB signal.

Finally, the produced signal is externally modulated using a single-arm Mach-Zehnder
Modulator (MZM) biased at its null point resulting in a significant reduction of the
transmitter complexity. The output optical signal will exhibit two levels in terms of power
while preserving three-level nature in optical phase. The optical spectrum of the produced
DRoF signal using NRZ coding and duobinary coding is shown in the inset of the figure 4-
16.
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Most recent studies have shown that Next Generation-Passive Optical Network (NG-
PONZ2) is the first PON standard to go beyond 10 Gb/s total bandwidth [20]. Hence, it was
suggested that the NG-PONZ2 is the most promising candidate to provide the front-haul
services using DRoF over CPRI interface. Time-Wavelength Division Multiplexing PON
(TWDM-PON) was suggested to be the primary solution for NG-PON2 deployment.
Moreover, according to the latest amendments to ITU-T-G989.2 (NG-PON2
specifications) [10], TWDM-PON is allocated between 1524-1544 nm in the C band for
the upstream transmission, and between 1596-1603 nm for the downstream transmission.
Therefore, in our proposed system, the modulated signal is transmitted over an (SSMF)
using an optical source at 1602 nm emitted by CW laser source, which is equivalent to
187.266 THz, to examine the compatibility of our system upon NG-PON2 standards. A
dispersion value of 21 (ps/nm.km) is considered in the simulation so that to be compatible
with the used wavelength. Digitization process suffers from different types of interference
such as jitter and quantization noise. Quantization noise directly influences the system
performance as it limits its dynamic range. This error noise is distributed uniformly
between +LSB (Least Significant Bit) of the ADC. Signal to Quantization Noise Ratio
(SQNR) for (M-QAM) signal is given by (4.15) [80]:

VM +1

VM +1

1
2
——— | V32°| =6.020+ 1010 <
3\/M—3> ¢ o

SQNR = 20log,, (

where Q is the ADC resolution and M is the number of bits per symbol. According to
(4.15), increasing the resolution yields to a significant improvement in the SQNR by about
6 dB. On the other hand, increasing Q will produce high optical line rate (OLR) (OLR =
Sampling Frequency (fs) * Q), which will increase the system impairments. For this
reason, ADC bit resolution has a great impact on DRoF implementation and performance.

At the receiver side, the optical signal is detected using APD photo-detector to obtain the
baseband electrical signal, which is then converted from serial to parallel digital data. To

recover the original analogue signal, parallel bit streams are processed using Digital to
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Analog Converter (DAC). It must be noted that the analogue signal produced from the
DAC will have spectral replicas of the original IF signal at intervals equal to the DAC
sampling frequency. This is explained by (4.16), which states that the equivalent spectrum
R’(f) of any RF signal R(f) sampled by a rectangular sampling function is obtained by
convoluting an impulse train by a unit pulse functions [119], where d is the sampling
rectangular pulse width, ¢ is the Dirac delta function, Ts denotes the sampling interval

which is mutual to the DAC sampling frequency fs.

+ o0

, i d
R(f) = R(f)x<d > (%)6(# Tﬁ)) (4.16)

n=-—oo

A Gaussian transfer function Band Pass Filter (BPF) centred at the IF frequency with a
bandwidth of 0.8 GHz is used to extract the IF signal from its replicas. The original RF
signal is obtained through the frequency up-conversion process using LO and mixer. The
received signal is then supplied to a 16-QAM receiver component provided by the
software to evaluate the system performance in terms of the EVM and the BER merits.

4.10 Performance Results and Discussion of the Designed 16-
QAM DRoF Link

The obtained results are discussed in this section to evaluate the proposed DRoF system
performance. As noted earlier, the overall bit rate in the optical link could be extremely
high which needs a higher requirement of the optoelectronic devices. It has been
mentioned in section (4.3) that a trade-off between the ADC sampling rate and the ADC
bit resolution might be needed to mitigate heavy bandwidth demands on the optical link.
We aimed here to reduce the produced optical bandwidth using a bandwidth-efficient
modulation scheme, which is based on DB coding. To evaluate our proposed system, we
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compared it with a DRoF system uses the legacy NRZ coding. In figure 4-17, the EVM is
plotted versus the fibre length for a certain value of resolution (Q=4). With this value of

ADC resolution, the produced optical line rate is 10 Gb/s.
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Figure 4 - 17: EVM versus Fibre Length measured at ADC Resolution = 4 bits

It can be seen that the EVM in the NRZ system remains constant until 30 km only and
below the limit of 12.5% which is the required limit according to the 3GPP specifications.
As the distance is increased, EVM values are increased accordingly due to the chromatic
dispersion effect in the fibre. On the other hand, the proposed system is capable of
maintaining EVM values up to 70 km of transmission distance for the same 10 Gb/s digital
signal. Employing the DB modulation in DRoF transmission has two advantages. First,
DB coding reduces the spectral bandwidth of the baseband signal, and consequently the
overall optical bandwidth. Second, the ISI effect induced by the chromatic dispersion in
fibre is reversed positively by using the DB precoding scheme. A small penalty between
60 and 70 km is experienced, but the transmission is not that much affected, and the EVM
value still below the requirement as illustrated by the constellation diagrams shown in the

inset of figure 4-17.
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4.10.1 Effect of ADC/DAC Bit Resolution on the Link Performance

