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ABSTRACT 

The area of Microwave Photonics (MWP) is considered on one aspect as the manner of 

using optoelectronic devices and systems to manipulate microwave systems and on the other aspect 

as the study of optoelectronic devices and systems that generate and process signals in the range 

of microwave frequencies. Among several applications from this last aspect, this work considers 

a simple and easy configuration of Microwave photonic filters (MPFs) and Optoelectronic 

oscillators (OEOs). 

The MPFs are arrangements designed with the aim of carrying similar tasks to those of an 

electrical microwave filter within a radio frequency system, contributing supplementary 

advantages inherent to photonics such as low loss, high bandwidth, immunity to electromagnetic 

interference, reconfigurability, and tunability. Precisely, one of the goals of this thesis work is 

devoted to proposing alternatives of tunability for a particular bandpass MPF. In this way, the 

novelty of this work resides in the use and analysis of a Fabry-Perot filter to obtain in a dynamic 

way the tunability of microwave bandpass. Even more, another particular technique to achieve 

tunability is studied and implemented. In particular, a pair of Distributed Feedback (DFB) lasers, 

and a Semiconductor Optical Amplifier (SOA) are proposed for this goal. 

The OEOs are other photonic arrangements that allow the generation of highly pure 

microwave signals. For our case, a particular OEO is designed by adding an optoelectronic loop 

to the basic configuration of the MPF previously mentioned. Like an MPF, frequency tunability 

for the OEOs is a topic of much interest too. Thus, this thesis work comprises a study to obtain the 

tunability of an OEO.  

The tunability is achieved by modifying the intermodal separation (δλ) of the multimode 

source. The results from both proposal techniques are supported by a series of simulations, 

corroborated by values computed theoretically, and verified in an experimental way. The tunability 

of these MWP systems is successfully achieved. For the case of the OEO, this work presents for 

the first time, to our knowledge, a gradual tuning map demonstrating the system tunability. An 

analytical method to determine the phase noise (PN) is presented in order to evaluate the 

performance of the OEO.  Compared to the theory, the obtained PN values show a good 

performance of our implemented OEO.  
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1 CHAPTER 1: GENERAL INTRODUCTION 

1.1 Introduction and motivation 

The world fascinated by technological advances in all fields, has been amazed by 

the information and telecommunication developments, known as the Digital or Third Industrial 

Revolution (Industry 3.0) and Fourth Industrial Revolution (Industry 4.0) [1-3]. Since the advent 

of Industry 4.0 in 2013, and the implementation of the 5G network in 2017 with its multiple 

applications nowadays (high-speed mobile network, entertainment and multimedia, internet of 

things, satellite internet…) [4,5], several essential processes such as amplification, filtering, 

modulation, demodulation, radio frequency (RF) signal generation, etc. are the subject of great 

research to improve the efficiency and the performance of communication systems. Moreover, 

according to the ephemeris that the world experienced due to the pandemic crisis of COVID-19, 

the high demand for bandwidth, and fast and reliable telecommunication platforms; has impacted 

the needs of all layers of the current society, and of course that will be for the future. 

However, in the telecommunication field, the performances are limited by traditional RF 

components such as amplifiers and filters. Figure 1.1 shows an illustrative diagram of a traditional 

RF system where the information signal is processed in the electrical domain through electrical 

circuits. They present narrow bandwidth, low operating frequency, electromagnetic interferences, 

and difficulties in tuneability and reconfigurability [6].  There are various solutions to these 

limitations. For example, Microwave photonic filters (MPFs) have been developed for fast filtering 

effect. They can also be used for implementing optoelectronic oscillators (OEOs) [7-12]. 

Nevertheless, having the ability to control or tune the passband window and the Free Spectral 

Range (FSR) of filters, or the centre frequency of the signal generated by an oscillator, according 

to the need, the satisfaction of end users remains an asset [13,14].  
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Figure 1.1 Schematic diagram of the RF signal process with RF circuits. 

In Fig. 1.1, with traditional technology, RF signals received from the antenna are processed and 

delivered in the electrical domain by RF circuits. On the other hand, photonics technology can 

provide tremendous advantages such as very large bandwidth, high speed, immunity to 

electromagnetic interference, ultra-low losses, etc. [15]. Thus, high-frequency and broadband RF 

signals can be directly processed in the optical domain and converted back to the electrical domain 

before being delivered using an optical receiver [16]. Figure 1.2 shows an example of optical signal 

processing with RF signals using photonics technology. 

 

Figure 1.2 Schematic diagram of the RF signal process with an MPF. 

Particularly, in the field of telecommunications, photonics technology has provided high-quality 

transmission of data, audio, and video signals [17]. Moreover, photonics technology allows optical 

networking through the Fibre To The x (FTTx) architecture [18]. This collective term FTTx is 

employed for different topologies of optical fibre (OF) in signal delivery. It refers to all possible 
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topologies of FOs used by telecom operators to transmit information from a designated point to 

the customer's point. Due to their tremendous advantages, FOs are used for long-distance delivery 

over traditional copper cabling. The FTTx is categorized according to where the optical fibre 

terminates and has different meanings such as:  

- FTTA (Fibre-to-the-Antenna): the fibre connects a base station located at a remote radio-head 

(RRH) to a remote tower's RF antenna; 

- FTTB (Fibre-to-the-building, -business, or -basement): the fibre reaches the boundary of the 

building; 

- FTTC/ FTTK (Fibre-to-the-curb/kerb, -closet, or -cabinet): this topology is similar to FTTN; 

however, the street cabinet or pole is closer (typically 300 m) to the user's premises; 

- FTTH (Fibre-to-the-home): the fibre reaches the living space, such as a box on the outside wall 

of a home; 

- FTTN / FTTLA (Fibre-to-the-node, - neighbourhood, or -last-amplifier): the fibre link is 

terminated in a street cabinet, perhaps far away (kilometres) to the customer premises, with the 

final connections being copper; 

- FTTO (Fibre-to-the-office): the fibre connection is done from the main computer room or core 

switch to the user’s workstation mini-switch (called FTTO Switch) that provides Ethernet services 

to end-user devices via standard twisted pair patch cords; etc. 

Optical networks allow quick data transfer within small areas (POL: Passive Optical LAN) or over 

long distances (Optical/WAN). Figure 1.3 shows an illustration of a generic FTTx network with 

length scale delimitation.  

 

Figure 1.3 Illustration of length scale areas into the FTTx network. 
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At less than 300 m of length scale, the network performs Short Range (SR) communications. 

Whereas, when services reach length scales of 20 km and 40 km, the network carries out Long 

Range (LR) and Extended Range (ER) communications, respectively [19].  

The more the number of users on data transmission, the narrower bands, leading to enlarging total 

signal bandwidth. In such networking schemes, MPFs may play an important role in high-speed 

communications and a high amount of data transmission. The tuneability of MPFs is a key factor 

in order to tune a narrow band from a large signal bandwidth. 

In this work, we are going to show tuneable microwave photonic systems (MPFs and OEOs) with 

abilities to operate in a Long Range and Extended Range of optical communications. These 

promising systems are coveted in this area of technology thanks to the variety of essential 

applications that they provide. With capabilities of dynamic tuning and reconfigurability, OEOs 

and MPFs may provide applications in specialized areas such as radar, fibre-radio, radio 

astronomy, data transmission, analogue and high-definition TV transmission, photonic sensors, 

etc. [20,21]. 

1.2 Objectives 

▪ General objective: 

In this thesis work, we are going to demonstrate a simple and dynamic multiple bandpass 

microwave photonic filter with frequency tuneable capabilities, as well as, a tuneable 

optoelectronic oscillator. 

▪ Particular objectives: 

In order to achieve the general objective, we have set two specific objectives: 

- To modify the intermodal separation parameter of the multimode optical spectrum of laser 

sources; 

- To demonstrate the dynamic tuning of the microwave photonic filter and the optoelectronic 

oscillator. 
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1.3 Hypothesis 

There already exist studies on the demonstration of tuneable photonic filters and optoelectronic 

oscillators. Further, details on these studies will be discussed later in the state-of-the-art section. 

From the results presented in these researches, some studies need physical replacement of key 

devices to achieve tuneability which is practically difficult to accomplish on implemented FTTx 

networks.  

The proposal in this thesis work focuses on novel techniques that allow modifying dynamically, 

the optical source parameters for tuning the response frequencies of the multiple passband MPF 

and the OEO. Figure 1.4 presents a diagram of the principle of the system that has to be 

implemented to solve the mentioned issues. 

 

Figure 1.4 Principle diagram of the proposal study. 

The block filled in black (?) represents a device or a set of devices that performs the modification 

of the optical parameters of the laser source in order to vary dynamically the frequency response 

of the photonic system.  

1.4  Methodology 

To achieve the objectives of this project, it is very important to understand the organization and 

technical aspects of the work in order to guarantee the efficiency of the expected results. Figure 

1.5 presents a general block diagram that represents the synthesis of the methodology adopted for 

the realization of this work project, worded in these terms: 

▪ The first step of this project is dedicated to the study and acquisition of fundamental 

knowledge related to the tuneability of MPF and OEO as well as theories of the 
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functionality of devices or optical effects that can contribute to the realization of this 

option. 

▪ The second step focuses on the system design, its mathematical characteristics, and its 

modelling. It will also focus on carrying out a series of simulations that allow finding the 

ideal response of the system compared to the theoretical or mathematical prediction. 

▪ After analysis, the third step is responsible for implementing in the laboratory the 

preconceived system with discrete devices and interpreting the obtained results, based on 

the ideal one. 

▪ As it is often said “words fly away, and writings remain,” strictly based on the previous, 

the fourth and last step is the crowning of the project by writing a doctoral thesis, producing 

the conference, congress, and journal articles, and the possibility of obtaining a patent if it 

is possible. 

 

Figure 1.5 Methodology block diagram of the thesis project. 

Apart from this objective methodology, the organization of the thesis work is presented in the 

following section.  
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1.5 Thesis organization 

This thesis is composed of five chapters organized as follows. The first presents a general 

introduction that contains the motivation, objectives, problem to solve, methodology, and finally, 

this organization. The second explains the concept of microwave photonics and its applications for 

microwave photonic filters and optoelectronic oscillators. Moreover, it shows the state-of-the-art 

of these two applications. Then, the third presents the simulation of MPFs with tuneability 

capabilities and their results. The fourth shows the experimental setups and results of both 

implemented MPF and tuneable OEO. Finally, the fifth summarizes the main conclusions of this 

work and provides some ideas about future work. 
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2 CHAPTER 2: MICROWAVE PHOTONICS APPLICATIONS: MICROWAVE 

PHOTONIC FILTER AND OPTOELECTRONIC OSCILLATOR 

2.1 Introduction 

This chapter defines and presents particular applications of the Microwave 

Photonics (MWP) concept. Apart from this first section where the theory of conventional optical 

fibres is given, this part of the work has two more sections organized in the manner described 

below. 

The second section describes and explains the basic concepts of microwave photonic filters 

(MPFs) and optoelectronic oscillators (OEOs). The way to achieve the tuneability of these systems 

is also explained. 

The third section presents a brief state of the art of the MPF and OEO during the last five years 

and refers to the systems proposed in this thesis work. 

There are two aspects that can define the area of study of MWP: (1) the manner of using 

optoelectronic devices and systems to manipulate microwave systems and, (2) the study of 

optoelectronic devices and systems that generate and process signals in the range of microwave 

frequencies [22]. The last definition is the one that fits in applications such as MPFs and OEOs in 

which microwave signals are generated, processed, controlled, and distributed [23]. However, 

optoelectronics is considered as a branch of both electronics and photonics. Its study concerns 

electronic components that emit or interact with light [24].  These components are also called 

photonic components and are used in electronic applications such as amplification, oscillation 

generation, modulation, demodulation, filtering, transmission, etc. 

The MPF and OEO studied in this thesis work have another key element which is an optical fibre. 

Their characteristics are used for filtering effects with a length of more than 10 km. Optical fibre 

has received great interest and become the preferred transmission medium for communication 

systems [25,26]. The use of optical fibres as a medium of transmission gave birth to optical fibre 

communication systems. 
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2.1.1 Optical fibre 

The Optical Fibre (OF) is a cylindrical waveguide made from a non-conductive material 

(dielectric) such as glass or plastic, which, has at least two different refractive indexes and 

transmits light as a signal [27]. Their advantages over copper wires are tremendous, particularly 

in terms of attenuation. Today, they replace copper wires in order to provide high-speed internet. 

Moreover, they are not subject to atmospheric disturbances and are immune to electromagnetic 

waves. According to the mode of propagation, there are two types of fibres: Single Mode Fibre 

(SMF) known as “conventional fibre,” which allows the propagation of a single transverse mode 

at a time, and, Multimode Fibre (MMF) which enables several modes to propagate at a time 

[26,28]. Therefore, in telecommunication, for long-distance transmissions, the SMF is the one 

mostly used since it retains better fidelity of lights over several kilometres than MMF. Therefore, 

fibres refer to SMF in many cases. As seen in Fig. 2.1(a), optical fibres consist of four parts that 

are: (1) the core (8-10 µm) that has a refractive index n1 and in which the light travels, (2) the 

cladding (125 µm) with a refractive index n2 slightly lower than the core to facilitate the light 

containment, (3) the buffer (250 µm) which provides the flexibility and the mechanical protection, 

and (4) the jacket (900 µm) which is the protective outer coating [29]. Figure2.1 (b) presents the 

light propagation in an SMF. The core and cladding of the fibre are made of pure fused-silica with 

very low attenuation at 1550 nm. 

 

(a)      (b) 

Figure 2.1 Single Mode Fibre: (a) Constitution structure and, (b) light propagation. 

The propagation of light is governed by Snell-Descartes law which states that an incident light ray 

on the interface of two media of different refractive indices n1 and n2, is split into two rays: a 
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transmitted one (or refracted) and a reflected one. Figures 2 (a) and (b) present the representative 

behaves of the incident and transmitted rays. The transmission ratio depends on the angle of 

incidence of the light ray and the refractive indices of the media expressed by [30]: 

𝑠𝑖𝑛 𝜃1

𝑠𝑖𝑛 𝜃2
=

𝑛2

𝑛1
           (2.1) 

 

(a)     (b) 

Figure 2.2 Diagram of Snell-Descartes law: (a) n2 > n1, and (b) n2 < n1. 

with ϴ1 and ϴ2 the incident and transmitted angles, respectively. For n2 < n1, we have ϴ2 > ϴ1; by 

increasing ϴ1, ϴ2 will reach 90˚ referring to the normal at the incident angle known as the critical 

angle ϴc. The expression becomes n1sinθc
 = n2sin(π/2), which means a total reflection of the 

incident ray at the critical angle, and no transmitted light. Figure 2 (c) shows the diagram of this 

particular case. 

𝜃𝑐 = 𝑠𝑖𝑛−1 (
𝑛2

𝑛1
)         (2.2) 

 

(c) 

Figure 2.2 (c) Critical angle and total internal reflection. 
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 Nowadays, the optical fibre communication medium is preferred because compared to other 

media like copper wire, it provides more advantages such as [31]: 

- Long distance transmission: fused-silica fibres can transmit light with losses as small as 0.2 

dB/km. With such a little loss, data can be sent at very long distance. 

- Large information capacity: with its wider bandwidth a huge amount of information can be sent 

through a single physical link. 

- Immunity to electrical and electromagnetic interference: The fibre is dielectric material and it 

does not interfere with surrounding electro-magnetic fields. Thereby it is immune to interference 

effects such as inductive pickup from adjacent signal-carrying wires or coupling of electrical noise 

from surrounding equipment. 

- Small size and low weight: these characteristics provide easy handling. 

- Enhanced safety: there is no worrying about ground loops, high voltage potential, or sparks, 

however, it is highly recommended to take precautions concerning the laser beams that can damage 

eyes. 

