
 

 

 

 

Suppression of Nonlinear 

Distortion in Radio-over-Fibre 

Systems 

 
 

 

 

 

 

Taimur Nazir Mirza 

PhD 

 

 

 

 

2020 

Royal Holloway University of London 



 

 

 

Suppression of Nonlinear 

Distortion in Radio-over-Fibre 

Systems 

 
 

 

 

By 

 

Taimur Nazir Mirza 

Department of Electronics Engineering 

Royal Holloway University of London 

 

 

 

A Thesis submitted to the Royal Holloway University of London 

for the Degree of Doctor of Philosophy 

 

 

05 February 2020  

 



 

 

Declaration 
 

 

I, Taimur Nazir Mirza declare that the work presented in this thesis is my own and 

it has been generated by me as a result of my own original research. Some of my 

research work has been submitted for Patent grant under application number 

GB1900552.9, which is filed by Leonardo UK Ltd on 15th January 2019. This work 

is strictly confidential and should not be shared with anyone without prior consent 

of the PhD Supervisor (Dr. Shyqyri Haxha). The author rights for the Patent have 

been equally distributed among myself, Dr. Shyqyri Haxha (PhD supervisor), and 

Dr. Ian Flint (Leonardo Employee). 

 

I confirm that this thesis has not been submitted before for any examination or degree 

in any University. 

 

 

 

 

 

 

 

Name of Candidate: Taimur Nazir Mirza    

Signature: 

Date: 05/02/2020  



  

 

  i 

 

Abstract 
 

Radio over fibre (RoF) is a promising technology in the communication world. Since 

the establishment of wireless technology, a research society in this area has been 

actively growing because of its intrinsic benefits such as great reliability, immunity 

to electromagnetic interference (EMI), high bandwidth, low loss and less cost. The 

RoF system being such an advantageous system, also possesses some limitations 

such as distortion products caused by nonlinear properties of the RoF system and 

poor Spurious-free Dynamic Range (SFDR) as compared to the electronic devices. 

These limitations need to be addressed to improve the RoF system performance so 

that its intrinsic benefits can be fully exploited.  

In this thesis, a literature review of the RoF system with a focus on the linearisation 

techniques for Analogue Photonic Links (APL), has been presented and are critically 

analysed. Initially, a background study of APL was conducted which includes an 

optical fibre and its dispersions, techniques to compensate the fibre dispersion, 

optical modulation process, Balanced detection, and nonlinearities in the APL 

system. Later, the study was performed on reviewing various linearisation 

techniques for the elimination of Harmonics and Intermodulation distortions, which 

are generally produced due to a nonlinear transfer function of the Electro-Optic 

modulator. The core objective of the thesis is to develop linearisation techniques for 

the elimination of Intermodulation distortions in the APL and in the Frequency 

Mixers. 

Three different linearisation methods have been proposed and presented in Chapter 

3 to Chapter 5 of this thesis. Proposed models reduce the effect of distortions on the 

required frequencies, by eliminating them. The first proposed method eliminates the 

second-order distortion products by using two Dual-Parallel Mach Zehnder 
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Modulators (DPMZM) and a Balanced Photodetector (BPD) circuitry. Both 

DPMZMs process a double sideband suppressed carrier signal (DSBSC), and an 

independent polarisation-maintained fibre link is used to transmit an unmodulated 

optical carrier. Both optical links are coupled and then detected by the BPD. The 

method of using two DPMZMs improves the suppression of optical carrier, and an 

additional optical link for the transmission of optical Carrier helps improve the 

dynamic range. The BPD circuitry eliminates the Second-order distortion products 

and thus, significantly improves the SFDR with respect to Second-order 

Intermodulation Distortion (IMD2) and Third-order Intermodulation Distortion 

(IMD3). This proposed method is then used for the implementation of a dual RF 

channel APL, where the performance of both RF channels is optimised over a single 

optical carrier wavelength. Spurious-free Dynamic Range (SFDR) and Signal-to-

Interference ratio (S/I) are the defined performance indicators for the the proposed 

linearisation techniques. The second and third method are the novel designs for 

eliminating the beat frequencies of Intermodulation Distortions in a Two-Tone 

Microwave Photonic Mixer, which is discussed in Chapter 4 and 5. The second 

method eliminates the IMD2 and Second-order harmonic Distortions (SHD) 

produced due to a beating between the Two-Tone input signals. Whereas the third 

method performs exactly the same task as a configuration proposed in the second 

method, but with an additional capability of eliminating the second order harmonic 

of the LO signal (2LO), which lies close to the upconverted frequencies or image 

frequencies. Both configurations are capable of linearly downconverting and 

upconverting the Two-Tone signals, simultaneously. Dynamic range of the 

eliminated distortions are presented in the form of a SFDR graph. These models have 

been submitted for the Patent application with a support from Leonardo UK Ltd . 
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Chapter 1 

1. Introduction 

1.1  Introduction to Optics Communication 

With the continuous growth in the demand for telecommunication devices, the mode 

of communications is rapidly evolving, and innovations in the field are emerging. 