BER performance versus the received optical power is presented in figure 4-18 for various
ADC/DAC resolution values. All measurements were taken at 20 km transmission distance
so that to emphasize the impact of increasing the bit resolution on the BER as a function of
the receiver sensitivity. To achieve a fair and acceptable performance comparison, BER of
1.0e® is considered as a sensitivity measurement level for both systems. In the NRZ
system, figure 4-18(a), to achieve an acceptable BER performance, ADC bit resolution
must not exceed 5 bits, leaving the system more affected by the quantization noise and
bandwidth limited as well. A power penalty of 4.5 dB is measured as the bit resolution
increases from 3 to 5 due to the dispersion effect signifying the impact of increasing the
ADC bit resolution on the transmission performance. Figure 4-18(b) depicts the BER
performance in the duobinary system for various bit resolution values. It can be seen that
the BER performance in the proposed system is less affected by increasing the ADC bit
resolution even if this causes an increase in the bandwidth requirement. Unlike NRZ
system, duobinary system has nearly the same receiver sensitivity value of -17.1 dBm
measured at resolution values of 5-to-8 bits to satisfy the BER limit. A small penalty of 0.6
dB is observed between the performances of 3-to- 5 bits. This confirms that a DRoF
system based on duobinary modulation scheme can transmit a digital signal of 20 Gb/s (8
bits * 2.5 GHz) with receiver sensitivity better than the compared system, which can only
transmit a maximum bit rate of 12.5 Gb/s (5 bits * 2.5 GHz).
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Figure 4 - 18: BER versus Receiver Sensitivity Measured at 20 km Fibre Distance: (a)
DRoF System Uses NRZ Coding, (b) DRoF System Uses Duobinary Coding

Similarly, BER performance was calculated versus the OSNR for various bit resolution
(from 3 to 8) bits. The OSNR is changed by creating a sweep control parameter that varies
the OSNR values between (0 — 35) dB using this module and running the simulation
repeatedly in accordance to the variation happening in the OSNR while measuring the
received BER at each iteration. Figure 4-19(a) shows that BER threshold is reached at a
resolution value of 5 bit in the NRZ system and the measured OSNR value is equal to 31
dB. Figure 4-19(b) illustrates BER performances of the duobinary system at different ADC
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resolution bits as a function to the received OSNR. These results show that the duobinary
system with ADC bit resolution of 8 can improve the power budget by 4 dB measured at

BER of 10°° relative to the NRZ system with a resolution of 5 bits only.
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Figure 4 - 19: BER versus OSNR Measured at 20 km Fibre Distance: (a) DRoF System
Uses Duobinary Coding, (b) DRoF System Uses NRZ Coding
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To highlight how the duobinary system contributes to overall OLR, we calculated the
SQNR at 20 km fibre distance for different ADC resolution values and compared with the
theoretical SQNR obtained from equation (4.15) as shown in figure 4-20. While SQNR
values increasing linearly by 6 dB in accordance with the resolution bits, duobinary system
proves that it is possible to achieve high data rate transmission that reaches up to 10 Gb/s
and BER 1e” at satisfactory SQNR values around 30 dB.
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Figure 4 - 20: Comparing the Duobinary System’s SQNR with the Theoretical
Values

4.11 Chapter Conclusion

In this chapter, a detailed study of the digitized transmission of the RF signals over fibre
(DROF) has been presented. The techniques used for digitizing the analogue signals have
been reported. In order to achieve a cost-effective physical layer design to the DRoF link,
baseband sampling technique has been considered with the aid of RF-to-IF conversion.

The implementation challenge that DRoF systems faces, which is mainly, high optical
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bandwidth requirement has been investigated. The main conclusion of this chapter can be

summarized as follows:

e An optical bandwidth-efficient modulation scheme based on Duobinary coding has
been proposed to reduce the spectral occupancy of the transmitted DRoF signal
over fibre.

e The intersymbol interference (ISI) effect induced by the chromatic dispersion in
fibre has been addressed as well using the proposed transmission scenario.

e To highlight the designed system proficiency, performance comparison with a
DRoF system uses the legacy non-return-to-zero (NRZ) coding scheme has been
conducted.

e Simulation results have shown that a DRoF system employs Duobinary modulation
is highly resilient to dispersion effect as well as to the ADC resolution bits.

e It has been shown that the proposed link allows the DRoF signals to be transmitted
over longer fibre distances relative to the previous DRoF solutions.

e It has been shown that the proposed system is compatible with the NG-PON2
standard by means of the wavelength plan. Moreover, all measurements taken have

been tested and verified according to the 3GPP specifications.
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Chapter 5
Advanced Design of DRoF

Transmission Link

5.1 Overview

The high optical bandwidth requirement in Digital Radio over Fibre (DRoF) technology
represents one of the major design constraints. In this chapter, a DRoF system that
integrates the duobinary coding scheme with the optical single sideband (OSSB)
transmission is proposed. This system reduces the spectral occupancy of the transmitted
signals as well as the chromatic dispersion effects induced by fibre in both the electrical
and optical domains. The OSSB signal is created by driving two cascaded optical
modulators with a combination of a baseband digital signal and the Hilbert Transform of
that signal. The transmission performance of a digitised 16-Quadrature Amplitude
Modulation 16-QAM radio frequency signal with a bit rate of 1.25 Gb/s over a Standard
Single Mode Fibre (SSMF) is investigated. By means of simulation, the results show that
the transmission length can be extended by 75% and 16.6% relative to the case of
transmitting a DRoF signal using Double Sideband (DSB) and Single Sideband (SSB)
transmission formats, respectively. The power budget is improved by 10 dB compared to
the SSB case with respect to the measured OSNR at 70 km fibre distance while
maintaining the EVM below the value specified by the 3GPP release 13.
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5.2 Introduction

Radio over Fibre (RoF) technology has been considered as the most promising solution to
cope with the exponential growth in mobile data traffic. Such RoF technology can provide
the essential platform required to build a Centralised Radio Access Network (C-RAN).
Under C-RAN, a new architecture is proposed based on connecting the Remote Radio
Heads (RRHs) to a central baseband processing unit (BBU) via an optical distribution
network called the “fronthaul”. However, transmitting RF signals over fibre in the
analogue domain needs to have an infrastructure that is capable of supporting high carrier
frequencies by adopting analogue optical devices with high linearity. Analog RoF (ARoF)
systems are highly vulnerable to nonlinear distortion, such as Intermodulation Distortion
(IMD) and the link dynamic range degrades linearly with increasing transmission distance.
Furthermore, the Chromatic Dispersion (CD) effect in such a communication system
represents one of the major challenges that limit both the transmission bandwidth and
distance, consecutively. Telecommunication operators have considered the fronthaul link
as a purely digital entity that is based on either the Common Public Radio Interface (CPRI)
or the Open Base Station Architecture Initiative (OBSAI) protocols. In accordance with
the above, Digital RoF (DRoF) has recently been suggested as a feasible alternative to
AROF, as it can remove linearity concerns in the optical devices. The key components in
DRoF systems are the Analog-to-Digital Converter (ADC) and Digital-to-Analog
Converter (DAC), which are employed to digitise RF signals, hence enabling the optical
modulation to be performed in the digital domain.