- Eco-friendly: Silica which is the main material of optical fibres is abundant on Earth. It is cheap 

and energy-efficient in fabrication. Moreover, the signal transmission in fibre needs much less 

energy than that in copper wire. 

In optical fibre communication, the light is used to carry the information (electronic data, long-

distance telephone calls that are not conveyed by either, radio, terrestrial microwave, or satellite; 

analogue TV signal; digital HDMI video signal; etc.) to the end user throughout optical fibre. 

Apart from these impressive characteristics and advantages such as the bandwidth, capacity, and 

low noise [32]. In long communication optical fibres suffer a lot, on the one hand, from linear 

effects such as attenuation and dispersion, and on the other hand, from nonlinear effects which are 

not trivial for high power and high bit rates transmission. The next points explain these 

uncomfortable parameters and effects within the fibre.  
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a) Attenuation 

Usually expressed in dB/km, the attenuation (α) is the gradual loss of flux intensity through a 

medium and is responsible for the power loss of the signal. It is determined as [33]: 

𝛼 = −
10

𝐿
𝑙𝑜𝑔 (

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
)         (2.3) 

where L is the optical fibre length (km), Pout is the output optical power and Pin is the input optical 

power. 

Distinctly, the attenuation is cumulative of intrinsic mechanisms which are due to the nature of the 

manufacturing material used (Ultraviolet absorption αuv, Infrared absorption αir, Rayleigh 

Scattering αmono, etc.), and extrinsic mechanisms which have originated from external factors to 

the fundamental fibre matter such as impurities into the fibre core introduced through the 

manufacturing process and fibre tension (Impurities absorption OH1 and OH2, Curve losses, etc.). 

Figure 2.3 shows the behaviour of the αTOTAL parameter as a function of the wavelength, 

considering the parameters that affect it the most. Thanks to the fibre technology, today the 

attenuation for a typical SM-SF is less than 0.2 dB/km. As seen in this figure, the lowest attenuation 

is obtained as 0.18 dB/km at around 1550 nm. This is the main reason why optical 

telecommunications use that wavelength.  

 

Figure 2.3 Total attenuation curve in single-mode fused-silica fibre. 
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b) Dispersion 

The dispersion is the variation of the refractive index n as a function of the wavelength which is 

manifested by the spectrum broadening of light pulses, the difference in group velocity, and the 

amplitude diminution that distorts the signal.  

Classified into different types: model or intermodal dispersion (appearing only in 

Multimode fibres), polarization mode dispersion (PMD), and chromatic dispersion; this work 

focuses on the latter because it is the most considered effect for long-haul communication systems. 

The chromatic dispersion originates from the wavelength dependence of the refractive index and 

is the sum of the material dispersion: n = n(λ), and the waveguide dispersion: n1 ≈ n2 [34]. Figures 

2.4 (a) and (b) present the total dispersion constitution and its effect on signal propagation, 

respectively. For a light pulse with multiple wavelengths traveling through a material, it is stated 

that the longer wavelength typically moves faster than shorter wavelengths because of the 

wavelength-dependence of the group velocity. 

  

(a)       (b) 

Figure 2.4 (a) Total dispersion constitution; (b) Representation of the chromatic dispersion effect 

on light propagating into an optical fibre. 

Material dispersion Dmat and waveguide dispersion Dwg are interdependent, but they can be 

calculated separately to see the signal distortion raised by each one [34]. In principle, the dispersion 

is determined by the derivative of the phase delay or phase velocity (τ) of the light propagating 

into an optical medium, relative to another parameter such as the wavelength (λ): 

𝐷(𝜆) =
𝑑𝜏

𝑑𝜆
          (2.4) 

and the broadening of the optical pulse 𝜎 over a fibre of length L by: 
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𝜎 = 𝐷(𝜆). 𝐿. 𝜎𝜆         (2.5) 

where 𝜎𝜆 is the half-power spectral width of the optical source. It is enounced that the measured 

group delay τg is expressed as: 

𝜏𝑔

𝐿
=

1

𝑉𝑔
=

1

𝑐

𝑑𝛽

𝑑𝑘
= −

𝜆2

2𝜋𝑐

𝑑𝛽

𝑑𝜆
        (2.6) 

⟺  𝜏𝑔 =
𝐿

𝑉𝑔
=

𝐿

𝑐

𝑑𝛽

𝑑𝑘
         (2.7) 

where k = 2π/λ is the wavenumber, L is the distance travelled by the pulse, β is the propagation 

constant along the fibre axis, and 𝑉𝑔 is the group velocity. 

The dispersion affects the properties of the light pulse depending on the medium where is 

travelling. The phase delay in a bulk material τmat is given by:  

𝜏𝑚𝑎𝑡 =
𝐿

𝑐
( 𝑛 − 𝜆

𝑑𝑛

𝑑𝜆
 )         (2.8) 

⟹ 𝐷𝑚𝑎𝑡 =
−𝜆

𝑐
 

𝑑2𝑛

𝑑𝜆2         (2.9) 

Whereas, the phase velocity in a waveguide τwg is expressed by: 

𝜏𝑤𝑔 =
𝐿

𝑐
 [ 𝑛2 + 𝑛2𝛥 

𝑑(𝑉𝑏)

𝑑𝑉
]        (2.10) 

⟹ 𝐷𝑤𝑔 = −
𝑛2𝛥

𝑐𝜆
 [ 𝑉

𝑑2 (𝑉𝑏)

𝑑𝑉2 ]        (2.11) 

V is the normalized frequency, 𝑏 ≈
𝛽 𝑘⁄ −𝑛2

𝑛1−𝑛2
 , and 𝛥 = (𝑛1 − 𝑛2) 𝑛1⁄  

Figure 2.5 shows the refractive index of a silicon oxide (SiO2) fibre as a function of the wavelength, 

obtained from Eq. (2.12), which is known as Sellmeier's equation. The demonstration was done at 

20°C for 60 wavelengths in the interval of [0.21, 3.71] µm [35]. 

𝑛2 − 1 =
0.6961663𝜆2

𝜆2−(0.0684043)2
+

0.4079426𝜆2

𝜆2−(0.1162414)2
+

0.8974794𝜆2

𝜆2−(9.896161)2
    (2.12) 

⟺ 𝑛 = [1 +
𝐴𝜆2

𝜆2−𝐵2 +
𝐶𝜆2

𝜆2−𝐷2 +
𝐸𝜆2

𝜆2−𝐹2]
 
1
2
      (2.13) 
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Figure 2.5 Refractive index of a SiO2 fibre as a function of the wavelength. 

For a non-dispersion-shifted fibre (called a Class Iva fibre by the EIA) most popular type of single-

mode fibre deployed which is designed to have a zero-dispersion at 1270-1340 nm, the standards 

recommend fitting the measured group delay per unit length to the three-term Sellmeier equation 

noted as: 

𝜏 = 𝐴 + 𝐵𝜆2 + 𝐶𝜆−3         (2.14) 

A = 0.6961663, B = 0.06844043, and C = 0.4079426 are known as the curve-fitting parameters; 

and D still calculated by: 

𝐷𝑚𝑎𝑡 =
−𝜆

𝑐
 

𝑑2𝑛

𝑑𝜆2         (2.15) 

Figure 2.6 depicts both dispersion curve characteristics of a Single-Mode Standard Fibre (SM-SF), 

and a Dispersion Shifted Fibre (DSF) designed for zero-dispersion at around 1550 nm. The 

dispersion parameter D (λ) is expressed in ps/nm‧km and is computed by this empiric function: 

𝐷(𝜆) =
𝜆𝑆0

4
[𝜆 − (

𝜆0

𝜆
)

4

]          (2.16) 

Where, λo is the centre wavelength and So is the dispersion slope, which is 0.092 ps/(nm2‧km) for 

standard non-dispersion-shifted fibres (or SM-SF) in the 1270 to 1340 nm region, and 0.06 to 0.08 

ps /(nm2‧km) for DSF [34]. 
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Figure 2.6 Characteristics curves of dispersion in SM-SF (red) and DSF (blue). 

The dispersion can be minimized by using an SM-SF and DSF associated with a wavelength of 

1300 nm and 1550 nm, respectively. For a typical SM-SF, the dispersion at 1550 nm is measured 

as 18 ps/nm/km. This means that if the light with wavelengths at 1550 nm and 1551 nm travels 

together over a distance of 100 km, the light of 1550 nm will lead the light of 1551 nm by 1.8 ns. 

This is the reason for which the dispersion is generally considered undesirable in long-haul 

communications. However, this undesirable phenomenon can be used advantageously in some 

applications such as microwave photonic filters (MPFs) and optoelectronic oscillators (OEOs). 

MPF and OEO belong to radio-frequency and optoelectronic branches, which makes them great 

choices in the communication domain. 

c) Nonlinear effects 

Deriving its name from the characteristics of the materials in which they appear like optical fibres, 

these effects have to be taken under consideration for light signals with high power field (≥ 4 mW) 

and/or high bite rates (≥ 10 Gb/s) [36]. In an optical fibre, the refractive index n is a relative 

permittivity εr dependent expressed as 

𝑛 = √휀𝑟           (2.17) 

For light signals with a low power field, the optical fibre acts like linear materials, εr is constant 

and the induced polarization P in the medium is determined by  

𝑃 = 휀𝑜(휀𝑟 − 1)𝐸 = 휀𝑜𝜒(1)𝐸         (2.18) 
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which is a linear response, with ԑo = 8.854x10-12 F/m the permittivity of free space, χ (1) the linear 

susceptibility, εr the relative permittivity, and E the applied field. For light signals with a high-

power field, εr becomes field-dependent and the optical fibre reacts nonlinearly. By using a power 

series expansion in terms of E, the polarization expression becomes dependent on E, E2, E3, etc. 

𝑃 = 𝑎1𝐸 + 𝑎2𝐸2 + 𝑎3𝐸3 + ⋯ = 휀𝑜(𝜒(1)𝐸 + 𝜒(2)𝐸2 + 𝜒(3)𝐸2𝐸 + ⋯ )  (2.19) 

χ (1), χ (2), χ (3) are the first, second, and third-order susceptibilities respectively; and a1, a2, a3 are 

the polarization expansion coefficients. The higher-order terms of E can be neglected because their 

corresponding coefficient values are very small. In isotropic media such as fused-silica glasses, 

the coefficient a2 is zero and, a3 has a small finite value. Thus, Equation (2.19) becomes 

𝑃 = 𝑎1𝐸 + 𝑎3𝐸3 = 𝑃𝐿 + 𝑃𝑁𝐿        (2.20) 

In other words, the polarization is related to the material susceptibility of first-order χ (linear part 

PL) and third-order χ (3) (nonlinear part PNL). Eq. (2.20) can be expressed as [37,38]  

𝑃 = 휀𝑜 (𝜒(1)𝐸 +
3

4
𝜒(3)|𝐸|2𝐸)        (2.21) 

`𝑃 = 휀𝑜 (𝜒(1) +
3

4
𝜒(3)|𝐸|2) 𝐸        (2.22) 

𝑃 = 휀𝑜𝜒𝑒𝑓𝑓
(3)𝐸          (2.23) 

where 𝜒𝑒𝑓𝑓
(3) = 𝜒(1) +

3

4
𝜒(3)|𝐸|2 is the effective third-order susceptibility, and |E|2 is a factor 

that is directly proportional to the intensity I of the electric field E applied to the material. 

For some transmission systems such as wavelength-division multiplexing (WDM), the effects of 

nonlinearities are considerable no matter how much power injected and how much bit rate used. 

[39,40].  

The nonlinear effects are grouped into two main categories. The effects in the first category arise 

from the interaction of the light with molecular vibrations (phonons) in a medium, among which 

the most important are the stimulated Brillouin scattering (SBS) and the stimulated Raman 

scattering (SRS). In these scattering effects, a light wave transfers energy to another one with low 

energy (longer wavelength), and the quantity of lost energy is absorbed in the matter by phonons. 

The light scattered by phonons is down-shifted in frequency and known as Stokes wave. For SBS 

and SRS, the phonons types involved in the corresponding energy transfer process are different. 
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In the case of SBS, the Stokes wave propagates in the backward direction of the pump wave, is 

down-shifted typically by around 11 GHz in an SM-SF. On the other hand, in the case of SRS, the 

Stokes wave is generated in both forward and backward directions and down-shifted by around 13 

THz. [41]. 

The effects in the second category appear due to the nonlinear refractive index depending on the 

intensity I of the electric field E applied to the material. From Eq. (2.17) and (2.18), the refractive 

index is expressed as 

𝑛2 = 휀𝑟 =
𝑃

𝑜𝐸
+ 1          (2.24) 

Substituting Eq. (2.20) in Eq. (2.24), the refractive index expression becomes 

𝑛2 =
𝐸(𝑎1+𝑎3𝐸2)

𝑜𝐸
+ 1 = (

𝑎1

𝑜
+ 1) + (

𝑎3

𝑜
) 𝐸2      (2.25) 

In terms of susceptibilities the refractive index appears with linear and nonlinear parts expressed 

as, [16] 

𝑛2 = 1+𝜒𝑒𝑓𝑓
(3) = 1 + 𝜒(1) +

3

4
𝜒(3)|𝐸|2      (2.26) 

The linear refractive index no is written as 

𝑛𝑜
2 = 1 + 𝜒(1)          (2.27) 

Equation (2.26) becomes 

𝑛2 = 𝑛𝑜
2 [1 +

3

4𝑛𝑜
2 𝜒(3)|𝐸|2]        (2.28) 

Knowing that the intensity I is directly proportional to the applied field |E|2, with 

𝐼 =
1

2
휀𝑜𝑛𝑜

2𝑐|𝐸|2         (2.29) 

After development, the refractive index is written as 

 𝑛 = 𝑛𝑜 +
3𝜒(3)

4 𝑜𝑛𝑜
2𝑐

𝐼         (2.30) 
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𝑛2 = 3𝜒(3) 4휀𝑜𝑛𝑜
2𝑐⁄ , is the nonlinear refractive index known also as the nonlinear index, with c 

the light velocity in the free space. This parameter quantifies the nonlinearity in a medium known 

as Kerr nonlinearity which is described as an incrementation value (∆n = n2I) of the refractive 

index proportionally to the intensity. Thus, its expression is written as [42] 

𝑛(𝐼) = 𝑛𝑜 + 𝑛2𝐼         (2.31) 

In this category, one of the most considered nonlinear effects is the four-wave mixing (FWM) [43].  

For instance, considering the field E constituted by various components such as E = E1 + E2 + E3, 

the nonlinear part in Eq. (2.20) can be developed as sums of different products. E3 = (E1 + E2 + 

E3)
3. After the development, the cross-product term E1E2E3 that is proportional to cosines product 

[cos(2πν1t) × cos(2πν2t) × cos(2πν3t)], can be transformed in sums of cosines. The frequencies that 

correspond to [ν4 = ν1 + ν2 + ν3] and [ν5 = ν1 + ν2 - ν3] sums, represent the FWM.  

This nonlinear effect occurs when two conditions are satisfied: energy conservation and phase 

matching. Generally, they are considered undesirable for communication systems. Nevertheless, 

they are useful in many other applications. 

2.2 Basic concept of microwave photonic filter and optoelectronic oscillator 

2.2.1 Microwave photonic filter 

The MPF is one of the useful elements in MWP and is defined as a photonic subsystem designed 

to carry equivalent tasks to those of an ordinary microwave filter within an RF system or link, 

bringing supplementary advantages inherent to photonics such as low loss, high bandwidth, 

immunity to electromagnetic interference, and also providing features which are difficult or even 

impossible to achieve with traditional technologies, such as fast tuneability and reconfigurability 

[44].  

Via an FTTx architecture, MPFs may be used for the distribution of services such as the internet, 

Video-On-Demand (VOD), High-Definition Television (HDTV), radar systems, 5G Network, etc. 