The advancement of the communication system from the wire to wireless surfaced 

in the early 1900s when radio technology was being used as radiotelegraphy [1]. 

Today the need for telecommunication in the various areas of life such as residential 

areas, industrial societies and defence/military, is more than ever. Many companies 

and governments are investing billions of dollars on the new technologies to comply 

with the demand and to transmit a large amount of information in seconds. Around 

the 1960s, the transmission of high data rates through optical waves was introduced 

and implemented in around the 1980s using optical fibres, which has an enormous 

potential to carry data-rates of 100Gbps and beyond due to wide bandwidth of light 

waves [2]. In the Photonic systems, data is carried from one end to another by a 

carrier wave frequency, which ranges from a few megahertz to several thousand 

terahertz [3]. Before the evolution of optical fibre, coaxial cable was being used, and 

the initial transmission capability of coaxial cable was to transmit 300 voice channels 

or one television channel [3, 4]. Compared to coaxial cable, optical fibre is much 

faster and reliable, which makes it a strong contender for future telecommunication 

systems.  

Since 1990 [5], radio over fibre system has become a great interest for researchers, 

because of its capability to relay digital baseband and radio frequency signals 

through a wide bandwidth of optical fibre. However, the system possesses some 

inevitable limitations due to its intrinsic impairments e.g. the nonlinear conversion 
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of signals from electrical to optical by an electro-optic modulator. Also, some other 

optical components in the link like optical fibres, optical amplifiers and optical filters 

all introduce some limitation in the form of optical signal dispersion, amplified noise 

and coupling loss. 

With a continuous increase in the demand for ultra-wide bandwidth and lossless 

system, the need for a highly equipped system is required. Much progress has been 

made on the realisation of high bandwidth and low loss system by using microwave 

photonics (MWP). In MWP, the transmission can be achieved using a Digital 

Photonic Link (DPL) or Analogue Photonic Link (APL). However, digital links have 

a much less complicated performance requirement than analogue photonic links. 

Moreover, the availability of different components like laser diode, optical 

modulators and photodetectors, have allowed APLs to perform multiple 

functionalities [6]. APLs are best used for the transmission of radio signals from 

antennas to the Base unit, where signals are digitally processed. The commonly used 

applications of APLs are in radars, satellite, aircraft, Anonymous signal detection 

sensors, and defence & military. 

1.2  Radio over Fibre Systems 

Radio over fibre is a technique, which transmits the radio frequency signals over 

optical fibre. One should always keep in mind that RoF is fundamentally an analogue 

communication link, but it is also capable of transmitting digital signals [7].  Taking 

an example of RoF in wireless networks, where an analogue optical link can be 

defined as a link that has a sufficiently small modulation depth or always On laser to 

analyse small signals in many links. However, in case of a digital optical link, the 

optical modulation depth increases to 100%, or the laser switches ON and OFF 

subjective to the data sequence. [8]. 
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The architecture of the RoF system consists of various components that fulfil the 

requirement of this system, such as Laser diode, Optical modulator, optical fibre, 

optical amplifiers, filters and Photodiode.  Figure 1.1 illustrates the block diagram 

of the RoF structure, where the downlink and uplink transmission can be seen 

between the control station and base station [9]. At a transmitter in the control 

station, the radio signal along with an optical signal from a laser diode (LD) is 

modulated and then transmitted over the fibre. The receiver on the other end converts 

the signals back into an electrical signal by using a Photodetector. 

 

Figure 1.1: RoF architecture shows downlink and uplink between control and base 

station [9] 

 

1.2.1 Applications of RoF system 

RoF system has many applications in the existing communication infrastructure, and 

it also has a great scope in future communication networks considering its benefits 

over an existing coaxial network. The applications of RoF system are enormous such 

as, mobile communication system, broadcasting system, Airport system, and Train 

communication systems [10]. In the mobile communication system, RoF provides 

the flexibility of transmitting any modulation format such as Wideband Code 

Division Multiple Access (W-CDMA), and Long-Term Evolution (LTE). The 

broadcasting system includes the digital terrestrial transmission like Studio to 

Laser Diode

Modulator

Photodetector

Baseband data

Downlink Fiber

Uplink Fiber
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Base StationControl Station

Photodetector
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Transmitter Links (STLs), Transmitter to Studio Links (TSLs), Transmitter to 

Transmitter Links (TTLs), and Field Pick-up Units (FPU); and it is also used for 

television broadcasting [11, 12]. The applications in airport systems include 

Multilateration system that is an aircraft surveillance system, secondly, a foreign 

object and debris detection radar system that detects any object on the surface which 

may cause damage to the aircraft [13]. RoF system can also be extensively used in 

the railway communication networks as a millimetre-wave fronthaul and backhaul 

systems. 