However, the digitisation process produces an extremely high digital transmission rate that
requires high optical bandwidth since it is equal to the product of the ADC sampling rate
by the ADC bit resolution. DRoF performance can be improved by increasing the
sampling rate and/or the bit resolution, but this may place high Capital Expenditure

(Capex) and Operational Expenditure (Opex) challenges in terms of hardware
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implementation [73]. Many approaches have been proposed to circumvent the high optical
bandwidth bottleneck related to this technology [120].

On the other hand, the use of multilevel modulation and partial response signalling has
attracted substantial research interest, as they can reduce the spectral width of the baseband
signal [121], [122]. Much of the research on increasing the bandwidth efficiency of Mobile
Front-Haul (MFH) based DRoF technology has relied on multilevel modulation formats
[111], [123], with relatively complex demodulation schemes at the receiver side. In the
same context, transmitting the digital signal in an Optical Single Sideband (OSSB) form
allows for the effects of chromatic dispersion to be reduced relative to transmission in
double sideband (DSB) form [124].

In this chapter, a transmission scenario based on the integration of a duobinary coding
scheme with a digital (OSSB) modulation format is proposed for DRoF transmission. As a
result, in this system, the overall transmission bandwidth is reduced over two stages; First,
in the electrical domain using duobinary encoding and the second, in the optical domain
using OSSB transmission. By doing so, the performance of DRoF link is greatly improved
as the nonlinear impairments are directly related to the transmission bandwidth. The
utilised OSSB structure is modified in terms of the biasing voltages and the driving signals
in order to be compatible with the three-level duobinary signal. Also, the use of duobinary
signalling has two advantages over the conventional coding schemes, such as Non-Return-
to-Zero (NRZ). First, it is more tolerant to chromatic dispersion compared to NRZ and
hence, offers a reach extension. Second, it introduces the Inter-Symbol Interference (ISI)
induced by the chromatic dispersion in a controlled manner that reverses its effect
positively at the receiver side.

A comparative study is demonstrated between the proposed system and each of a DRoF
link based on the OSSB and Optical Double Sideband (ODSB) transmission formats,
which both use the NRZ encoding scheme. A comprehensive analysis and performance
evaluation of the proposed system is undertaken using VPITransmission Maker as a

simulation tool, which is only focused on the optical network design.
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5.3

Related Work

The most recent work in the area of bandwidth optimization of DRoF links are

summarized as follows:

1-

Two transmission approaches to reduce the optical bandwidth of high data rates
transmission requirement in the Mobile Fronthaul (MFH), namely an analogue
based-IFoF and an Ethernet-Based digital MFH have been investigated in [120].
Both solutions have achieved an EVM less the 3GPP LTE threshold for
transmitting 10 Gb/s data rate over 20-40 km fibre distances. However, for higher
data rates, the investigated approached are limited to few kilometres of distance
due to the chromatic dispersion effect.

Experimental demonstration of a digitized MFH based on one-bit and two-bit A-X
modulation to replace the high optical bandwidth on DRoF based-CPRI have been
presented in [111]. A 32 LTE carrier aggregated signals were digitized and
transmitted using 4-levels Pulse Amplitude Modulation (PAM-4) over 25 km
optical distance. Results have shown that high order QAM up to 256QAM and
1024QAM with EVM than 5% and 2.1%, respectively can be achieved. Moreover,
it has been proved that the fronthaul capacity can be increased by four times
relative to the conventional CPRI-based MFH without significant EVM penalty.
The performance of a DRoF system transmitting high order QAM signals has been
evaluated in [72]. The simulation results have shown that the DRoF systems can
reach longer distances than ARoF while maintaining the standard EVM limit of the
QAM signals.

Analysis and experimental demonstration of a DRoF system uses an Envelope
Delta-Sigma Modulation (EDSM) are presented in [110]. It has been verified that
this system can support the requirements of a (760 MHz — 2.6 GHz) 3GPP LTE
bands and IEEE 802.11g WLAN standards.
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5- Experimentally, an improved MFH link employing high order A-X modulation and
PAM-4 format have been proposed in [125]. It has been verified that a digitized
transmission of a 32 4G-LTE carrier aggregation signals with a data rate of 39.32
Gb/s based-CPRI protocol is achievable. The overall quantization noise was
obtained with 68% improvement for the average EVM performance compared to
the MFH based on single-bit A-X modulation.

5.4 Optical Single Sideband Transmission

The frequency spectrum of a signal modulated using one of the amplitude modulation
schemes, such as OOK-NRZ, m-QAM and PAM is double sided with redundant
information conveyed in both the lower and upper sidebands of the carrier signal. Single
Sideband (SSB) transmission has been proposed to reduce the bandwidth occupancy by a
factor of two and to improve the SNR at the receiver in systems with analogue RF signals
modulated onto an optical carrier [126]. A similar approach has been utilised with the
digitised transmission of the information signals over fibre [127][124].