Figure 2.7 presents the structure of a particular MPF constituted by a continuous wave (CW) 

optical source, an external Mach-Zehnder modulator (MZM), an optical fibre link, and a photo-

detector (PD). The MZM plays the preponderant role of controlling the amplitude of a light wave 

through a Mach-Zehnder interferometer made into a high electro-optic material such as a lithium 

niobate (LiNbO3). The light from the input waveguide is split into two interferometric arms and 

https://www.rp-photonics.com/refractive_index.html
https://www.rp-photonics.com/refractive_index.html
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then recombined at the output waveguide. When a voltage is applied to one of the arms, its optical 

path is modified, a phase shift is induced and that results in a phase modulation at the output. 

 

Figure 2.7 Basic structure of a microwave photonic filter. 

 

The optical source signal Es(t) is modulated externally by the RF signal Vm(t), at the output the 

modulator provides a modulated light-wave Em(t) which is launched through the optical fibre 

characterized by a dispersion parameter D and length L for being detected as EmL(t) and, finally 

recovered or converted into electrical signal i(t) by the photo-detector. The MPF frequency 

response can be obtained in different ways such as simulations with software reproducing 

experiments and behaviours of devices, experimental performance measurements with a spectrum 

analyser, and mathematical analysis with an appropriate model and parameters. The frequency 

response of MPFs mainly depends on the spectral characteristics of the optical source as it is 

detailed and demonstrated by the mathematical model in [45]. 

a) MPF frequency response using a single-mode source 

The normalized frequency response C(νm) of the microwave photonic filter using a monochromatic 

optical source is expressed as:  

𝐶(𝒱𝑚) = 𝑐𝑜𝑠 (
𝜋𝒱𝑚

2 𝜆2𝐷𝐿

𝑐
)         (2.32) 

with νm the frequency of the modulating signal. The graphical representation of this function is 

similar to the classic “notch filter,” thus familiarity denomination of “Microwave Photonic notch 

Filter”. An important characteristic of all optical fibres is that there is zero dispersion at certain 

wavelengths. As mentioned above, the zero dispersion for an SM-SF is located at around 1300 nm. 
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Thus, Eq. (2.32) becomes zero at some values of λ that correspond to frequency values denoted fzi, 

and are determined by: 

𝑓𝑧𝑖 =
1

𝜆
√

1

2

(2𝑖−1)𝑐

𝐷𝐿
          (2.33) 

where fzi is in Hz, c is in nm/s, D in ps/nm·km, λ in nm, L in km and i an integer (i = 1, 2, 3…).  

Figure 2.8 exhibits an illustration of the frequency response of an MPF simulated with 15.81 

ps/nm‧km of dispersion parameter at 25 km, 50 km, and 150 km of optical fibre. 

 

Figure 2.8 Frequency response of an MPF simulated with a single-mode source. 

In summary, the use of Eq. (2.33) allows the determination of frequency values where the MW 

generated lobes are strangled when the length (L) of the optical link is varied. 

b) MPF frequency response using a multimode source 

Figure 2.9 shows an illustration of a multimode laser diode FPL1009P optical spectrum registered 

in the laboratory, with delimitations of the intermodal separation δλ (the separation between two 

successive modes) and the spectral width ∆λ (Full Width at Half-Maximum, FWHM). Further, this 

laser is used in the experimental setup of an MPF.  The inset in this Fig. 2.9 corresponds to a zoom-

in of two successive modes. 
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Figure 2.9 Multimode optical spectrum. 

If the single-mode optical source is replaced by a multimode laser source, then the electrical 

response shapes band-pass windows are located at fi. 

𝑓𝑖 = 𝑖
1

𝐷𝐿𝛿𝜆
 ,          (2.34) 

where fi is in Hz, D in ps/nm·km, δλ in nm, L in km, and i an integer (i = 1, 2, 3…). 

The bandwidth of band-pass windows denoted ∆fbp is determined by the envelope of Gaussian 

spectrum ∆λ (FWHM), and expressed by: 

∆𝑓𝑏𝑝 ∝ 𝐶
4√𝑙𝑛 2

𝜋𝐷𝐿𝛥𝜆
  Hz,         (2.35) 

where C is a proportionality constant, and it can empirically be determined (like 0.5 ≤ C ≤ 1).  

Figure 2.10 exhibits an illustration of a frequency response of an MPF simulated showing different 

fn corresponding values. The simulation was achieved with a multimode source of δλ = 0.72 nm 

and Δλ = 8.37 nm, using a standard fibre length of 25 km with a dispersion parameter of 15.81 

ps/nm‧km. 
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Figure 2.10 Frequency response of an MPF simulated with a multimode source. 

The spectrum pattern of this electrical response is a periodic series of band-pass windows that have 

a centre frequency fi and a bandwidth ∆fbpi.  

2.2.2 Optoelectronic oscillator 

The OEO is an MWP subsystem that provides a direct self-sustained microwave signal with pure 

spectra that have high power, low phase noises, and frequencies reaching tens of GHz. Classical 

technologies use devices such as a direct digital synthesizer (DDS) or a voltage-controlled 

oscillator (VCO) to generate multi-carrier broadband signals but are limited in performance due to 

the intrinsic electronic bottleneck [46]. The interesting feature of a signal generated by the OEO is 

that the phase noise is not affected when the frequency increases [47]. This device provides a high-

frequency microwave signal with a constant phase noise achieving a high-quality factor that is 

independent of the frequency thanks to the low transmission loss through optical fibre [48]. These 

attractive characteristics present a tremendous advantage over conventional oscillators which 

require frequency multiplier stages to reach a few GHz [49].  

Figure 2.11 shows the basic structure of an OEO constituted of a microwave photonic filter (MPF) 

driven by a multimode laser diode (MLD) with an electrical feedback loop [50,51].  
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Figure 2.11 Basic structure of an optoelectronic oscillator. 

In fact, the performance of the OEO depends on the MPF performances [52]. The spectrum of its 

electrical response is formed by microwave peaks located at the same frequencies as those 

determined for the bandpass windows of the MPF by Eq. (2.34). The OEO performances are 

evaluated by determining various elements such as the phase noise (PN), the quality factor (Q), 

the signal-to-noise ratio (SNR), etc. We will take a look at the first and show the process of how 

it is determined in this work. 

2.2.3 Phase Noise measurement 

Among the characteristics of an OEO, short-term stability (good phase noise) is crucial in different 

applications such as modern radar technology, aerospace engineering, satellite communication 

links, navigation systems, etc.  The PN is measured using instruments such as a phase noise 

analyser or a spectrum analyser. Using an Electrical Spectrum Analyser (ESA), the PN value ℒ(f) 

could be determined automatically by a PN measurement function or analytically by a traditional 

method known as the “spectrum analyser method”. This method is described in the following lines 

and it is used further in this work to evaluate the performance of the OEO [53]. Figure 2.12 presents 

the key parameters of this method on the spectrum of a frequency peak. 
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Figure 2.12 Oscillation key parameters for the spectrum analyser method. 

To determine the phase noise by the spectrum analyser method a series of parameter measurements 

is necessary: 

- To Measure the carrier power Pc which is the oscillation peak value in dBm. 

- To Select an offset frequency (spot noise) which is a reference spot within a 1-Hz 

bandwidth. 

- To Measure the noise power Poffset in dBm/Hz which is the maximum power over the 1-Hz 

bandwidth of a considered offset spot. In practice, many spectrum analysers cannot 

measure spectra with a resolution bandwidth of 1 Hz. Therefore, the noise power Poffset is 

measured with a higher resolution bandwidth and divided by the resolution bandwidth. But 

in the logarithmic scale like dBm/Hz, the division becomes a subtraction. 

- To Compute the normalized parameter N in dB depending on the Resolution Bandwidth 

(RBW) of the analyser and determined by 

𝑁 = 10 log 𝑅𝐵𝑊(𝐻𝑧)        (2.36) 

- Determine the phase noise power Pn in dBm/Hz which is the normalized maximum power 

of noise computed as 

𝑃𝑛 = 𝑃𝑜𝑓𝑓𝑠𝑒𝑡 − 𝑁         (2.37) 

- Determine the phase noise ℒ(f) in dBc/Hz expressed by  

ℒ(𝑓)  = 𝑃𝑛 − 𝑃𝑐         (2.38) 
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E.g.: Let the carrier power be measured as 0 dBm. A spectrum analyser measures a spectrum with 

a resolution bandwidth of 1 kHz. Let the noise power be measured as -70 dBm at 100-kHz offset 

frequency. In this case, the normalized parameter N is obtained as 30 dB from Eq. 2.36 and the 

noise power Pn is obtained as -100 dBm/Hz from Eq. 2.37. As the carrier power is 0 dBm, the 

phase noise is obtained as -100 dBc/Hz. 

The ℒ(f) changes at different offset frequencies and generally decreases as the selected offset 

frequency increases. Dedicated phase noise analysers use a method known as the “cross-

correlation” and generally provide greater accuracy, speed, and sensitivity than the previous 

method. A lower value of PN indicates a better system performance.  

2.2.4 Tuneability of the microwave photonic filter and the optoelectronic oscillator 

Theoretically, based on expressions of Eq. (2.34) and Eq. (2.35) the frequency response can be 

modified by varying various parameters. Apart from the dispersion parameter D which is a 

constant given by the manufacturer, the variation of L modifies both centre frequencies and 

bandwidth of passband, whereas the variation of δλ acts on central frequencies and the variation 

of ∆λ influences the bandwidth. 

Considering an optical communication system in an FTTx architecture, replacing the fibre length 

is not practical. The spacing mode or intermodal separation (δλ) remains the only way to tune 

centre frequencies of MPF and OEO. Therefore, if this parameter can be varied readily, tuning can 

be performed dynamically. These systems need a multimode emission as an optical source. In this 

thesis work, we are going to investigate dynamical tuning using two different methods: one using 

an MLD with a tuneable Fabry-Perot optical filter, and the other one using two Distributed 

Feedback (DFB) sources with an SOA. 

a) Distributed Feedback Laser Diode 

A Distributed Feedback laser (DFB laser) is a laser with one side of the resonator formed by a 

periodic structure acting as a distributed Bragg reflector in the active region. The other side of the 

cavity has a high-reflectivity material. The longitudinal grating with its periodic change of the 

refractive index, causes reflections of light back into the resonator cavity [54].  If these reflected 

light waves are any small multiple of the incident wavelength then, there is a constructive 
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interference of them that characterizes the operation wavelength of the device. Considering the 

refractive index change of n1 and n2, the reflected wavelength (λB) is computed from the Bragg 

condition expressed as 

𝜆𝐵 = 2𝑛𝑒𝑓𝑓Λ          (2.39) 

where neff = (n1 – n2) / (n1 + n2) is the effective refractive index, and Λ the grating period. 

However, the collected modes in a DFB are not exactly λB but lateral wavelengths (λm) located 

symmetrically around the Bragg wavelength and computed by [40] 

𝜆𝑚 = 𝜆𝐵 ±
𝜆𝐵

2

2𝑛𝑒𝑓𝑓𝐿
(𝑚 + 1)        (2.40) 

Here, L is the effective length of the grating, and m (1, 2, 3…) is an integer representing a specific 

mode. For higher modes the threshold gain is larger, thus, only the mode corresponding to m = 0 

lases as the DFB operating wavelength (λo). Figure 2.13 shows, as an illustration, a DFB optical 

spectrum registered in the laboratory. 

 

Figure 2.13 Optical spectrum of a DFB. 

Technically, its wavelength peak shifts with temperature changes (dλo/dT) since both neff and Λ are 

temperature-dependent parameters. Typically, if the temperature increases by 1˚C, then the 

wavelength λo increases on the order of 0.1 nm. Thus, a temperature controller is needed to stabilize 

or to adjust the wavelength value. Indeed, DFB laser diode manufacturers take advantage of this 
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dλo/dT feature to make tuneable DFBs. Further in this work, such tuneability of DFBs will be 

exploited for the implementation of a tuneable multimode source. 

b) Multimode Laser Diode 

As shown in Fig 2.9, essentially a Multimode Laser Diode (MLD) is different from a single-mode 

laser by its output beam. For single-mode Laser, the beam has only one mode, while there are 

several modes for the MLD. The radiation comes from the crystal edge and for that, it is usually 

denominated as an edge-emitting laser diode, commonly known as Fabry-Perot (FP) laser diode 

by having an FP cavity. Both facets of the laser diode serve as the mirrors where light reflections 

(Fresnel reflections) occur. The light sent front and back to the facets is amplified by a 

semiconductor gain medium into the cavity. By reducing the reflection losses of the mirrors, the 

efficiency of the FP cavity as well as the finesse is improved [40,55]. As mentioned for the 

previous device, the wavelength of a multimode laser source is also a temperature-dependent 

parameter (dλ/dT). In the following chapter, the multimode source associated with a tuneable 

Fabry-Perot filter to achieve the tuneability of an MPF is shown at the simulation level. 

c) Tuneable Fabry-Perot Optical Filter 

A Fabry–Perot resonator (or interferometer) is an optical cavity of refractive index n, formed by 

two parallel partially reflecting mirrors separated by a distance d. Optical waves are transmitted 

through the resonator when incoming waves interfere constructively with circulating waves inside 

the cavity, whereas the transmission is minimal in destructive interferences [56].  

Figure 2.14 details the multiple reflections and transmissions of the light wave. Assuming the unity 

refractive index (n = 1) in all regions of the analysis, when the incident beam with energy E0 meets 

the first surface S1, an energy portion E0r is reflected whereas the remaining is transmitted. The 

transmitted energy E0t continues its trajectory until reaching the second surface S2, then again, a 

part is reflected E0tr and another part E0t
2 is transmitted [57]. This cycle will continue indefinitely 

when considering infinitely long surfaces without losses. 
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Figure 2.14 Reflections and transmissions of a Fabry-Perot resonator. 

The light beam that infiltrates the FP cavity is transmitted only with wavelengths satisfying 

constructive interferences. The wavelengths in interferences through the cavity are written: 

2𝑛𝑑 cos 𝜃 = 𝑁𝜆         (2.41) 

where N is a positive integer (N = 1, 2, 3, …), n is the refractive index, d is the cavity thickness 

and ϴ is the radiation incident angle. This is the transmission condition of the light with a 

wavelength λ.  

Such characteristics of the FP interferometer can be used as an optical filter. The transfer function 

of a Fabry-Perot Optical Filter (FPF or FPOF) has periodic peaks which are a sequence of 

maximum resonances that satisfy the transmission condition [58]. Figure 2.15 shows an example 

of an FPF transfer function. 

 

Figure 2.15 Periodic transmittance of an FPF. 
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The distance between two successive peaks is known as the Free Spectral Range (FSR), also called 

axial mode spacing. Varying the FSR of the FPF allows the selection of specific modes of an 

optical spectrum. The transfer function of the FPF in terms of optical power is given as [40]: 

𝑇(𝑓) =
(1−𝐴−𝑅)2

(1−𝑅)2+4𝑅𝑠 sin2(
𝜋𝑓

𝐹𝑆𝑅
)
        (2.42) 

where A represents the signal loss within each mirror, R is the optical power reflectivity, FSR = 

1/2, with 𝜏 = 𝑛𝑑 𝑐⁄ .  is the propagation time from one cavity mirror to another, and c is the speed 

of light in the vacuum. 

The FWHM of the peaks decreases when the reflectivity increases and thus, the filter becomes 

more selective. 

𝐹𝑊𝐻𝑀 =
𝑐

2𝜋𝑛𝑑
sin−1 (

1−𝑅

2√𝑅
) =

1

2𝜋𝜏
sin−1 (

1−𝑅

2√𝑅
)     (2.43) 

The fineness (F) is the other parameter for determining the filter selectivity. A high finesse value 

produces sharper mode peaks. 

𝐹 =
𝐹𝑆𝑅

𝐹𝑊𝐻𝑀
=

𝜋

2

1

sin−1(
1−𝑅

2√𝑅
)

≈
𝜋√𝑅

1−𝑅
|

𝑖𝑓 𝑅≈1
      (2.44) 

With periodic responses in the frequency of optical filters, the tuneability of optical filters is very 

important in wave division multiplexing systems (WDM) and channel monitoring applications. 

They can handle the high demand in bitrate and number of channels in a WDM system since the 

filter can be tuned to various bands. The tunning can be done by varying the distance between 

mirrors manually and/or electro-mechanically. A lot of work has been done to demonstrate 

different tuneable filters based on the Fabry-Perot interferometer [59,60]. 

In Tuneable Fabry-Perot Optical Filters (TFPF or TFPOP) the distance between two mirrors can 

be varied using a piezoelectric crystal attached to the mirrors. It changes the distance by a voltage 

command. Piezoelectric crystals have the advantage of being controlled even by movement 

displacement in the order of an atom's diameter. It also provides very fast tunning. 

The system illustrated in Fig. 2.16, shows a TFPF mounted on two piezo-electric crystals, using 

two pieces of fibres (input and output light waveguides) polished and silvered at their ends.  
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A voltage across the crystals varies the distance between the fibre ends, leading to modifying their 

resonance wavelengths. Moving physically the mirrors or perhaps changing the refractive index 

of the material inside the cavity also allows tuning the wavelengths of the filter. For example, 

liquid crystals can be introduced into the gap for tunning purposes in a TFPF. Applying a voltage 

to the liquid crystals will change quickly the refractive index of the liquid crystals. 

 

Figure 2.16 TFPF mounted on two piezoelectric crystals. 

In this thesis work, the available possibility of setting the FSR of the TFPF is used at the 

simulation level to modify the intermodal separation δλ by selecting specific modes from a 

multimode source.  

d) Semiconductor Optical Amplifier 

A Semiconductor Optical Amplifier (SOA) is a composed semiconductor device that amplifies the 

light travelling through, thanks to the emission stimulated by the gain medium. Similar to a laser 

diode, it has an optical gain medium and an optical waveguide with antireflection (AR) coatings 

instead of an optical cavity in laser diodes [61]. The inversion of the free carrier population in the 

active medium is led by pumping electrically the waveguide. By its characteristics, this device is 

of great interest because it can provide several functionalities such as tuneable lasers, wavelength 

selectors, all-optical integrated converters, all-optical switches, etc. [62,63]. 

Depending on the gain spectrum, there are two types of SOA: Traveling Wave SOA (TW SOA) 

in which light travels the gain medium once, and Fabry-Perot SOA (FP SOA) in which multiple 

reflections occur [62]. Further in this work, the SOA acronym refers to TW SOA and is used to 

implement a multimode source. 
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An SOA can be constructed with a laser diode on which the cavity is annihilated by minimizing 

the reflectivity (R = 0, for an ideal SOA) of the two facets. Considering now, two neighbouring 

wavelengths λ1 and λ2, whose respective frequencies are ν1 and ν2, co-propagate in an SOA in 

which the gain medium is nonlinear. These wave signals are subject to the FWM which is a mixing 

of the previous two frequencies and the effect induces the generation of lateral waves of 

frequencies νn determined as [64]: 

{
𝜈3 = 2𝜈1 − 𝜈2

𝜈4 = 2𝜈2 − 𝜈1
         (2.45) 

Figure 2.17 shows the two input waves injected into an SOA and the output emission formed by 

multiple modes generated thanks to the FWM. 

 

Figure 2.17 Waves generation in the SOA. 

More than these two new frequencies can be generated, thus, the more the pump current (IG) 

increases, the higher the gain level (G) becomes, and the more appears new frequencies (νn).  

Generally, the FWM process adds noise to the transmission of signals and has to be avoided in this 

kind of system. However, in this work, it is useful in the SOA for generating a multimode emission. 

On the other hand, by varying Δν, the value of δλ is modified too. This results in behaviour similar 

to a tuneable multimode source. Further, this technique is proposed for the implementation of MW 

photonic systems. 

2.3 State of the Art 

This section refers to interesting techniques of some works among others, that oriented the research 

in the area of MPF and OEO tuneability, in the last five years. The first group addresses tuneable 

MPFs and the second is about tuneable OEOs. 
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▪ Tuneable MPFs:  

In 2018, W. Zhang et al. demonstrated an on-chip frequency-tuneable bandpass microwave 

photonic filter (MPF) implemented on a silicon photonic platform [65]. Figures 2.18 (a) and (b) 

present respectively the experimental setup and the frequency response of the MPF.  The filtering 

function of the MPF was realized based on the phase modulation and its conversion to intensity 

modulation, the Micro-Disk Resonator (MDR) translates its optical response to the frequency 

response of the MPF. The MPF tuneability was achieved by tuning the MDR thermally, which led 

to the generation of a microwave signal with 1.93 GHz of passband and tuneable from 3 GHz to 

10 GHz as shown in Fig. 2.18 (b).  

 

(a)      (b) 

Figure 2. 18 (a) Schematic of the MPF (PC: Polarisation controller, OSA: Optical Spectrum 

Analyser, VNA: Vectorial Network Analyser, G: Ground, S: Signal); (b) measured frequency 

responses of the filter with the centre frequency tuned from 3 GHz to 10 GHz (Image source: W. 

Zhang et al. Opt. Lett., 43, pp. 3622, 2018 [65]). 

In the same year, Hua Shun et al. proposed and experimentally demonstrated an ultrahigh-Q and 

single passband tuneable MPF [66]. The implementation was based on the stimulated Brillouin 

scattering (SBS) in an optical fibre as seen in Fig. 2.19 (a). The passband is obtained with the 

sideband amplification of the Single-Sideband (SSB) modulated signal using SBS. By 

compressing the generated SBS bandwidth, the Fibre Ring Resonator (FRR) characterized by an 

ultra-narrow resonant linewidth, allowed the realization of the ultrahigh-Q MPF. The tuneability 

was achieved by adjusting the optical carrier frequency fc and it generated a corresponding resonant 
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mode through the FRR. Figure 2.19 (b) shows the 3D frequency response of the MPF. It obtained 

a narrow single band of 825 ± 125 KHz with a wide tuneability from 2 GHz to 16 GHz.  

 

(a)      (b) 

Figures 2.19 (a) Setup of the ultrahigh-Q and single passband tuneable MPF (PM: Phase 

Modulator, OC: optical coupler, Cir: Optical Circulator, ISO: Optical isolator, EDFA: Erbium-

dopped fibre amplifier), and (b) Zoomed-in view frequency response of the passbands at different 

centre frequencies (Image source: Hua Shun Wen et al. Opt. Lett. 43, pp. 4659, 2018 [66]). 

Liang Huo et al. demonstrated an improving performance by generating multiple bandpasses of a 

reconfigurable MPF using Multicore Fibres (MCFs) and a Terahertz Optical Asymmetric 

Demultiplexer (TOAD) switch [67]. Figure 2.20 presents the implementation scheme where the 

TOAD is a kind of Nonlinear Optical Loop Mirror (NOLM) with a Semiconductor Optical 

Amplifier (SOA) inserted in the loop. The reconfigurability of the proposed two-tap MPF was 

validated by two different normalized amplitude-frequency responses at a high ratio of rejection. 
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Figure 2.20 Experimental setup of a reconfigurable MPF with inserted TOAD switch (Image 

source: Liang Huo et al. Asia Communications and Photonics Conference 2020 [67]). VOA: 

Variable Optical Attenuator, LPG: Long Period Grating, TLS: Tuneable Laser Source, OC: Optical 

Coupler. 

Without the LD pump, both clockwise (CW) and counter-clockwise (CCW) signal propagation, 

recombine interferometrically and are reflected through the OC. The presence of the pump signal 

saturates the SOA, and generates nonlinear effects that create a phase shift in these propagation 

paths thus, are transmitted through the OC. Figures 2.21 (a) and (b) show the obtained frequency 

responses of the two-tap MPF.  
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(a)      (b) 

Figure 2.21 Frequency responses of the MPF: (a) with the pump, (b) without the pump (Image 

source: Liang Huo et al. Asia Communications and Photonics Conference 2020 [67]). 

In 2021, Daniel Nuño et al. presented a model of Multiwavelength (MW) MPF with a direct and 

simple signal process [68]. The general case is depicted in Figure 2.22 (a), where N lasers are 

coupled into a Phase Modulator (PM) followed by an optical filter. Figure 2.22 (b) shows the MPF 

bandpass signal results obtained from beatings between sidebands and the carrier of the used lasers.  

The amplitude and wavelength of the laser constituted input tuning parameters. In particular, the 

third laser amplitude parameter L3 was used to achieve the tuneability of the MPF. Using many 

lasers allowed for optimizing the MPF response. 

 

(a)      (b) 

Figure 2.22 (a) General MW-MPF setup, and (b) MPF response with L3 tuned from 7 (dark blue) 

to 12 (light blue) (Image source: Daniel Nuño et al. Optics & Laser Technology 143, 2021 [68]). 
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Zhi-yong et al. by a modeling study and at the simulation level, demonstrated an MPF based on 

Brillouin Raman fibre laser (BRFL) [69]. The control of the BRFL optical channel numbers and 

wavelength spacing allowed for achieving the tuneability of the simulated microwave signals in a 

wide range. The main advantage of this work is the possibility of changing no matter how the 

parameters to see the system behaviour for eventual experimental implementations. Figures 2.23 

(a) and (b) present respectively the basic structure of a multi-wavelength BRFL MPF, and its 

frequency response.  

 

(a)      (b) 

Figure 2.23 (a) basic architecture of the BRFL MPF, and (b) simulated response of the filter (Image 

source: Zhi-yong et al. MECON 2022, pp. 174, 2022 [69]). CW: Continues Wave, FBG: Fibre 

Bragg Grating. 

▪ Tuneable OEOs: 

As mentioned above, OEOs can be built from the MPF system. Therefore, many tuneable OEOs 

have been demonstrated based on tuneable MPFs.  

W. Zhang and J. Yao demonstrated the generation of a frequency-tuneable microwave signal of a 

silicon photonic integrated OEO [70]. This proposal is based on the tuneable MPF studied in their 

previous work [65]. Figure 2.24 presents the scheme of the silicon photonic OEO with the MDR 

between the Phase Modulator and the PD, which was implemented with the passband MPF realized 

based on phase modulation and phase-modulation to intensity-modulation (PM-IM) conversion.  



40 
 

 

Figure 2.24 Perspective view of the OEO integrated on a silicon-photonic chip. (Image source: W. 

Zhang et al. J. Lightw. Technol., 36, no. 19, pp. 4655, Oct. 2018 [70]).  

The tuneability of the generated microwave signal was achieved by a thermally-controlled 

resonance frequency MDR. Figures 2.25 (a) and (b) show the electrical spectrums of the OEO at 

different frequencies controlled with a top-placed micro-heater. The frequency tuning range was 

obtained from 3 GHz to 7.4 GHz with phase noise around -80 dBc/Hz@10 KHz in the first case, 

and from 3 GHz to 6.8 GHz with phase noise around -78 dBc/Hz@10 KHz in the second case. 

 

(a)      (b) 

Figure 2.25 Measured electrical spectrums with (a) a top-placed micro-heater and (b) a p-type 

doped silicon heater (Image source: W. Zhang et al. J. Lightw. Technol., 36, no. 19, pp. 4655, Oct. 

2018 [70]) 

Z. Fan et al. proposed an OEO using an integrated MDR as like their MPF for the implementation 

of a parity-time (PT) symmetry as well as frequency tuning as exhibited in Fig. 2.26 (a) [71]. The 
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propagation reciprocity of light in the MDR allowed feeding mutually two identical geometry 

feedback loops, one with a gain coefficient and the other with a loss coefficient.  Figure 2.24 (b) 

shows the frequency responses using a loop length of 74.39 m. Again, the tuneability was achieved 

by tuning thermally the MDR. The thermal tunning of the MDR resulted in a microwave signal 

tuneable range from 2 GHz to 12 GHz. The phase noise at a frequency of 11.5 GHz was measured 

as -102 dBc/Hz@10 KHz. 

 

(a)      (b) 

Figure 2.26 The proposed highly tuneable PT-symmetric OEO based on an integrated MDR (a) 

schematic diagram (SMF: Single-Mode Fibre, EA: Electrical Amplifier); (b) Frequency 

tuneability (Image source: Z. Fan et al. J. Lightw. Technol., 38, no. 8, pp. 2127, 2020 [71]). 

In 2021, Zerong Jia et al. presented theoretically and experimentally a high-tuneable OEO based 

on SiO2 Optical Waveguide Ring Resonator (OWRR) with a frequency locking technology as 

shown in Fig.2.27 (a) [72]. A stable single-mode oscillation was obtained when the frequency of 

the laser was locked on the SiO2 OWRR resonant frequency. The fine tuneability of the OEO was 

achieved with the adjustment of the laser frequency locking with a tuning step of 20 KHz. In 

particular, a microwave signal with frequency tuneability from 2.13745 GHz to 2.13771 GHz was 

generated with a phase noise of -89.18 dBc/Hz@10 KHz. This configuration provided a 

remarkable fine tuning allowing the OEO to be used in very selective system applications. Figure 

2.27 (b) shows tuning oscillations. 
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(a)      (b) 

Figures 2.27 (a) The schematic diagram of the OEO based on SiO2 OWRR (EOPM: Electro-Optic 

Phase Modulator, FBC: Feedback Controller, EC: Electrical Coupler); (b) the oscillation spectra 

under different frequency locking parameters (Image source: Zerong Jia et al. Optics 

Communications, 498, 2021 [72]). 

Tian Cui et al. have recently proposed and demonstrated a tuneable OEO based on a silicon nitride 

high-Q Microring Resonator (MRR) as depicted in Fig. 2.28 (a) [73]. A wide tuneable MPF was 

obtained with the insertion of this on-chip all-pass MRR (Q = 4.36 × 105), into a phase-modulated 

link. The phase-to-amplitude modulation was achieved when one of the sidebands matched with 

the MRR resonance and then, a microwave signal was generated throughout the photodetector. In 

Fig. 2.28 (b), it is shown that the tuneable OEO generates microwave signals in the range of 14.60 

GHz to 25.65 GHz. The phase noise at the oscillation frequency of 25.65 GHz was measured as -

88 dBc/Hz@10 kHz. 
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(a)      (b) 

Figures 2.28 (a) Schematic diagram of the MRR-based OEO. PS: Power Splitter (b) Frequency 

response tuning range (Image source: Tian Cui et al. Optics Communications, Volume 536, 2023 

[73]). 

L. J. Quintero-Rodríguez et al. presented an OEO with high-quality phase noise in [74]. A 

Birefringent Fibre (BF) of a few meters with two polarization controllers was inserted between the 

MLD and MZ-IM in order to build an optical filter as illustrated in Fig.2.29. The constructed 

tuneable multiple bandpass MPF was used for realizing the OEO.  

 

Figure 2.29 OEO based on band-pass MPF and an optical filter (Image source: L. J. Quintero-

Rodríguez et al. Optics and Laser Technology 128, 2020 [74]).  

The tuneability was achieved by using the optical filter that allowed the modification of the FSR 

of the MLD spectrum. Two different fibres BF1 and BF2 with their respective lengths LBF1 = 2.53 

m and LBF2 = 2.00 m were used. Figures 2.30 (a) and (b) show the corresponding generated 

microwave oscillations with the FSR of 2.92 and 3.55 GHz. Their measured phase noise was 
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−118.06 and −113.56 dBc/Hz@10 KHz, respectively, which shows the generation of a high-

quality microwave signal. In this thesis work, the study is based on this setup in order to 

demonstrate the dynamic tuneability of our MPF and OEO. 

 

(a)      (b) 

Figures 2.30 Measured oscillation frequency signals with (a) BF1, and (b) BF2 (Image source: L. 