The main focus of this chapter is employing OSSB transmission format in the DRoF link
design. The first benefit is to increase both the spectral efficiency and the link performance
as the fibre nonlinearities are mostly dependant on the transmission bandwidth. A second
and even more significant advantage behind transmitting the DRoF signal in the OSSB
form is that it allows for chromatic dispersion to be reduced in relative to the customary
transmission in the DSB form. This is attributed to the fact that the spectral bandwidth of
the transmitted signals has been reduced by a factor of two. It was mentioned in chapter 2
that the GVD is proportional to the square value of the frequency. Therefore, if the optical
bandwidth is reduced by a factor of two, dispersion penalty due to first order GVD would
be reduced by a factor of four.
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5.5 Generating of Digital OSSB Signal

Several approached have been proposed to directly generate a broadband, digital OSSB
signal. However, the main goal is to create an OSSB transmitter that is chirp-free to excess
dispersion penalty on transmission, and relatively easy to implement. An SSB signal can

be created using Hartly modulator, which can be represented as [128]:

S(t)SSB/U,L = m(t) cos(2nf.t) + m(t)sin(2nf.t) (5.1)

where, plus and minus signs produce the lower and upper sidebands, respectively. m(t), is
the modulating signal. m'(t), is the Hilbert Transform (HT) of the modulating signal, where
a 90° phase shift is performed to all frequencies contained in that modulating signal.

Figure 5-1 shows the block diagram for generating an SSB signal using Hartly modulator.

m(t)

Local Oscillator .
f = fo SSB Signal

m(t) —> S

90° Phase Shifter
(Hilbert Transform)

| -90° Phase Shifter |
"| (Hilbert Transform) ()

Figure 5- 1: Hartly Modulator for Generating SSB Signal

Mathematically, Hartly modulator can be implemented for both digital and analogue RF
signals. A baseband SSB signal can be obtained using the complex representation of that
baseband modulating signal, which is given by:
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g = m() + jm(t) (5-2)

Equation (5.2) gives rise to the SSB signal of (5.1), which can be shown that it has both an
amplitude and phase modulation components as follows:

1- Amplitude modulation component is represented by the real part of the complex
form of (5.2):

lg- (O] = Ym2(6) + Mm2(t) (5.3)

2- Phase modulation component is given by:

(5.4)

¢ = g;(t) = tan”! Fm(t)l

m(t)
As a result, a digital OSSB signal can be generated by cascading a chirp-free amplitude
optical modulator driven by the real part of the baseband modulating the signal, with a
phase modulator driven by the HT of that baseband signal [77].

5.6 Design of the Proposed Digital OSSB Transmitter

Figure 5-2 below shows a schematic diagram of the OSSB modulator used in the proposed
DRoF system.

el 00z o]y L5t

da(t) ds(t)
Figure 5- 2: Optical Single Sideband Transmitter Configurations
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It consists of a Dual Drive Mach Zehnder Modulator (DD-MZM) followed by a Phase
Modulator (PM). An OSSB baseband digital signal is achieved using this configuration
without the requirement for an optical filter. The electrical field output of the chirp-free
DD-MZM and PM is represented in (5.5) and (5.6), respectively:

E = E; =%exp (jnﬁ>+%exp (jné) (5.5)
out(DD—MZM) in(PM) 2 Vn’ 2 Vn .
_ds
Eoutpm) = Eout(oss) = Einpmyexp (J7T 7) (5.6)
T

where, V is the modulator biasing voltage, whilst d;, d, and d3; are the electrical drive

signals, which were set up in our simulation as follows:

d,(t) = xV,m(t) — % (5.7)
d,(t) = —xV,m(t) + % (5.8)
d;(t) = xV,m(t) (5.9)

where x is the modulation index, m(t) is the original version of the encoded baseband
digital signal and m”(t) is the Hilbert Transform of m(t). Mathematically, the SSB signal
can be obtained by using the Tylor series expansion to solve the resultant equation from
substituting each of (5.7), (5.8) and (5.9) into (5.5) and (5.6), and by taking only the first

order terms (i.e. the linear terms).

Egutossp) = exp(jwot)exp(jzm(t)) cos (Zm(t) — %) (5.10)
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where, z = zzx. It can be seen from (5.10) that the output SSB signal represents the cascade
of amplitude modulation (cosine term) and phase modulation (exponential term).

By means of simulation, all above analysis have been set up by considering m(t) is the
ADC output baseband digital signal, m”(t) is the Hilbert Transformed version of m(t), V.
equal to 5V, and xequal to 0.2.

5.7 Hilbert Transformer Design

The discrete time impulse response of the Hilbert Transformer or 90° phase shifter is given
as [128]:

2 sin?(nm/2
( - % for n#0
h(n) = i (5.11)
0 for n=20
Figure 5-3 shows the impulse response of an ideal Hilbert transformer.
2
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Figure 5- 3: Impulse Response of an Ideal Hilbert Transformer

110



Thus, a discrete time Hilbert transform can be formulated using a casual low-pass Finite
Impulse Response (FIR) digital filter with constant group delay since they have the same

impulse responses. The ideal FIR transfer function is expressed as [129]:

N-1
H(z) = h[n]z™™ (5.12)

where n is the filter order, N is the filter length and z™ represents the unit delay (r) between

filter’s taps, which can be calculated as:

Unit Delay = 7 = 1 5.13
nit eay—r—z*fs (5.13)

where fs is the sampling frequency.

In our proposal, the Hilbert transformer needed for the drive signal of PM is designed by
considering an anti-symmetric FIR digital filter with an odd length of 7 (order 6), as shown
in figure 5-4 below, since it is more stable. The FIR filter order is truncated to this order as

the improvement in the performance using more than 6 taps is minimal.

Figure 5- 4: FIR Filter Designed as Hilbert Transformer
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5.8 Integration of OSSB Transmission with Duobinary Signalling

It was mentioned in chapter 2 that one technique of limiting the chromatic dispersion
impact is to reduce the optical bandwidth that is required to transmit a given bit rate. It was
also mentioned in chapter 4 that transmitting the digital signal in duobinary format reduces
the chromatic dispersion as the effective transmission bandwidth for duobinary
transmission is one-half relative to the conventional binary transmission. Moreover, it has
been found that encoding the digital data at the transmitter using duobinary signalling
scheme introduces the ISI in a controlled manner at the receiver which counteracts its
effect.