J. Quintero-Rodríguez et al. Optics and Laser Technology 128, 2020 [74]). 

These remarkable results show the frequency tuneability of the proposed OEO. However, it is a 

static tuneability achieved by changing manually the piece of BF by another one with different 

length values. Therefore, for several desired frequency values, this type of manoeuvre becomes 

arduous, and tiring and at the same time reduces the efficiency of the system. The implemented 

optical filter should have another alternative. From these inconvenient, our work proposes the use 

of other devices to implement the MPF and the OEO where the tuneability is achieved simply, 

elegantly and dynamically. 

Table 2.1 presents a summary of the works presented in the section. Typically, they show excellent 

results in terms of tunning rage and phase noise.  
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Table 2.1 Summary of different implemented OEOs. 

Authors Ref. Year 
Featured 

devices 

Frequency  

(GHz) 

Phase noise  

(dBc/Hz)@10 KHz 

W. Zhang and 

J.Yao 
[70] 2018 MDR 

3 to 7.4; 

3 to 6.8 

-80@3 GHz; 

-78@3 GHz 

Z. Fan et al. [71] 2019 MDR 2 to 12 -102@11.5 GHz 

L. J. Quintero-

Rodríguez et al. 
[74] 2020 BF 

2.93; 

3.55 

-118.06@2.93 GHz; 

-113.56@3.55 GHz 

Zerong Jia et al. [72] 2021 OWRR 2.13745 to 2.13771 -89.18@2.13745 GHz 

Tian Cui et al. [73] 2023 MRR 14.60 to 25.65 -88@25.65 GHz 

However, despite their excellent performance, their systems have some drawbacks such as 

complex architecture, no dynamical frequency tuning, and non-commercial components. In this 

thesis work, we are going to propose new tunning approaches for MPF and OEO. The approaches 

use a Fabry-Perot optical filter (FPF) or a semiconductor optical amplifier (SOA) and allow simple 

configurations for dynamic frequency tunning.  

In the case of MPF, our configuration is simple and can easily be implemented for multiple 

passbands MPFs with dynamic tuneability. The works reported in Refs. [65,66,68] presented the 

tuneability of a single passband whilst our MPF generates a multiple passband that can be used as 

transmission channels simultaneously which is a great advantage in microwave communication 

systems. Moreover, the tunning of multiple passbands can be done dynamically and gradually 

compared to the work in Ref. [67]. 

The tuneable OEOs demonstrated in this thesis work are based on the tuneable MPF and will show 

performances as good as the ones presented by other techniques in Refs. [70-73]. Our systems 

have simple configurations with commercially-available components. As such, they can readily be 

implemented and cost-efficient. The tunning is also done dynamically and gradually using an FPF 

or an SOA.  

2.4 Summary 

In this chapter, the concept of MWP was defined and the general theory of fibre optics used for 

long-distance optical communications was given. Then, it was explained the composition and the 
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working principle of MPFs and OEOs. It was shown that the realization of the OEO is based on 

the MPF structure with an inserted optoelectronic feedback. For the OEO evaluation performance, 

an analytical method of phase noise determination was described. Moreover, the way to achieve 

tuneability for these two MWP systems was theoretically described. The key parameter for 

frequency tunning is the intermodal separation (mode spacing) δλ that can be varied. It was 

explained also, that the working principle of devices such as tuneable FPF, tuneable DFB, and 

SOA, added to the structures of MPF and OEO could allow to achieve system tuneability. 

A brief state of the art over the last five years was presented, to show the novelty and performances 

of the systems reported in the literature. 

Finally, our new configurations of MPF and OEO were presented. In these systems, frequency 

tunning will be achieved using either an FPF with an MLD, or an SOA with two DFBs.  

The next chapter will present the theory and simulations of frequency tuning of our systems. 
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3 CHAPTER 3: SIMULATIONS ON A TUNEABLE MULTI-BAND-PASS MICROWAVE 

PHOTONIC FILTER 

3.1 Introduction 

Most academics and students use specialized simulation software for research and 

work, assuring in this manner a high percentage of success in their experiments. This tendency has 

given rise to Computer Assisted Design (CAD) widely extended in the field of engineering. In the 

field of electronics, software such as Spice [75], Multisim [76], and, Proteus [77] are the most used 

among others. Whereas in the field of photonics, Optisystem [78] and VPIphotonics [79] are the 

most utilized. The main advantage of both Software is the user-friendly interface that allows users 

to manipulate easily their virtual devices, however, sometimes a particular device is not available 

therefore, is necessary to develop skills to solve the limitation. 

Keeping in mind that simulation is defined as “the process of designing a model of a real system 

and conducting experiments with this model for the purpose either of understanding the behavior 

of the system or of evaluating various strategies for the operation of the system” [80]. In this 

regard, this chapter is focused on how to build multimode optical sources on VPIphotonics 

software and then simulations of multiple bandpass MPFs with the capabilities of tuneability. It is 

important to mention that simulation parameters are adjusted according to the availability of 

devices and components in our laboratory, considering the possibility of carrying out experiments. 

In this sense, this part of the work is divided into three sections.  

Firstly, we are going to investigate multimode optical sources. In order to simulate the tuneable 

MPF, a multimode source will be implemented on VPIphotonics software. For this purpose, two 

different approaches will be used on the software: (1) a combination of multiple single-mode 

sources and (2) two single-mode sources associated with a semiconductor optical amplifier (SOA). 

We will also study the way of modifying their intermodal separation (δλ) parameter.  

Secondly, simulations of MPF on the software will be performed using these two different 

configurations and we will investigate and compare their RF output spectra for each configuration.  
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Finally, the feasibility of tuning the multiple bandpass MPF by modifying δλ of designed 

multimode sources will be shown. The frequency responses corresponding to different δλ 

parameters will be presented and their result values will be compared to those computed 

theoretically. 

3.2 Principle and implementation of a multimode source 

3.2.1 Principle of a multimode optical source 

A multimode optical source is a particular case of a light source in which the spectrum is formed 

by the main mode symmetrically surrounded by multiple lateral modes enveloped by a Gaussian, 

Lorentzian, or Cos2 line shape [81]. In this thesis work, our multimode optical source is considered 

to have a Gaussian envelope. A multimode optical spectrum of power Ps, centred at an optical 

frequency ωo can be mathematically modelled as [72] 

𝑃𝑠(𝜔 − 𝜔𝑜) =
2𝑃𝑚𝑎𝑥

∆𝜔√𝜋
𝑒𝑥𝑝 (−

4(𝜔 − 𝜔𝑜)

∆𝜔2
)

∙ [
2

𝜎𝜔√𝜋
𝑒𝑥𝑝 (−

4(𝜔 − 𝜔𝑜)2

𝜎𝜔
2

) ∗ ∑ 𝛿(𝜔 − 𝑛𝑚𝛿𝜔)

𝑛𝑚=+∞

𝑛𝑚=−∞

] 

(3.1) 

Here, the term outside of the square bracket corresponds to the Gaussian envelope, Pmax is the 

maximum power, Δω is the Full-Width at Half-Maximum (FWHM) of the Gaussian envelope. 

Inside the brackets, σω is the FWHM of the modes, δω is the intermodal separation, 

∑ 𝛿(𝜔 − 𝑛𝑚𝛿𝜔)𝑛𝑚=+∞
𝑛𝑚=−∞  is a Dirac comb function with a period , and nm is the number of modes 

at FWHM. Indeed, the expression of Eq. (3.1) can be written in terms of wavelength λ by using 

the following set of expressions: 

𝜔 =
2𝜋𝑐

𝜆
, 𝜔0 =

2𝜋𝑐

𝜆0
, Δ𝜔 = −

2𝜋𝑐

𝜆2
Δ𝜆, 𝛿𝜔 = −

2𝜋𝑐

𝜆2
𝛿𝜆 (3.2) 

This means that the optical spectrum is composed of a centre wavelength (λ0), a spectral width 

(Δλ), and an intermodal separation (δλ). Here, c (3x108 m/s) is the speed of the light in the vacuum. 

Eq. (3.1) is numerically simulated in MATLAB considering typical values for this type of optical 

source as λ0 = 1550 nm, Δλ = 10 nm, and δλ = 0.36 nm. Figure 3.1 depicts the resulting multimode 
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optical spectrum. The inset corresponds to a zoom-in of the central zone showing in detail the δλ 

value. 

 

Figure 3.1 Optical spectrum generated by the use of Eq. (3.1). 

3.2.2 Generation of a multimode optical spectrum using multiple single-mode sources 

In order to simulate the MPF using a multimode source on VPIphotonics, it is necessary to design 

a multimode source for VPIphotonics. In fact, there is no library available for multimode optical 

sources on the Software (Version 11.4). Figure 3.2 depicts the VPIphotonics design of a multimode 

optical source composed of 21 modes. In this design, one continuous wave (CW) single-mode 

optical source is determined to be the centre wavelength at 1.55 µm (f = 193.41 THz computed 

from λ = c/f). From there, 20 other single-mode optical sources are added in order to generate side 

modes around the centre wavelength, shaping a Gaussian envelope. Their wavelengths are spaced 

by 0.36 nm which corresponds to the intermodal separation of the MLD used in this work. Then, 

all modes, whose linewidth is 106 Hz each, are assembled by using an optical combiner (Power 

N). Finally, the output of the combiner is connected to a signal analyser which in this case acts as 

an Optical Spectrum Analyser (OSA). 
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Figure 3.2 VPIphotonics layout of a multimode optical source using multiple single-mode 

sources. 

Figure 3.3 exhibits the corresponding multimode optical spectrum obtained on VPIphotonics. The 

intermodal separation is observed as δλ = 0.36 nm. The FWHM is determined from where it is 

assumed that the spectral line shape envelops whole the modes (see discontinuous red curve), 

which is Δλ = 8.37 nm (black dashed line). The first mode is situated at 1546.47 nm (193.86 THz) 

and the last at 1553.83 nm (192.97 THz), forming a multimode spectrum with a limited number of 

21 modes. 

 

Figure 3.3 Multimode optical spectrum obtained with the VPIphotonics software. 

The similitude between Figs. 3.1 and 3.3 is noticeable in terms of centre wavelength and 

intermodal separation. Due to the absence of a multimode optical source in the VPIphotonics 
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software library, the combination of multiple single-mode sources for generating a multimode 

spectrum can be used as a multimode source on the software. The resulting multimode spectrum 

was composed of several modes well-formed and separated. The next subsection presents another 

alternative for generating a multimode spectrum with this software. 

3.2.3 Generation of a multimode optical spectrum using two single-mode sources and a 

semiconductor optical amplifier 

Figure 3.4 shows another arrangement of VPIphotonics to obtain a multimode spectrum. This 

disposal consists of a couple of single-mode sources DFB1 and DFB2 emitting at wavelengths λ1 

and λ2, respectively.  

The main point of this design is that DFB1 is considered a discrete source whereas DFB2 is 

tuneable in frequency (f = c/λ). In fact, DFB laser diodes are sensitive to the laser temperature. 

Their wavelengths increase when the laser temperature increases. This is due to the thermal 

dilatation of the DFB cavity. This is the reason why DFB lasers must be stabilized in temperature 

by a good temperature controller. In our work, we are going to exploit this property for the tuning 

purpose. By changing the temperature, the wavelength of DFB2 is modified, leading to the 

wavelength tuning. However, the efficient tuning range is limited to less than or equal 1 nm using 

this method which corresponds to a temperature variation range of 10°C. The DFBs shown in Fig. 

3.4 are connected to an optical coupler (OC) where one of the outputs is connected to a signal 

analyser vtms1 for monitoring the combined spectrum. While another output is sent to an SOA. 

The output of the SOA is connected to another signal analyser vtms2 for registering the optical 

spectrum generated by the SOA. The operation principle of this arrangement is explained below. 
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Figure 3.4 VPIphotonics layout of a multimode optical source using two single-mode optical 

sources and an SOA. 

In particular λ1 and λ2 are established with 5x104 Hz of linewidth. The light wave from the OC is 

injected into the SOA. The latter amplifies the optical power and at the same time, generates lateral 

wavelengths because of the Four Wave Mixing (FWM) nonlinear effect [62,82]. DFB1 is 

maintained at the emission frequency f1 = 193.34 THz (λ1 = 1550.60 nm). Whereas DFB2 is settled 

by directly changing its frequency parameter to different values, modifying the wavelength 

difference (|λ1 - λ2|). For instance, when DFB2 is set to the operating frequency f2 = 193.45 THz 

(λ2 = 1549.70 nm) the wavelength difference is 0.90 nm. When f2 = 193.39 THz (λ2 = 1550.20 nm) 

it provides 0.40 nm of difference. Figures 3.5 (a) and (b) show the generated optical spectra 

registered at different wavelengths. This wavelength difference corresponds to the intermodal 

separation δλ of the generated multimode optical spectrum. Therefore, varying this difference 

allows for modifying the intermodal separation. 
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(a)      (b) 

Figure 3.5 Multimode optical spectra obtained on VPIphotonics with (a) δλ = 0.40 nm, and (b) δλ 

= 0.90 nm. 

Figure 3.5 clearly shows the modification of the intermodal separation by setting DFB2 frequency. 

The spectrum width (FWHM) also changes. The spectrum width (see discontinuous red curve) ∆λ 

is 0.75 nm when δλ = 0.40 nm and 1.62 nm when δλ = 0.90 nm. 

3.3 Multiple band-pass microwave photonic filter 

Now, multiple passband microwave photonic filters will be simulated on VPIphotonics. For this 

purpose, multimode optical sources will be used in the simulation using the two different 

approaches studied above. 

3.3.1 Multiple band-pass microwave photonic filter using the multiple single-mode sources 

In order to demonstrate the MPF, first, we are going to use a multimode optical source composed 

of multiple single-mode sources. As stated in subsection 2.2.1, an MPF is composed basically of 

a continuous light source, a Mach-Zehnder Intensity Modulator (MZ-IM), an optical fibre 

(dispersive to the wavelength used), and a photodetector [83]. In particular, the use of a multimode 

optical source allows to obtain a microwave band-pass filter. Figure 3.6 shows the VPIphotonics 

layout to implement an MPF using multiple single-mode sources. The set of optical sources 

enclosed in the filled red box corresponds to the multimode optical source simulated in subsection 

3.2.2. The operation principle of this configuration and simulation conditions are given below. 
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Figure 3.6 VPI photonics layout of the MPF using multiple single-mode optical sources. 

The virtual Microwave Signal Generator (MSG) provides a sweep in frequency in the range of 0-

16 GHz. The light of the multimode optical source is modulated in intensity by the electrical signal 

into the MZ-IM. The modulated light passes through the Single Mode-Standard Fibre (SM-SF) 

and is converted into an electrical current by the photodetector (PD). Finally, this electrical signal 

passes through the amplifier to get the needed level. A virtual instrument Signal Analyser is used 

to visualize the output RF spectrum like an Electrical Spectrum Analyser (ESA). Figures 3.7 (a) 

and (b) show the obtained microwave band-pass spectra for the cases of fibre lengths: L = 13 km 

and L = 50.28 km, respectively.  

For L = 13 km, it appears in Fig. 3.7(a) a single band-pass peak centered at f = 13.83 GHz whose 

bandwidth at -3dB is Δfbp = 597.33 MHz. For L = 50.28 km, there are in Fig. 3.7(b) four passbands, 

located at f1 = 3.57 GHz, f2 = 7.16 GHz, f3 = 10.72 GHz, and f4 = 14.36 GHz with their respective 

bandwidth at -3dB of Δfbp1 = 151.62 MHz, Δfbp2 = 175.16 MHz, Δfbp3 = 309.06 MHz, and Δfbp4 = 

517.37 MHz. 
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(a)      (b) 

Figure 3.7 Frequency response of the MPF driven by the combined multiple single-mode 

sources, using fibres of (a) L = 13 km and (b) L = 50.28 km. 

The frequency response of the MPF is a single passband for L =13 km and a multiple passband for 

L = 50.28 km in the range of 0 – 16 GHz. In order to corroborate these simulated results, Equations 

(2.34) and (2.35) are used. The optical spectrum is characterized by δλ = 0.36 nm and Δλ = 8.37 

nm and the frequency values of the bandpass peak registered at the output of the MPF are validated 

by computed values [83, 84]. 

In this sense, all the parameters previously indicated as well as a chromatic dispersion of D = 16.29 

ps/nmkm, are substituted in the equations to compute theoretical values. Thus, is obtained f = 

13.11 GHz and Δfbp = 695.57MHz for L =13 km whereas, multiple frequency values of f1 = 3.39 

GHz, f2 = 6.78 GHz, f3 = 10.17 GHz and f4 = 13.56 GHz with their respective bandwidth Δfbp1 = 

Δfbp2 = Δfbp3 = Δfbp4 = 179.84 MHz are obtained for L = 50.28 km. 

Table 3.1 summarizes the values of central frequencies as well as their respective bandwidths for 

theoretical and simulated results considering the two fibre lengths. 
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Table 3.1 Summary of theoretical and simulated values of the MPF driven by the combined 

multiple single-mode sources. 

L = 13 km, D = 16.29 ps/nmkm,  = 0.36 nm, Δλ = 8.37 nm  

 Theoretical Simulated Error 

f 

(GHz) 

Δfbp 

(MHz) 

f  

(GHz) 

Δfbp  

(MHz) 

f 

(%) 

Δfbp 

(%) 

13.11 598.34 13.84 597.33 5.56 0.16 

L = 50.28 km, D = 16.29 ps/nmkm,  = 0.36 nm, Δλ = 7.20 nm 

 Theoretical Simulated Error 

n 
fn  

(GHz) 

Δfbpn  

(MHz) 

fn  

(GHz) 

Δfbpn  

(MHz) 

fn 

(%) 

Δfbpn 

(%) 

1 3.39 154.70 3.57 148.88 5.30 3.76 

2 6.78 154.70 7.16 152.83 5.60 1.20 

3 10.17 154.70 10.72 184.12 5.40 19.01 

4 13.56 154.70 14.36 311.22 5.89 101.17 

Compared to computed values, the simulated results are acceptable. That means the considered 

multimode source performed well in an MPF setup. The differences between their Δfbpn are 

introduced since Δλ manually determined from the spectrum, does not coincide exactly with the 

value that the software considers. However, Δfbp4 is wider than others (even Δfbp3 gets a little 

broadening) seeing that the narrow shape part to the peak of the bandpass is not well-formed 

(carved out by the transmittance of the MPF). 

3.3.2 Multiple band-pass microwave photonic filter using two single-mode sources and an 

SOA 

The multimode optical spectrum obtained from the set implemented in subsection 3.2.3, exhibited 

interesting and essential characteristics for some applications. In particular, thanks to the 

adjustability of δλ and Δλ parameters, it provides a tuneability to an MPF. The operation principle 

of the MPF remains the same as the one explained above. Figure 3.8 shows the VPI photonics 

layout of the MPF driven by a multimode that consists of two single-mode sources associated with 
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an SOA (shown in the enclosed coloured box). Signal analysers vtms1 and vtms3 are used as OSAs 

for monitoring optical spectra at the output of the OC and the SOA, respectively. Whereas vtms4 

acts as an ESA for registering RF spectra of the system. The simulation conditions are given, and 

the corresponding frequency responses are shown below. 

 

Figure 3.8 VPI photonics layout of the MPF using a multimode source implemented with two 

single-mode sources and an SOA. 

In this case, DFB1 emits at 193.34 THz (1550.60 nm) and DFB2 at 193.38 THz (1550.24 nm). 

Thus, the combined wave at output2 of the OC is displayed by vtms1 exhibiting a wavelength 

difference |λ1 - λ2| = 0.36 nm as shown in Fig. 3.9 (a). The other combined wave signal from 

output1 is injected into the SOA, generating a multimode spectrum at its output. Figure 3.9 (b) 

shows the optical spectrum registered at the output of the SOA, where the intermodal separation 

and FWHM are measured as δλ = 0.36 nm and Δλ = 0.74 nm, respectively.  
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(a)      (b) 

Figure 3.9 (a) Bimode spectrum at the output of the OC, (b) Multimode spectrum at the output of 

the SOA. 

The multimode emission generated by this approach goes through the MZ-IM, the optical fibre, 

and the PD like the MPF using multiple optical sources as mentioned above. The frequency 

response of the system is observed by vtms4. As it was demonstrated in the previous section, here 

again, the two fibre lengths of 13 km and 50.28 km are considered. Figures 3.10 (a) and (b) show 

the registered frequency responses with each optical fibre.  

For L = 13 km, it appears a single and wide passband located at f = 13.85 GHz with a bandwidth 

of Δfbp = 6.75 GHz. In this case, the frequency response is displayed in the range of 0 to 20 GHz 

in order to observe the entire passband. On the other hand, for L = 50.28 km, there are four 

passbands centred at f1 = 3.29 GHz, f2 = 6.98 GHz, f3 = 10.34 GHz, and f4 = 13.86 GHz with their 

respective bandwidths at -3dB of Δfbp1 = 151.62 MHz, Δfbp2 = 175.16 MHz, Δfbp3 = 309.06 MHz, 

and Δfbp4 = 517.37 MHz. 

 

(a)      (b) 

Figures 3.10 Frequency responses of the MPF driven by two single-mode sources and an SOA, 

using fibres of (a) L =13 km and (b) L = 50.28 km.  
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It is seen here that the passbands of the MPF are much wider than those of the MPF using multiple 

optical sources presented in the previous section. This is justified by the fact that the used 

multimode signal has a smaller Δλ than the other (see Eq. (2.35)). 

Theoretical results are computed by Eqs. (2.34) and (2.35), substituting all optical parameters 

depicted by this system. Therefore, using a fibre of L = 13 km the centre frequency of the MPF is 

obtained as f = 13.11 GHz with a bandwidth of Δfbp = 4.63 GHz. On the other hand, using a fibre 

of L = 50.28 km four frequencies are obtained as f1 = 3.39 GHz, f2 = 6.78 GHz, f3 = 10.17 GHz, 

and f4 = 13.56 GHz with a bandwidth of Δfbp1 = Δfbp2 = Δfbp3 = Δfbp4 = 1.19 MHz for each 

passband.  

Table 3.2 summarizes the results values obtained theoretically and by simulation for this MPF 

configuration using fibres of L = 13 km and L = 50.28 km.  
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Table 3.2 Summary of theoretical and simulated results of the MPF driven by two single-mode 

sources and an SOA. 

L = 13 km, D = 16.29 ps/nmkm,  = 0.36 nm, Δλ = 0.74 nm  

 Theoretical Simulated Error 

f 

(GHz) 

Δfbp 

(GHz) 

f  

(GHz) 

Δfbp  

(GHz) 

f 

(%) 

Δfbp 

(%) 

13.11 6.76 13.85 6.75 5.64 0.14 

L = 50.28 km, D = 16.29 ps/nmkm,  = 0.36 nm, Δλ = 0.74 nm 

 Theoretical Simulated Error 

n 
fn  

(GHz) 

Δfbpn  

(GHz) 

fn  

(GHz) 

Δfbpn  

(GHz) 

fn 

(%) 

Δfbpn 

(%) 

1 3.39 1.74 3.29 1.84 2.94 5.74 

2 6.78 1.74 6.98 1.84 2.94 5.74 

3 10.17 1.74 10.34 1.75 1.67 0.57 

4 13.56 1.74 13.86 1.98 2.21 13.79 

As seen in the table, the centre frequencies of simulated results are in good agreement with the 

theoretical values. The difference between the respective bandwidth values is due to the response 

curve of the MZ-IM and another element linked to the length of the fibre, which affect the uniform 

formation of passbands. Longer fibres produce large gaps between bandwidth values. 

3.4 Tuneable multiple band-pass microwave photonic filter 

In this section, we are going to investigate the tuneability of the multiple band-pass MPFs 

presented previously using two methods: one with a Fabry-Perot optical filter and another one with 

a tuneable DFB laser diode. With these methods, the intermodal separation δλ is modified, leading 

to tuning the frequency passband of the MPFs. 

3.4.1 Tuneability using a Fabry-Perot optical filter 

The theory in section 2.2.3 explained the principle of operation of a Fabry-Perot Filter (FPF). 

Indeed, the transmittance of the FPF device in VPIphotonics software is variable by the setting of 
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its FSR value. Figure 3.11 shows an implemented MPF where the FPF is inserted in the setup 

presented in Fig. 3.6 between the multimode optical source and the MZ-IM. The FPF has a specific 

aim to modify the δλ parameter of the light source spectrum and thus, achieve tuneability of the 

MPF.  

 

Figure 3.11 Layout of the simulated MPF using an FPF to achieve MPF tuneability. 

By changing the FSR parameter of the FPF, δλ of the initial multimode spectrum is modified. The 

δλ-modified light is exploited in the MPF process. Again, two fibre optic lengths (L = 13 km and 

L = 50.28 km) are considered. Figures 3.12 (a) and (b) exhibit the filtered spectra at the output of 

the FPF. The results are obtained using two FSR values: FSR = 90 GHz, modifying to δλ = 0.72 

nm, and FSR = 135 GHz changing to δλ = 1.08 nm.  
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(a)      (b) 

Figures 3.12 Optical spectrum at the output of the FPF (a) FSR= 90 GHz and (b) FSR= 135 GHz. 

With the fibre length of L = 13 km, simulations are done for δλ = 0.72 nm (FSR= 90 GHz) and δλ 

= 1.08 nm (FSR= 135 GHz). Figure 3.13 exhibits the frequency response of the MPF with δλ = 

0.72 nm in the blue curve and δλ = 1.08 nm in the red curve.  

In the case of δλ = 0.72 nm (blue curve), two passbands are observed in the same spectrum range 

compared to the one shown in Fig. 3.7. The centre frequencies of two passbands are located at f1 

= 6.92 GHz, and f2 = 13.84. The second passband at f2 matches the frequency passband f shown in 

Fig.3.7. The first passband at f1 appears at the half of the one at f2. From Eq. (2.34) if δλ is n-times 

multiple of another one, then the MW signal appears constituted of n-passbands including initial 

one(s). 

In the case of δλ = 1.08 nm (red curve), three passbands are observed at f1 = 4.59 GHz, f2 = 9.26 

GHz, and f3 = 13.84. It is seen from Fig. 3.13 that the centre frequencies of these new passbands 

are submultiple of the initial passband located at 13.84 GHz.  
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Figure 3.13 Frequency responses of the MPF driven by multiple single-mode sources with δλ = 

0.72 nm (blue curve) and δλ = 1.08 nm (red curve). 

As δλ increases, the first passband frequency decreases as expected from Eq. (2.34). On the other 

hand, the bandwidth of passbands remains almost unchanged as it depends on the fibre length or 

the optical spectrum width (See Eq. (2.35)). 

Now, the length of the optical fibre is set to L = 50.28 km, and simulations are done with the 

considered two FSR values: δλ = 0.72 nm and δλ = 1.08 nm. Figure 3.14 shows the frequency 

responses of the MPF with FSR= 90 GHz (δλ = 0.72 nm) and FSR= 135 GHz (δλ = 1.08 nm). In 

the case of δλ = 0.72 nm. The registered result consists of eight microwave passbands observed 

while 13 passbands are obtained in the case of δλ = 1.08 nm. 
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(a)      (b) 

Figure 3.14 Frequency responses of the MPF driven by multiple single-mode sources with (a) δλ 

= 0.72 nm and (b) δλ = 1.08 nm. 

 

The frequencies of the first passbands are summarised for each case with the theory and simulation 

values in Table 3.3. The frequencies obtained from the simulations are in good agreement with the 

theoretical ones.  

Table 3.3 Summary of results for the MPF driven by multiple single-mode sources. 

D = 16.29 ps/nmkm 

 L = 13 km L = 50.28 km 

f1 (GHz) f1 (GHz) 

 = 0.36 nm 
Simulated 13.83 3.57 

From Eq. (2.34) 13.11 3.39 

 = 0.72 nm 
Simulated 6.92 1.81 

From Eq. (2.34) 6.55 1.69 

 = 1.08 nm 
Simulated 4.56 1.16 

From Eq. (2.34) 4.37 1.13 

It is shown from Eq. (2.34) that the frequencies vary as δλ is modified by the FPF and also, as the 

fibre length is changed. The results show that the tuneability of the MPF can potentially be 

achieved using a Fabry-Perot filter and a multimode laser diode. 
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3.4.2 Tuneability using a tuneable DFB 

In section 3.3.2, we have seen that the set of two single-mode sources and an SOA can generate a 

tuneable multimode emission and be used for implementing a bandpass MPF.  

As mentioned in section 3.3.2, tuneability is an intrinsic characteristic of DFB lasers using the 

laser temperature. In our work, the wavelength of DFB2 is settled at different values to show the 

tuning feasibility of a bandpass MPF. On the other hand, the wavelength of DFB1 is fixed and 

emits at 1550.60 nm (193.34 THz). In order to generate spectra of δλ = 0.72 nm and δλ=1.08 nm, 

the wavelength of DFB2 is tuned to1549.88 nm (193.43 THz) and 1549.52 nm (193.47 THz), 

respectively. Again, two fibre lengths (L = 13 km and L = 50.28 km) are considered in this 

implementation of the MPF. 

Figure 3.15 shows the result of simulations considering δλ = 0.72 nm (blue curve) and δλ = 1.08 

nm (red curve) for the MPF implemented with L = 13 km. The frequency responses exhibit two 

passbands for δλ = 0.72 nm and three passbands for δλ = 1.08 nm. The number of passbands is 

matched to the one exhibited in Fig. 3.13. However, their bandwidths are much wider than the 

ones in Fig. 3.13. This is because the bandwidth depends on the FWHM ∆λ of the multimode 

source as expected from Eq. (2.35). For instance, as seen in Fig. 3.9 (b), the multimode spectrum 

is narrower than the one in Fig. 3.3 with multiple single-mode sources. In fact, the spectrum 

FWHM in Fig. 3.9 (b) is Δλ = 0.74 nm whilst the one in Fig. 3.3 is Δλ = 8.37 nm.  

 

Figure 3.15 Frequency responses of the MPF driven by two single-mode sources with an SOA 

for δλ = 0.72 nm (blue curve) and δλ = 1.08 nm (red curve). 
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Now, the length of the optical fibre is set to L = 50.28 km, and simulations are done again with the 

same parameters. Figure 3.16 shows the results for δλ = 0.72 nm and δλ = 1.08 nm.  In the figure, 

eight passbands are observed for δλ = 0.72 nm and thirteen passbands for δλ = 1.08 nm. 

 

(a)      (b) 

Figure 3.16 Frequency responses of the MPF driven by two single-mode sources and an SOA for 

(a) δλ = 0.72 nm and (a) δλ = 1.08 nm. 

The central frequencies of the first passbands for simulated results are listed together with the ones 

calculated by Eq. (2.34) in Table 3.4. It is clearly shown in the table that the numerical and 

theoretical values are in good agreement between them. 

As seen from the results, the passband frequencies vary by modifying the intermodal separation. 

Unlike the method with the FPF, in this case, the tuneability of the MPF can be achieved by 

changing the frequency value of one of the DFB laser diodes in the setup. The fibre length also 

plays a role in tuning frequencies, but in practice, there is no way to vary the fibre length.  
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Table 3.4 Summary of results for the MPF driven by two single-mode sources and an SOA. 

D = 16.29 ps/nmkm 

 L = 13 km L = 50.28 km 

f1 (GHz) f1 (GHz) 

 = 0.36 nm 
Simulated 13.85 3.29 

From Eq. (2.34) 13.11 3.39 

 = 0.72 nm 
Simulated 6.79 1.68 

From Eq. (2.34) 6.55 1.69 

 = 1.08 nm 
Simulated 4.17 1.13 

From Eq. (2.34) 4.37 1.13 

It is noticeable that tuning capabilities of the MPF are feasible with the adjustment of  and its 

reconfigurability property is achievable with the variation of the fibre length.  