Implementing the duobinary signalling in the OSSB transmission would then result in an
even more bandwidth reduction. With this implementation, the transmission bandwidth is
furtherly reduced from both the duobinary coding format and the OSSB status to the
optical electric-field signal. However, it must be mentioned that integrating the duobinary
signalling with the OSSB transmitter would only be possible if the biasing points of the
MZM are chosen so that to maintain the three levels manner of the Duobinary signal
through the transmission. In this case, m(t) in equation (5.10) would represent the three-
level signal. Therefore, the amplification parameter (x) of m(t) must be relatively small, so
that to maintain the three-level signal and hence to deter signal distortion upon detection,

and also to gain a good sideband cancellation in the resultant optical signal.

5.9 Proposed System Simulation

The proposed system is simulated using VPItransmission Maker V9.5 and the system
structure is shown in figure 5-6. In this system, a carrier frequency of 5 GHz is modulated
with a bit rate of 1.25 Gb/s using a 16-QAM modulation scheme. The modulated RF signal
is then down-converted into an Intermediate Frequency (IF) of 400 MHz to alleviate the
sampling frequency requirements of the existing ADC, according to the Nyquist criteria in

the sampling theorem. Frequency down-conversion is established using a combination of a
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Local Oscillator (LO) of 4.6 GHz and mixer, followed by a Band Pass Filter (BPF) with
BW of 400 MHz. This bandwidth value was chosen since it covers the minimum
bandwidth requirements for the 16-QAM RF signal with a data rate of 1.25Gb/s [80]:

- (2

where B is the minimum Nyquist bandwidth, f, is the channel capacity (bps) and M is the
number of discrete signal or voltage levels. The dynamic range limits of the utilised ADC
lie between 0 and -1 and thus, a normaliser is used to match the amplitude of the input
signal in accordance with the ADC limits. The digitisation process is performed by the
ADC component provided by the simulator.

In our design, the intention was to use a different coding scheme and consequently, the
existing ADC processes are redesigned so as to be compatible with our requirements.
Initially, the signal is quantised into a number of levels given by 2", where n is the ADC
bit resolution and thus, the signal is transferred into a discrete time signal with multi-level
integer values. The digital bit stream is obtained by an integer-to-bit converter. The
obtained bit stream is converted into a serial sequence and then coded using the duobinary
coding scheme presented in chapter 4. The output of the duobinary precoder is pulse-
shaped using a Butterworth LPF with 3-dB cut-off frequency at 2.5 GHz, which is 25% of
the resultant bit rate, so as to achieve a 3-level baseband signal. The eye diagram of the
corresponding electrical duobinary signal is shown in the inset (a) of Fig. 8, which has two
eyes since duobinary has two decision thresholds. Whilst the duobinary signal is a 3-level
signal in terms of the electrical domain, it exhibits two levels in terms of the optical power
while preserving a 3-level nature in the optical phase. This is, in turn, reduces the ISI
effect as an opposite phase between any adjacent one-bits will be introduced. At the
optical stage, the digitised RF signal is externally modulated using the following
categories: Optical Double Sideband (ODSB) that applies the Non-Return-to-Zero (NRZ)
coding scheme, Optical Single Sideband (OSSB) transmission using the NRZ coding

scheme as well and finally, OSSB that employs duobinary coding format. Regarding the
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ODSB transmission, the DD-MZM is set up as a balanced Mach-Zehnder Modulator by
disabling the upper DC and the lower RF drive inputs as shown in figure 5-5.

m(t)

Dual-Drive MZM

= Bias=Vm
Figure 5- 5: Digital Optical DSB Transmitter

It is important to note that the three transmission scenarios use the same pulse-shape LPF
characteristics, which is placed after the coding stage. In the proposed system, the OSSB
transmission is performed using the configuration shown in figure 5-6, in which the
duobinary coded modulating signal is fed to two paths. One goes to the Low Pass FIR
digital filter presented in figure 5-4 to achieve the Hilbert Transformation (HT) required
for the drive signal of the PM. The second path is applied equally to each arm of the dual-
drive MZM (DD_MZM), which has the same DC bias voltage of (Vm/2) for each arm in
order to drive the modulator between the maximum and minimum extinction ratio. The
amplitude of the RF drive signals applied to each arm is equal to V@ multiplied by the
modulation depth (x). The output of the DD-MZM and the FIR digital filter are both
modulated using the PM to obtain the required OSSB signal, which is then transmitted
over a Standard Single Mode Fibre (SSMF) using a continuous wave (CW) laser source
with a wavelength of 1552nm.

A PIN photo-detector is used at the receiver side to detect the transmitted baseband signal,
which is regrouped from serial to parallel in order to be processed by the DAC component
so as to recover the analogue IF signal. The DAC output signal has spectral replicas
repeated at frequency points equal to the sampling frequency (fs) [119], as shown in the
inset of figure 5-6. Therefore, a Gaussian function BPF centred at the IF value is used after

the DAC to extract the IF signal from its replicas. Finally, an LO and mixer are used to
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regenerate the RF signal, which is analysed in terms of the received BER, EVM, Q-factor,
Eye-Opening Penalty and OSNR, using the 16-QAM receiver component provided by the

simulation software
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Figure 5- 6: Proposed System Structure
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5.10 Simulation Results and Discussion

The overall bit rate in the DRoF transmission system is equal to the product of the ADC
sampling rate by the ADC bit resolution. It is evident that DRoF system with ADC bit
resolution of 4 bits and ADC sampling rate of 2.5 GHz can achieve acceptable
performance [104], thus all measurements were taken at these values. In other words, the
transmission of a 5 GHz 16-QAM RF signal with a bit rate of 1.25 Gb/s is mapped into a
digital signal with an overall bit rate of 10 Gb/s for the optical link. To show the
distinction of the proposed system, the performance of the designed transmission
technique has been compared to those of two other transmission formats, namely ODSB

and OSSB, using the same simulation parameters that are listed in table 5-1 below.

Table 5- 1 SIMULATION PARAMETERS

Parameter Value
Modulation 16-QAM
Fiber Attenuation 0.2 dB/km
Fiber Dispersion 16 ps/nm.km = 16 x 10°° s/m?
Laser Emission Frequency 193.1 x 10*? Hz
Laser Linewidth 1.0 x 10° Hz
APD Responsivity 0.9 A/IW
ADC Resolution 4 bits

The MZ modulator in the case of ODSB is driven to full extinction, while the DD_MZM
and PM in the OSSB case are driven to levels so that they optimise the received EVM.
This was achieved by using a modulation depth x of 0.2 and biasing voltage Vmr of 5V in
the OSSB case. The comparison of the produced DRoF optical spectrum for the three
transmission scenarios is shown in figure 5-7. It clearly demonstrates that the OSSB

spectrum has not completely cancelled the unwanted sideband, which is the upper
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sideband and the suppression ratio is about 4.38 dB. This imperfect suppression is a result
of the signal driving the PM as it is not the perfect Hilbert Transform of the modulating
signal.

It also can be seen that the OSSB transmission that employs duobinary coding scheme
requires much less bandwidth while reserving the same data rate. In addition, more than 2
dB suppression ratio was achieved in the unwanted sideband. This contributes to the high
bandwidth reduction due to the use of the duobinary coding scheme that shows more effect

on the optical spectrum than that of the OSSB.

0
=== (SSB + Duobinary
- OSSB

Power [dBm]
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Figure 5- 7: Optical Spectrum of the Three Transmission Scenarios

It should be noted that the value of the sampling frequency default parameter in the
simulation session was chosen to be 80 GHz. According to (13), the delay time 7 between
the FIR filter taps is calculated to be 31.25 ps for the incoming 10 Gb/s bit rate. Figure 5-8
plots the receiver sensitivity of the three compared systems versus fibre distance. To
achieve a fair comparison, the receiver sensitivity was calculated based on a received BER
of 10, which is acceptable for a 16-QAM transmission system without the requirement of

error correction.
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It must be noted that receiver sensitivity is defined as the minimum average received
optical power required to achieve a fixed BER. It is measured in our simulation by using a
receiver sensitivity evaluator that evaluates the receiver sensitivity defined as a received
optical power required for achieving the specified BER level. The required BER value of
10™ is provided by the external BER estimators. The input BER value is converted to the
effective Q-factor. The latter is evaluated for different optical powers in multiple module
runs. The change in the optical power is achieved using the same galaxy block that
provides ASE noise and a swept attenuation values (0 — 20) dB. Finally, the receiver

sensitivity is calculated for the selected BER value for different fibre distances.
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Figure 5- 8: Receiver Sensitivity versus Fibre Distance

It can be seen from figure 5-8, that the transmission of the DRoF signal in OSSB format
can achieve better receiver sensitivity than ODSB at distances over than 30 km. It is also
evident that there is a power penalty of about 5 to 6 dB at 0 km in the case of both OSSB
and the proposed formats with respect to ODSB. This is because the MZ modulator is not
being driven to the full extinction in the case of OSSB, unlike in the case of ODSB. The
receiver sensitivity improves further when the DRoF system employs the proposed
transmitting scenario due to the use of the duobinary coding scheme, which reduces the

chromatic dispersion effect, resulting in a -66.44% sensitivity enhancement at 70 km fibre
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distance relative to the OSSB case. However, link performance is degraded after this fibre
length, because of the additional effects, such as the fibre non-linear effects and the

accumulated fibre attenuation.

The Quality factor (Q factor) is related to the received BER by:

BER = 1e‘rfcg (5.15)
27

This relationship implies that the minimum value of Q that will satisfy a BER of 10® is 6
as it can be shown in figure 5-9 below. Hence, this Q factor value is considered as the

threshold level to compare between the three transmission schemes.
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Figure 5- 9: Q Factor versus BER

Figure 5-10 shows the measured Q factor versus the Optical Signal-to-Noise Ratio
(OSNR). The simulation results of figure 5-10 were taken at a fibre length of 20 km. It
indicates that the threshold level cannot be reached in the case of the ODSB transmission

scenario. This confirms the feasibility of the suggested bandwidth-efficient transmission
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schemes for DRoF systems. It should be noted that the OSSB scheme can achieve the
threshold value of Q at OSNR values higher than 29 dB. It should also be stressed that the
OSNR of the proposed scheme is enhanced by 5.8 dB relative to the OSSB system in
meeting the same requirement. This enhancement is contributed to the major reduction in

the chromatic dispersion effect by utilising the duobinary coding in the proposed scheme.
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Figure 5- 10: Q Factor versus OSNR

Eye diagrams of the transmitted signals were used to evaluate the transmission
performance of the compared systems. The Eye-Opening Penalty (EOP) is used to
measure the degradation in the eye diagrams, which is defined as the ratio of the non-
distorted reference eye, namely the Eye Opening Amplitude (EOA), which can be obtained
from the back-to-back measurement and the eye opening of the distorted eye, i.e. the Eye
Opening Height (EOH). In fact, EOP is the ratio of the inside and outside the opening of
the eye diagram as shown in the inset of figure 5-11. EOP is usually given in dB as [130]:

EOA
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Figure 5-11 shows the measured EOP against the fibre distance. It can be seen that the
EOP increases exponentially with increasing distance. In the figure, EOH in the ODSB
case closes after 30 km distance owing to the EOP approaching infinity, according to
(5.16), since the eye diagram is completely closed at 40 km distance. In the OSSB case,
the EOH does not close until 50 km distance, where 8.1 dB of the EOP is obtained since
the optical bandwidth is half that of the ODSB case.
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Figure 5- 11: Eye Opening Penalty versus Fibre Length

In the proposed system, the digital signal is pre-compensated for the CD effect via
duobinary coding. This has resulted in a further extension to the fibre distance in terms of
the measured EOP. In addition, a significant improvement can be observed in the EOP
along the whole transmission distance relative to the OSSB case, because of the optical
bandwidth is more reduced. As a result, the EOH can be partially reopened for a distance
beyond the OSSB case, but it can never be reopened after 60 km due to the second order
effect of the CD.