3.5 Summary 

In this chapter, we have performed simulations on multiple band-pass microwave photonic filters 

(MPF) using multimode optical sources on the VPIphotonics software. In order to carry out 

simulations on the software, libraries for all optical components are needed. In particular, 

multimode optical sources are essential for simulations. However, VPIphotonics does not propose 

libraries for multimode sources. For obtaining a multimode spectrum on the software we have 

proposed two different approaches: a combination of multiple single-mode sources and a set of 

two single-mode sources and an SOA. The software has generated successfully optical spectra 

with an intermodal separation of δλ = 0.36 nm using these two methods. They can be used as 

multimode optical source libraries on the software for other purposes.   

The multi-bandpass MPF using the multimode spectra has been performed numerically on 

VPIphotonics. Simulations have also been carried out with two different fibre lengths: L = 13 km 

and L = 50.28 km. The frequencies of the MPF passbands are in good agreement with the 

theoretical ones.  

Finally, it has been shown numerically on VPIphotonics that adjusting the δλ parameter of the 

multimode source allows tuning frequencies of passband MPFs. For this purpose, an FPF has been 

used to change δλ together with the combination of multiple single-mode sources. By modifying 
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the FSR parameter of the FPF to 90 GHz and 135 GHz, δλ has been obtained as δλ = 0.72 nm and 

δλ = 1.08 nm, respectively. Adjusting δλ can also be achieved using a set of two single-mode 

sources and an SOA. The wavelength of one of the lasers varies, by setting its emitted frequency 

at different values. The SOA produces a multimode spectrum from two different wavelengths by 

the four-wave mixing nonlinear effect. By doing so, δλ of the multimode spectrum is adjusted to 

δλ = 0.72 nm and δλ = 1.08 nm. Simulations have been undertaken with these two δλ and two fibre 

lengths of L = 13 km and L = 50.28 km. The frequencies of MPF passbands obtained in theory and 

simulations are in good agreement. The results show that the tuneability can be achieved using a 

multimode laser diode and an FPF or using a set of two single-mode laser diodes and an SOA. In 

the next chapter, we will see how the MPF is implemented using the two different methods and 

how tuneability is achieved in the experiment.  
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4 CHAPTER 4: EXPERIMENTAL SETUPS AND RESULTS 

4.1 Introduction 

Beyond the theoretical basis as well as the simulations presented previously, this 

chapter addresses the experimental part of this thesis work. Firstly, it describes a microwave 

photonic filter (MPF) and an optoelectronic oscillator (OEO) using a discrete multimode laser 

diode (MLD) characterized by its intermodal separation. Secondly, it demonstrates an OEO with 

tuneable capabilities. This OEO is driven by a set of two distributed feedback (DFB) laser diodes 

and a semiconductor optical amplifier (SOA) that allows a multimode emission. An MPF structure 

using such a multimode source found a novel OEO architecture. The microwave signals generated 

by means of the variation of the intermodal separation of the newly implemented multimode source 

are also presented.  

4.2 Microwave Photonic Filter Setup  

In our conventional MPF, a commercial Multimode Laser Diode (MLD, Covega FPL1009P) is 

used for a multimode emission. Its spectrum is measured using an Optical Spectrum Analyser 

(OSA, Anritsu MS9740A) over 20 nm of span. Figure 4.1 shows the optical spectrum obtained 

with 5001 sample points and 0.07 nm of resolution. From the spectrum, the optical characteristics 

are measured: a centre wavelength of λ0 = 1550.48 nm, an intermodal separation of δλ = 0.36 nm, 

and a spectral width of Δλ = 4.19 nm. To avoid optical fluctuations, the MLD is driven by very 

stable current and temperature controllers and set to 450 mA and 18˚C, respectively. 
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Figure 4.1 Optical spectrum of the MLD Covega FPL1009P. 

4.2.1 Multiple passband microwave photonic filter 

Figure 4.2 depicts the experimental scheme where the red dotted box represents a multiple 

passband MPF. The Microwave Signal Generator (MSG) provides microwave signals and the 

Electrical Spectrum Analyser (ESA) records the frequency response of the MPF. The principle of 

operation of the MPF is explained below in detail. 

 

Figure 4.2 Experimental setup of the multiple passband MPF.  

The emitted light from the multimode laser diode (MLD) passes through a fibre polarization 

controller (PC) for light polarization adjustment and then enters the Mach-Zehnder intensity 

modulator (MZ-IM) which modulates the light (Photline, MXAN-LN-20-bandwidth-20 GHz, 

insertion loss of 2.7 dB, Vπ = 3.2 V, operating wavelength 1530-1580 nm) by a continuous RF 

signal provided by the MSG (Anritsu MG3692C) in the frequency range of 0-16 GHz at a power 

of 15 dBm. The modulated light is injected into a given 50.28 km long Single Mode-Standard 
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Fibre (SM-SF) with an optical loss of α = 0.20 dB/km and a chromatic dispersion of D = 16.29 

ps/nmkm @1550 nm. At the output of the SM-SF, the light wave is received and converted into 

an electrical signal by the photodiode (PD, Miteq, Bandwidth-13 GHz). This electrical signal is 

amplified by an RF amplifier (Minicircuits, ZVA-183-S+ 700-18000 MHz, a gain of 26 dB) and 

plugged into the ESA (Agilent, N9344C) to display the system frequency response. Figure 4.3a 

shows the registered frequency response where four passband signals are observed at f1 = 3.47 

GHz, f2 = 6.96 GHz, f3 = 10.46 GHz, and f4 = 13.76 GHz. Their electrical bandwidths at -3dB are 

Δfbp1 = 291.09 GHz, Δfbp2 = 322.92 GHz, Δfbp3 = 425.89 GHz, and Δfbp4 = 263.34 GHz, 

respectively. 

  

Figure 4.3 (a) Experimental spectrum measured at the output of the multiple bandpass MPF. 

According to Ref. [85], the theoretical centre frequency and bandwidth of these passbands are 

computed by the equations: 𝑓𝑛 = 𝑛 𝐷𝐿𝛿𝜆⁄  and ∆𝑓𝑏𝑝𝑛 = 4√𝑙𝑛2 𝜋𝐷𝐿∆𝜆⁄ , respectively. Thus, by 

substituting the parameters previously indicated, the centre frequencies and bandwidths are 

obtained as f1 = 3.46 GHz, f2 = 6.93 GHz, f3 = 10.40 GHz, and f4 = 13.87 GHz, and Δfbp1 = Δfbp2 

= Δfbp3 = Δfbp4 = 308.67 MHz, respectively. Table 4.1 summarizes the theoretical and 

experimental values corresponding to the centre frequencies fn and bandwidth Δfbpn of the 

passband windows, as well as, the error rate percentage between these values. 
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Table 4.1 Summary of theoretical and experimental values of the multiple bandpass MPF. 

 Theoretical Experimental Error 

n 
fn  

(GHz) 

Δfbpn  

(MHz) 

fn  

(GHz) 

Δfbpn  

(MHz) 

fn 

(%) 

Δfbpn 

(%) 

1 3.46 308.67 3.47 291.09 0.28 5.69 

2 6.93 308.67 6.96 322.92 0.43 4.61 

3 10.40 308.67 10.46 365.89 0.57 18.53 

4 13.87 308.67 13.76 273.34 0.79 11.44 

Average  308.67  313.33  1.50 

The small difference between the theoretical and experimental values is justified by the inequality 

between the labelled and the real values of the fibre length, as well as the real value of the 

chromatic dispersion parameter. Another way to corroborate the efficiency of this experimental 

setup is to compare the similarities of its result and the one obtained at the simulation level using 

the same parameters. Figure 4.3b shows both experimental (black curve) and simulated (red curve) 

frequency responses of the multiple bandpass MPF. 

 

Figure 4.3 (b) Experimental and simulated frequency response of the multiple bandpass MPF. 

The experimental and simulated curve shapes are similar and their centre frequency values are 

almost equal for all the passbands. In summary, the passband filter of which the centre frequency 
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depends mainly on the intermodal separation () of the MLD and the fibre length (L), has been 

successfully demonstrated. 

4.2.2 Optoelectronic oscillator using a discrete MLD 

The implementation setup of the OEO is similar to the one shown in Fig. 4.2 except that now after 

the fibre a recovered electrical signal is fed back to the RF port of the MZ-IM. Depending on the 

availability of devices various arrangements are realizable to deliver adequately the RF signal to 

the modulator. In this way, two feedback alternatives, using a direct RF signal and an 

optoelectronic converted signal, are presented in the following lines. 

a) OEO with direct RF feedback 

Figure 4.4 shows the implemented arrangement using an electrical power splitter and where the 

signal in the whole feedback is electric. Its principle of operation is described below. 

 

Figure 4.4 Experimental setup of the optoelectronic oscillator. 

The electrical signal delivered by the amplifier A1 is divided using a power splitter, part of this 

signal is sent to the ESA, and the rest is fed back to the RF port of the MZ-IM, forming a closed-

loop. By doing so, the output signal of the electro-optical system starts oscillating. Another 

amplifier A2 is used to increase the gain in the loop to start the oscillation. Figure 4.5 depicts the 

OEO output spectrum. Compared to the results of the previous experiment, it is noticed from the 

spectrum that the oscillation frequencies are situated at the same values of the passband windows 

as the ones of the MPF. The microwave signals are generated at 3.51 GHz (20.44 dBm, SNR = 

31.57 dB), 6.99 GHz (9.04 dBm, SNR = 18.19 dB), 10.50 GHz (5.84 dBm, SNR = 15.63 dB) and 

13.98 GHz (-0.24 dBm, SNR = 6.56 dB). They are separated by a Free Spectral Range (FSR) of 

3.48 GHz. 
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Figure 4.5 Experimental RF spectrum of the OEO. 

The generated microwave signals exhibit good stability and SNR values. These oscillations 

frequencies are in good agreement with the theoretical values computed by Eq. (2.34) obtaining f1 

= 3.46 GHz, f2 = 6.93 GHz, f3 = 10.40 GHz, and f4 = 13.87 GHz. Thus, FSR = 3.47 GHz. In the 

spectrum, the fourth oscillation peak is not shown because the system bandwidth is limited to 12 

GHz. Table 4.2 summarizes the theoretical and experimental results. 

Table 4.2 Summary of theoretical and experimental oscillation frequencies of the OEO with 

direct RF feedback. 

n 
Theoretical Experimental Error 

fn (GHz) fn (GHz) SNR (dB) fn (%) 

1 3.46 3.51 31.57 1.44 

2 6.93 6.99 18.19 0.86 

3 10.40 10.50 15.63 0.96 

4 13.87 13.98 6.56 0.79 

A metric to qualify the performance of an OEO is phase noise (PN) measurements. Generally, the 

measurement is carried out directly using an ESA with a function of PN measurement. The PN 

can also be measured analytically, computing it as explained in section 2.2.3.  

First, the power of the oscillation frequency at f1 = 3.51 GHz is obtained as Pc = 20.44 dBm in Fig 

4.5. Then, the phase noise powers (Poffset) at different frequency offsets are normalised with the 

normalization parameter N. In particular, is indicated on the ESA screen a frequency span of 225 
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MHz, RBW = 1 KHz, and VBW = 1 KHz. Five offset points with decade frequency are chosen (10 

KHz, 100 KHz, 1 MHz, 10 MHz, and 100 MHz). Figure 4.6 (a) shows the captured screen of the 

generated oscillations and Figure 4.6 (b) shows the ESA screen captured for phase noise power 

measurements at different offset points. 

    

(a)      (b) 

Figure 4.6 Captured screens of (a) the generated signal of the OEO, and (b) the phase noise 

power measurements. 

The markers in Fig. 4.6 (a) indicate the corresponding centre frequencies and powers of 

oscillations, whereas, in Fig. 4.6 (b) they show approximately offset point frequencies with their 

respective phase noise powers. 

Considering that the shape correction is negligible, only the normalization parameter is taken into 

account in this analytical procedure and is determined as [86] 

N = 10 log RBW (Hz) = 10 log(1000) = 30 dB 

The corresponding normalized 1 Hz noise power is computed as Pn = Poffset - N  

Thus, 

Pn_10 KHz = -57.27 dBm/Hz, 

Pn_100KHz = -57.45 dBm/Hz, 

Pn_1MHz = -59.17 dBm/Hz, 

Pn_10MHz = -60.26 dBm/Hz, 

Pn_100MHz = -78.33 dBm/Hz. 
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Finally, the OEO phase noise at each frequency offset is computed by [86,87] 

ℒ(f) = Pn – Pc  

Therefore, 

ℒ(f)_10 KHz = -77.71 dBc/Hz, 

ℒ(f)_100KHz = -77.89 dBc/Hz, 

ℒ(f)_1MHz = -79.61 dBc/Hz, 

ℒ(f)_10MHz = -80.70 dBc/Hz, 

ℒ(f)_100MHz = -98.77 dBc/Hz. 

These phase noise values are higher than the ones reported in the literature [49,50,52,88,89]. 

However, they are acceptable since this simple design of the OEO offers several possibilities for 

improving its performance with complemented devices or techniques [89]. 

b) OEO with an optoelectronic feedback 

The OEO is implemented using a discrete multimode Fabry-Perot laser diode (MU951001A, FP-

LD, 2.32 mW) which is not the same as the one used in the MPF setup. Its centre wavelength and 

intermodal separation are measured as λo = 1553.84 nm and δλ = 0.58 nm, respectively (see Fig. 

4.8 (a)). Figure 4.7 shows the implemented OEO where the feedback line is constituted of a 

photodetector followed by an RF amplifier. 

 

Figure 4.7 Experimental setup of the OEO with optoelectronic feedback. 

The light wave at the output of the multimode source is divided by an optical coupler (90:10) 

where 10% of the light is sent to an optical spectrum analyser (OSA) and, the other 90% is injected 

to an MZ-IM (Hittite Microwave Corporation, 10 MHz-20 GHz). The light is modulated by the 
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MZ-IM and injected into a dispersive standard optical fibre of L = 15.95 km. The light at the output 

of the fibre is amplified by an SOA (Alcatel 1901) operating at a current of 100 mA and, then 

divided by an optical coupler (50:50). The output ports of the coupler are connected to two PDs. 

The signal from PD_1 is used for monitoring the frequency response on the ESA (Agilent E4407), 

whereas PD_2 is used for establishing a feedback loop by injecting the converted electrical signal 

into the MZ-IM through an electrical amplifier. Figures 4.8 (a) and (b) depict the spectrum of the 

MLD and the corresponding RF spectrum of the OEO. The FSR is obtained from the RF spectrum 

as 6.5 GHz which corresponds to the intermodal separation of 0.58 nm. It can be seen from the 

results and Eq. (2.35) that the intermodal separation is the key parameter for adjusting the FSR.  

 

(a) (b) 

Figure 4.8 (a) Spectrum of the Fabry-Perot laser diode. (b) Generated RF spectrum of the OEO. 

In summary, the generation of a series of stable and highly pure microwave signals through an 

OEO using a discrete MLD has been successfully demonstrated. Two alternatives of the OEO loop 

arrangement using direct RF and optoelectronic feedback were presented.  In both arrangements, 

the aim for generating oscillations was excellently achieved.  

4.3 Tuneable optoelectronic oscillator 

In this section, the OEO using a tuneable multimode source is demonstrated. Firstly, the operation 

principle and the result in the implementation of a multimode source with capabilities of 

tuneability are shown. Secondly, this multimode source is used in an OEO setup to achieve the 

tuneability of the generated microwave signal. 
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4.3.1 Implementation of a tuneable multimode source 

As stated in section 2.2.4, the oscillation frequency and the passband of the MPF depend on the 

intermodal separation (δλ). Therefore, in order to tune the frequency, the intermodal separation 

must be modified. In this work, the tuneability of the OEO is achieved using a novel configuration 

that allows the generation of a multimode optical spectrum using two DFB lasers and an SOA. 