Another important finding is depicted in figure 5-12 regarding the measured Error Vector
Magnitude (EVM) of the 16-QAM digitised RF signal at different fibre distances. Initially,
it should be mentioned that the minimum requirement for the EVM value, according to the
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3rd Generation Partnership Project (3GPP) specifications for a 16-QAM signal, is 12.5%.
Regarding the ODSB transmission scenario, the measured EVM values remain constant
from 0 to 40 km of fibre distance, despite the signal is subjected to an 8 dB penalty
resulted from the fibre attenuation despite the signal has imposed to 8 dB penalty of fibre
attenuation. This confirms the fact that DRoF systems are capable of maintaining the
signal dynamic range independent from the fibre length until it goes below the receiver
sensitivity. Similarly, measured EVM values remain stable and below the 3GPP
requirement in the case of OSSB transmission, but this time for a long distance that
reaches up to 50 km. This increment is directly related to the optical bandwidth reduction.
However, the attenuation and dispersion effects become more severe after this distance,
thus causing a distortion in the received constellation diagram, as shown in the inset of
figure 5-12. In the proposed scenario, it should be noted that there is an observable EVM
enhancement of 7% along the whole transmission distance when compared with the other
ones. It is evident that the received 1/Q symbols forming the constellation diagram are
mainly penalised by the ISI effect produced by the CD. Employing the duobinary coding
reduces the ISI effect and consequently, the received symbols are more concentrated,
which improves the EVM values, as shown in the inset of figure 5-12. Moreover, the
transmission distance is increased up to 70 km, while still satisfying the EVM requirement.
This resulted from the further reduction in the optical bandwidth presented in this

transmission scheme.
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Figure 5- 12: Error Vector Magnitude versus Fibre Length
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5.11 Chapters Conclusion

In this chapter, the performance of the digitized transmission of the RF signals over fibre

(DROF) has been greatly improved. A further reduction to the optical bandwidth

requirement of the DRoF link has been achieved. The techniques used for the single

sideband transmission of the optically modulated digital signals have been studied. The

main conclusion of this chapter can be summarized as follows:

1-

A transmission scenario to the DRoF signals based on the integration of digital
optical single sideband transmission with duobinary coding scheme has been
proposed.

The proposed scheme reduced the dispersion effects introduced in the fibre by first,
diminishing the spectral occupancy of the transmitted optical signal and second, by
countering the IS effects induced by the chromatic dispersion.

For comparison, two other transmission scenarios, based on optical double
sideband and optical single sideband modulation schemes, respectively, have been
considered.

Simulation results have proven that by employing the proposed scenario in DRoF
technology, transmission distance can be extended up to 70 km without dispersion
compensation requirement.

Moreover, it has been shown that this transmission scenario can achieve the EVM
and BER limits required by the 3GPP specifications, thus confirming that radio

interfaces, such as CPRI, might be compatible with the proposed system.
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Chapter 6

Conclusions and Future work

In this chapter, the thesis work is concluded and the accomplishments of the research
objectives are summarised. This thesis studies the two main categories of RoF
technologies that may form a genuine part of the future high bandwidth RAN aiming to
find solutions for the deployment challenges while coping with the ever increasing high
data rate demands.

This thesis presented three contributions addressing, by means of simulation, the main
challenges associated with the physical layer design of the fronthaul link for the next
generation RAN based on applying ARoF and DRoF transmission techniques. The
findings of this research have proven from thorough simulation environments the
capability of the designed links to achieve high-quality signal spectrums, increased

transmission distances and low power budgets with reduced implementation cost.
6.1 Chapter Summaries

The overall summary of each chapter in this thesis can be reported as follows:

6.1.1 Chapter 2 - Optical Communication Systems (Literature Review)

In chapter 2, the operating principles of the main components used in optical
communication systems are reviewed. Firstly, the optical transmitters are discussed in
section 2.2 including the generation of the optical signal using a CW laser source. The
optical signal is modulated either directly or externally with the RF signal using an optical

modulator. However, for high-frequency signals (RF > 10 GHz), external modulators are
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required. Section 2.2.2 described the operation principles of the most commercial external
modulators used in optical transmission systems, in particular, MZM and DD-MZM.

The optical receiver, which performs the OE conversion process, is detailed in section 2.3.
Operation principles of the most commonly used photo-detector, known as PIN photo-
detector is presented.

The optical fibre types are discussed in section 2.4.1. The major types of impairments
imposed by the optical fibre link on the transmitted signals are discussed in sections 2.5,
2.6 and 2.7. The first kind of impairments is the attenuation, which occurs due to light
absorption by the silica fibre and Rayleigh scattering phenomenon. Secondly, fibre
nonlinearities are discussed in section 2.7. It causes a severe impact on the transmission
when increasing the light intensity. Finally, the major impairment type in optical
communication systems is discussed in section 2.6, which is the dispersion. As discussed
in that section, it causes pulse broadening at the output of the optical fibre link causing the
ISI effect at the received signal. Fibre-induced dispersion types are illustrated in section
2.6, among them, chromatic dispersion has the major effect on optical transmission. Since
addressing the chromatic dispersion effect is the main focus in this thesis, this gives rise to
review the most commonly approaches dedicated to limit or reverse the chromatic
dispersion effect, particularly DCF and CFBG technologies.

RoF technology is introduced in section 2.9. The two main multiplexing methods of RoF
communication systems, namely SCM and WDM are discussed. The ARoF transmission
system is briefly introduced in section 2.10, where the RF carrier in modulated with the
baseband data and then transmitted over fibre using an optical carrier. In section 2.10.1,
the practical impairments associated with ARoF transmission philosophy are presented.
The conventional DRoF system is discussed in section 2.11, in which the RF signal is
digitised at the transmitter before being transmitted over fibre. As discussed in section
2.11, RF signal digitisation process is accomplished using an electronic ADC and then
converted to a series binary digital signal to be externally modulated by an optical signal.
Due to the digitalisation process, the optical link required a high bandwidth, which

represents a major challenge in DRoF deployment.
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Based on this literature, a typical multilevel transmission technique based on Duobinary
encoding is proposed. It can modify the transmission format of the information signal so
that the required optical bandwidth is reduced. As a consequence, optical transmission can
partially be increased by reducing the effective transmission bandwidth. In the same
context, bandwidth-efficient modulation formats which can be used in digital optical
systems to limit the chromatic dispersion effect are discussed in section 2.13.

6.1.2 Chapter 3 - Analogue RoF Transmission System

Chapter 3 investigates the simulation design of the ARoF transmission system and presents
the achieved contributions in that area. The optical physical layer design of an ARoF
system that is used for facilitating the A-FH transmission of four RF channels each with 5
GHz RF carrier and 2.5 Gb/s data rate via DWDM-RoF system is designed. The proposed
design investigates the deployment of these channels upon using different QAM
combination for each RF signal. Accordingly, a 4-QAM, 16-QAM, 64-QAM and 256-
QAM signals are multiplexed forming the DL signals and transmitted over SSMF. Each
RF channel carried by a separate wavelength while a frequency gap of 0.8 nm was set
between adjacent wavelengths to enable an optimised bandwidth utilisation cooperated
with an extended RoF capacity.

In order to control the chromatic dispersion induced in the SSMF at zero dispersion point,
a DCF has been utilised; thus, the transmission distance has been significantly increased
up to 120 km. This transmission increase was not possible without employing an EDFA
with 20 dB gain to compensate for the high value of accumulated attenuation resulted from
both SMF and DCF. Another contribution was added to the designed link concluded by
proposing a simplified wavelength reuse scheme based on using PS followed by an optical
BPF located at the BS side. For UL transmission, four OOK baseband signals each with
2.5 Gb/s were multiplexed and transmitted back to the transmitter using the same DL

wavelengths.
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The performance of the designed link is assessed on the basis of the received SER and
EVM values for every single channel. These results have shown that the EVM values are
still within the 3GPP standardised limits specified for each nominated QAM combination
along 120 km transmission distance. Most importantly, simulation results have shown that
employing higher modulation formats can contribute to a further transmission increase as
they would require less optical bandwidths. Furthermore, the performance results have
displayed clear constellation diagrams for the received channels even after 120 km
transmission length. Finally, it was shown that the designed ARoF link has a BER < 10°°
for UL channels at a ROP of -20 dBm proving that the link is of high integrity; thus, the
aim of achieving a highly qualified A-FH link based on ARoF technology has been

achieved.

6.1.3 Chapter 4 - Efficient Transmission of a DRoF Link

In chapter 4, a DRoF communication system is detailed. The digitisation of the analogue
RF signal is performed using the legacy baseband sampling theorem to achieve a
simplified link design compared to the other digitisation processes. In section 4.9, a cost-
effective physical layer design of DRoF link that addresses the high optical bandwidth
requirement is designed. The proposed link transmits the digitised version of a 16-QAM
signal with 5 GHz carrier frequency and 1.25 Gb/s data rate over an SSMF. In order to
effectively reduce the resultant optical bandwidth, Duobinary encoding scheme has been
utilised in the designed link instead of the conventional encoding formats, such as NRZ.
ADC resolution’s bit is the major source of performance limitation in DRoF link design as
it is the main reason for the produced high data rates. In contrast, simulation results of the
proposed link have shown a high-quality signal performance even with ADC resolution of
8 bits in terms of the received EVM and BER.

To quantify the quality of the proposed link, performance results have been compared with
another DRoF link utilises NRZ encoding scheme. It was observed that the designed link
is capable to maintain EVM values below 12.5%, which is the 3GPP standard value for

128



16-QAM signal, for transmission distances reach up to 70 km without dispersion
compensation requirements. Moreover, the BER results have recorded a value of 10 upon
the received optical sensitivity of about -17 dBm showing the high resiliency of the
designed link to both the dispersion effect and ADC resolution bits against high bit rate
transmission of 10 Gb/s.

6.1.4 Chapter 5 - Advanced Design of a DRoF Transmission Link

In chapter 5, a more advanced performance of a DRoF communication link is simulated.
The main aim of this chapter is how to develop a transmission technique such that to
fourthly reduce the resultant optical bandwidth of the DRoF link. A new transmission
approach based on transmitting the Duobinary encoded digital signal using an optical SSB
modulation system is demonstrated. The proposed optical SSB system was optimised so
that to be compatible with the proposed encoding scheme in terms of modifying the
biasing voltages of the modulators and modelling an FIR digital filter to achieve the
required Hilbert Transformation to the modulating digital signal.

Based on the simulation results, it was determined that the proposed DRoF link could offer
a significant improvement and a transmission extension over a conventional optical DSB
and optical SSB that uses NRZ encoding. Furthermore, it was shown that the designed
link has a BER of 10 measured at a quite satisfactory OSNR value of 23 dB after 20 km
transmission distance of a 10 Gb/s data rate. At this point of improvement, optical
spectrum results have displayed that the major limiting factor of high optical bandwidth
requirements associated with DRoF deployment has been addressed confirming the

achievement of the research aim.
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6.2 Thesis Future Work

The following points can be performed as a future work of this research:

1-

The simulations demonstrated in this thesis have shown promising solutions
regarding the deployment of the fronthaul link based on both RoF technologies
while increasing the transmission length and data rates. Therefore, the next step to
support and confirm these achievements could be an experimental work with

measurements on ARoF and DRoF systems performances.

Designing a full duplex multi-RF signal transmission over the reduced bandwidth
occupancy DRoF links proposed in this research and to evaluate the performance in

comparing it with the ARoF transmission.

Investigating the implementation of different multi-levels modulation schemes,
such as PAM-4 in terms of the chromatic dispersion management and to compare it

with the proposed DRoF links upon different transmission scenarios.

Design and implementation of a different wavelength reuse scheme to achieve a
cost-efficient bidirectional RoF link. This scheme based on transmitting a pilot
optical carrier generated at the CO by frequency shifting the original optical signal.
The original optical carrier will be modulated by the RF signal and then
multiplexed with the pilot signal to be transmitted over the same fibre. A de-
multiplexer would be used at the BS side to extract both the modulated optical
signal for detection and the pilot optical signal to be used for the upstream

transmission.
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