One of the lasers is discrete while the other one is tuneable. Therefore, we are going to see first 

the tuneable multimode source of which the setup is illustrated in Fig. 4.9. The generation of a 

multimode emission is supported by the FWM (Four-Wave Mixing) effect appearing in the SOA.  

 

Figure 4.9 Experimental setup used to build a multimode optical source. 

Two DFB modules (Anritsu MU952501A) mounted on driver equipment (Anritsu MT9810A 

Optical Test Set) are used. One DFB is fixed at the wavelength λ1 = 1550.60 nm whereas the other 

is a tuneable DFB whose centre wavelength (λ2) varies in the interval from 1549.70 nm to 1550.20 

nm by means of the temperature. An optical spectrum composed of two modes is shown in Fig. 

4.10 and the difference |λ1 - λ2| goes from 0.40 nm to 0.90 nm. This optical spectrum is visualized 

by using an OSA at the output of the optical coupler (OC, 50:50). 
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Figure 4.10 Combined light at the output of the optical coupler. 

This optical signal is injected into the SOA (Alcatel 1901) driven by current and temperature 

controllers at 150 mA and 250C, respectively. At the output of the SOA, thanks to the FWM 

mechanism, a multimode optical spectrum characterized by a particular intermodal separation (δλ) 

is generated. The δλ parameter can be adjusted in function of wavelength (λ2) of the tuneable DFB. 

Figures 4.11 (a) and (b) show the multimode optical spectra that correspond to |λ1 - λ2| = 0.90 (δλ 

= 0.90 nm), and |λ1 - λ2| = 0.40 nm (δλ = 0.40 nm), respectively. Each optical spectrum exhibits a 

Gaussian envelope. 

 

(a)      (b) 

Figure 4.11 Generated multimode spectra at (a) λ2 = 1549.70 nm, (b) λ2 = 1550.20 nm. 
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In summary, the generation of a multimode optical spectrum whose intermodal separation () 

can be tailored by adjusting λ2, has been successfully demonstrated. This characteristic will be 

used for obtaining the tuneability of the OEO. 

4.3.2 Tuneable optoelectronic oscillator 

Figure 4.12 depicts the setup of the OEO where the discrete MLD is replaced by the implemented 

multimode emission source (arrangement enclosed in the dotted box) in order to demonstrate the 

tuneability of the OEO. 

 

Figure 4.12 Experimental setup of the tuneable optoelectronic oscillator. 

The setup is fully automated using the GPIB protocol between the PC and the equipment in order 

to draw spectrum maps. Figure 4.13 shows the interface to control the lasers and take readings of 

spectra from the OSA and ESA automatically. The wavelength λ2 is varied from 193.39 THz 

(1550.19 nm) to 193.45 THz (1549.71 nm) at steps of 0.001 THz (299.79 nm). The delay time for 

tuning is set to 4 s. This automated interface allows the establishment of spectrum maps from the 

generated optical and electrical spectra. 
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Figure 4.13 Interface of the automated setup. 

Figures 4.14 (a) and (b) show optical spectrum and RF spectrum maps. We can see clearly from 

the maps the gradual variation of the intermodal separation of the optical spectrum and the tuning 

of the FSR of the RF spectrum. It is also noticed that the FSR decreases as increasing the 

intermodal separation as expected from Eq. (2.34). Respectively, the FSR varies from 8.35 to 3.87 

GHz, when δλ goes from 0.40 to 0.90 nm. The results show a clear demonstration of the tuneability 

of our OEO implementing a new multimode source. 
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(a) (b) 

Figure 4.14 (a) Optical spectrum map of the OEO varying δλ from 0.40 nm to 0.90 nm, (b) RF 

spectrum map displaying the RF signal tuning according to δλ variation. 

In order to compare the results to those obtained using an MLD, the wavelength difference between 

the two DFB lasers is set to 0.60 nm. The newly-implemented source in turn produces a multimode 

emission of which the intermodal separation is similar to the one of the MLD (δλ = 0.58 nm). 

Figures 4.15 (a) and (b) exhibit at δλ = 0.60 nm the optical spectrum of the implemented multimode 

source and the electrical spectrum of the OEO, respectively. The FSR is measured as 6.39 GHz 

and the frequencies f1, f2, and f3 are obtained as 6.41 GHz, 12.8 GHz, and 19.19 GHz, respectively. 

 

(a) (b) 

Figure 4.15 (a) Optical spectrum of the new multimode source, (b) Generated RF spectrum. 

It is seen that Figures 4.8 (b) and 4.15 (b) are similar to each other. Despite the available bandwidth 

of the photodiodes (12 GHz), a third oscillation signal still appears with a reduced power. The 

results are compared to the ones using the MLD in Table 4.3. 
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Table 4.3 Comparison of the obtained microwave signals. 

OEO f1 (GHz) f2 (GHz) f3 (GHz) FSR (GHz) SNR_f1 (dBm) 

MLD  6.36 12.73 19.10 6.37 68 

2DFBs-SOA 6.41 12.80 19.19 6.39 65 

As seen in the table, the results from both the OEOs are very similar. This is a clear demonstration 

that our tuneable OEO operates like the one using the MLD. 

In order to increase the RF output power of the OEO, the SOA and SOA_2 respectively in Figs. 

4.7 and 4.12, are replaced by an Erbium-Doped Fibre Amplifier (EDFA) which has a higher gain 

and power. The first oscillations of the OEO driven by the conventional MLD and the implemented 

multimode source are registered, exhibiting powers of 11.93 dBm and 11.42 dBm as shown in 

Figs. 4.16 (a) and (b), respectively.  

 

(a)      (b) 

Figure 4.16 OEO RF spectra using (a) the MLD, and (b) the implemented source. 

One of the figures of merit of an OEO is the phase noise. We have measured the phase noise of 

the OEO using the procedure indicated in section 4.2.2.  In this case, the used ESA (Agilent E4407) 

provides an RBW = 1000 KHz, therefore the normalization parameter is N = 10 log RBW(Hz) = 

60 dB. The phase noise power Pn and the phase noise ℒ(f) are computed respectively by using Eq. 

(2.37) and Eq. (2.38) at offset points of 10 KHz, 20 KHz, 30 KHz, and 40 KHz. Table 4.4 

summarizes these results indicating the measured phase noise values. 
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Table 4.4 Computed phase noise values for the OEOs 

Offset 
ℒ(f) (dBc/Hz) 

Discrete MLD 2 DFBs-SOA 

10 KHz -91.61 -86.55 

20 KHz -97.72 -98.50 

30 KHz -101.99 -101.54 

40 KHz -105.74 -101.86 

The obtained phase noise values for both cases are in good agreement and are similar to those 

reported in the literature [88,89]. 

In summary, the tuneability of our OEO has successfully been demonstrated. The experimental 

results are in good agreement with the theoretical values. The comparison of the frequency 

responses using the discrete MLD and the implemented multimode source reveals good agreement. 

The phase noise of the tuneable OEO also shows a very good performance. 

4.3.3 Summary 

In this chapter first, we have demonstrated experimentally the implementation of an MPF and an 

OEO using a discrete MLD source. The results have been compared to those obtained theoretically 

and their values are in good agreement. We have also demonstrated successfully the tuneable OEO 

using two DFB laser diodes and an SOA. The wavelength of one of the laser diodes was shifted 

by temperature variation through its temperature controller. Thanks to the FWM mechanism in the 

SOA, a tuneable multimode emission is obtained at the output of the SOA. Tuning the wavelength 

of that DFB allows the modification of δλ in the interval from 0.40 nm to 0.90 nm, providing the 

microwave signal frequency tuning from 3.87 GHz to 8.35 GHz. Again, the experimental results 

are in good agreement with the theoretical values. In particular, for δλ = 0.60 nm, the obtained 

results are again in good agreement with the ones presented using a discrete MLD with the same 

mode spacing. The phase noise measurement ℒ(f) allowed to evaluate the system performance and 

based on published literature, the obtained values in this work are acceptable. 
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5 CHAPTER 5: CONCLUSION AND FUTURE WORK 

This chapter presents firstly the research synthesis of this thesis work, subsequently, 

the conclusions obtained from simulated and experimental results, and finally, some suggestions 

for future work.  

5.1 Research Synthesis 

Lately, various techniques with interesting results in the implementation of tuneable MPFs and 

OEOs have been demonstrated. From the considered state of the art, they presented drawbacks 

such as the use of several devices, complexity of handling, or manual and static tuning. This thesis 

research is focused on the dynamic tuneability of a multiple bandpass MPF by using novel 

photonic techniques. The multiple bandpass MPF is composed of a multimode optical source, a 

Mach Zehnder Intensity Modulator, a long fibre spool, and a photodetector. Its frequency response 

is composed of multiple bandpass windows that depend on parameters such as the chromatic 

dispersion (D) and length (L) of the fibre, as well as, the FWHM (Δλ) and intermodal separation 

(δλ) of the optical source spectrum. Since the first two parameters are pre-established by the 

manufacturer, we have studied in this work the implementation of two photonic techniques to 

adjust the intermodal separation of the optical source in order to achieve the dynamic frequency 

tuning of the MPF. The first technique to obtain the tuneability of the system consisted of using a 

Fabry Perot Filter (FPF) in order to modify the δλ parameter of a Multimode Laser Diode (MLD) 

spectrum. This goal was achieved by varying the Free Spectral Range (FSR) of the FPF which 

allows changing its selectivity. The second technique is focused on obtaining a multimode 

spectrum by the use of two Distributed Feedback (DFBs) laser and a Semiconductor Optical 

Amplifier (SOA). Thanks to FWM process, a multimode emission is obtained at the output of the 

SOA. In fact, the wavelength difference between the two DFBs corresponds to the intermodal 

separation of the multimode spectrum. By changing the wavelength of one of the DFBs, the δλ 

parameter of the multimode spectrum is modified. 

First, we have carried out simulations on the implementation of an MPF with these techniques. 

The simulations have been performed using VPIphotonics software. As the software lacks libraries 

for optical multimode sources, we have designed first on the software an MLD by combining 
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multiple single-mode sources. This newly-designed multimode source is used for other simulations 

as an MLD.  

These techniques have been implemented in the MPF in the simulation for tunning purposes.  

In the first case, the FSR parameter of the FPF is varied on the software in order to adjust the 

intermodal separation δλ of the newly-designed MLD. In the second case, the wavelength of one 

of the DFB lasers is changed in order to modify δλ. 

Using both techniques, the tuneability of the MPF system has been validated on the software. In 

the next step, the MPF response is injected into the modulator, forming a feedback loop that allows 

the implementation of an OEO. Its frequency is also tuned by the modification of the δλ parameter. 

It is found that the FSR of the OEO decreases as increasing δλ  

After the simulations, the MPF and OEO were implemented experimentally using an MLD 

emitting at 1553 nm. The laser emission is affected by the dispersion of long fibres (13 km or 50 

km). Thanks to the multimode emission and the fibre dispersion, frequency bandpass windows are 

created at the output of the MPF,  

In the case of the second technique, a multimode emission is generated using two DFB lasers and 

an SOA. By changing the temperature of one of the lasers, we have also demonstrated a tuneable 

OEO. Besides, we have demonstrated dynamic tunning with frequency tunning mapping by 

automating the whole experimental setup. 

Moreover, the reconfigurability of both the MPF and OEO systems was corroborated by changing 

the length of the fibre. 

5.2 Results 

In the following lines, the conclusions of the results obtained from the simulations and experiments 

are presented. 

In the first step, the multiple bandpass MPF has been simulated using a combination of multiple 

single-mode sources, as well as, a set of two single-mode sources and an SOA, acting as multimode 

sources. 

- From the first approach: 
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▪ The combination of multiple single-mode sources allows a well-formed multimode 

spectrum characterized by a δλ parameter. The multimode spectrum has been successful 

for the demonstration of the MPF. 

▪ The tuneability of the multiple bandpass MPF is achieved by setting the FSR of the FPF at 

90 GHz and 135 GHz, resulting in δλ = 0.72 nm and δλ = 1.08 nm, respectively.  

- From the second approach: 

▪ The set of two single-mode sources and an SOA allows also the generation of a multimode 

spectrum with δλ. 

▪ By changing the wavelength of one of the single-mode sources, δλ is modified and 

consequently, the MPF tuneability was achieved. 

In both approaches, the lengths of the optical fibres are 13 km and 50.28 km.  These values have 

been chosen according to the availability of fibres in our laboratory.  

In the second step, the MPF and OEO have been implemented experimentally. The MPF is 

controlled by the discrete MLD, whereas, the OEO is driven by either of the MLD source or a set 

of two DFBs and an SOA. 

- Using the MLD source: 

▪ It has been demonstrated that the MPF creates multiple frequency bandpass windows. 

▪ The OEO has been implemented by forming a feedback loop in the MPF configuration. 

▪ It has been manifested that by maintaining the same parameters (L and δλ), the centre 

frequencies of the bandpass windows of the MPF correspond to the oscillation frequencies 

of the OEO. 

▪ With δλ = 0.60 nm, the frequencies have successfully been generated at 3.49 GHz, 6.99 

GHz, and 10.48 GHz using a fibre of 15.95 km.  

- Using two DFBs and an SOA as a source: 

▪ Thanks to FWM process put into play in the SOA, the generation of a multimode optical 

spectrum has been successfully demonstrated. 

▪ The wavelength of one DFB is set to 1550.60 nm, whereas the other is varied from 1550.20 

to 1549.70 nm, resulting in δλ from 0.40 to 0.90 nm, respectively. 
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▪ The implementation of the OEO driven by this source allows the successful generation of 

microwave signals. Dynamic tuneability has successfully been demonstrated with 

frequency tuning mapping thanks to the fully-automated experimental setup. By varying 

δλ from 0.40 nm to 0.90 nm, the oscillation frequency is tuned from 8.35 GHz down to 

3.87 GHz with a 15.95-km long fibre. 

▪ In the case of δλ = 0.60 nm, the OEO frequency response is very similar to the one using 

the MLD. The evaluation of their performances has been carried out by the phase noise 

measurement established at 10 KHz frequency offset. The phase noise obtained at 6.41 

GHz is -86.55 dBc/Hz, which is comparable to -91.68 dBc/Hz obtained at 6.36 GHz using 

the MLD.  

In summary, the system frequency response of the OEO is tuned dynamically using novel photonic 

technics. The results were presented by gradual tuning maps, demonstrating the efficiency of the 

system at any minimal variation of δλ. To our knowledge, this is the first work presenting the 

results in this way. The theoretical, simulated, and experimental results are in good agreement. 

The relevance of the obtained results reinforces the opinion that this thesis is a promising project 

in the field of optical communications systems. 

5.3 Future work 

Despite the interesting results obtained, this thesis project remains open to any suggestion that 

allows it to be improved or complemented in the future. Some suggestions about it can be: 

▪ To demonstrate experimentally the dynamic tuneability of both the MPF and the OEO 

using a tuneable FPF device. As shown by simulations, the FPF modifies the MLD 

parameters and achieves systems tuneability to ensure interesting results with a simple 

configuration. 

▪ To demonstrate signal transmissions on a bandpass window of the tuneable MPF. This will 

show the relevance of information selectivity in optical communications systems. 

▪ To improve the performance of the tuneable OEO using a mode-locking technique. In the 

main configuration, implementing a phase control sub-system will stabilize the generated 

signals and that will provide a better PN of the system. 
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▪ To develop sensor applications of the tuneable OEO. Where the human presence for 

measurements is dangerous or impossible to accomplish, another alternative will be to 

achieve remote sensing. A physical element that can somehow modify one of the 

parameters of the equation. (2.34) will vary the output signal. The calibration of this 

variation makes possible the quantity measurement of that element. 
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