Furthermore, these can be categorised in three applicable links; transmit optical 

links, distribution optical links and receive optical links [14]. 

• Transmit Optical Links (TOL) carries RF signals from a source to an 

antenna. The known applications for this type of link are the radar 

transmitting function and the Personal Communication Service/Cellular 

antenna remoting function. Radar systems typically transmit a single signal 

at a time, which means the distortions in the system are not the main limiting 

factors. On the other side, PCS/Cellular links transmit multiple frequencies 

at the same time, which consequently produce many distortion products and 

makes the system limited [15]. 

• Distributed optical links (DOL) spread the same radio signal to multiple 

optical links. For instance, in the Cable Television (CATV) system, the 

microwave carrier is distributed over the whole system, which was credited 

as the first CATV distributed system based on RoF system [16, 17]. The 

typical applications of DOL are phased array Radars, and CATV distributed 

networks. Like TOL, the radar also transmits only one signal at a time and 

distortion is not a significant issue. Conversely, the broadcasting system 

transmits multiple signals simultaneously and faces many sources of 

distortion. Moreover, due to the distribution of signal into multiple links, the 
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splitting loss becomes a major concern in the performance of the RoF 

system. Usually, this loss is compensated by deploying optical amplifiers 

after the splitters. It should be noted that in a system of 100 distributions, the 

splitting loss can be of 20dB, and the optical loss of 20dB is translated to 

40dB of RF loss, which is between the input RF and one of the output RF 

[14]. 

• Receive optical link (ROL) is a link between an antenna and a remotely 

located RF receiver [18]. The signal is detected by an antenna and then 

transmitted through a RoF link to a distantly located receiver. The noise 

picked up at the antennas generally limit ROL, which can be optimised by 

using linearisation techniques in the system. 

1.3  Advantages and Disadvantages of RoF System 

Radio over Fibre system has various advantages over a conventional coaxial link due 

to the intrinsic properties of the RoF system such as low losses, less complexity, and 

lower cost [19-21]. The prime purpose of using RoF is to transmit and process a 

radio frequency over an optical link without being digitised. It is capable of 

modulating and demodulating RF signals ranging from a few kilohertz to gigahertz, 

with a very low propagation loss as compared to the old coaxial links [10, 22]. The 

wide frequency range of RoF provides an excellent opportunity for the transmission 

of multiple channels with a large bandwidth, which has a high demand in the existing 

telecommunication infrastructure.  

Even though RoF systems have many advantages, they also possess some limitations 

which are mainly due to the fabrication materials. One must know that processing 

an optical signal through a medium, with even minor defects, is going to have severe 

implications for the system performance. These implications count towards the 

disadvantages of the RoF system such as poor dynamic range, high-order harmonics 

and Intermodulation distortions, and chromatic dispersion [23]. When a radio 
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frequency is modulated over an optical carrier in the RoF system, it produces 

multiple high-order distortions, and in case of multiple RF modulation, the 

Intermodulation Distortions (IMD) are generated due to the nonlinear behaviour of 

the modulator. These distortions limit the system bandwidth and make it challenging 

to filter the fundamental frequencies at the receiver. The nonlinearities produced 

from the electro-optic modulator are compensated by optimising the modulation 

index, and optical power of the link. 

Furthermore, the dynamic range of the system is limited by Relative Intensity Noise 

(RIN) and shot noise produced due to an increasing optical power. However, these 

noises can be reduced by using low optical power or by using coherent balanced 

photodetectors. RoF system includes an optical fibre as a connecting link between 

the transmitter and a receiver. The signal propagating through an optical fibre faces 

chromatic dispersion, which is due to a nonlinearity of the material used in the core 

of fibre. Chromatic dispersion can be reduced by deploying a single sideband (SSB) 

modulation technique or by using a Dispersion Compensation Fibre (DCF) in the 

RoF System. 

1.4  Motivation 

The demand for high speed and high data communication system is increasing, and 

the existing infrastructure is becoming inundated with the data flow. Therefore, RoF 

systems are considered the way forward in the communication links to improve their 

capacity. Nevertheless, the RoF system also comes with some intrinsic severe 

disabilities, which can potentially be a bottleneck to the communication link 

performance. Considering the enormous benefits of the RoF system, it is viable to 

overcome the inherent nonlinearities of the system by integrating the distortion 

compensation techniques in the links. In the RoF system, electro-optic modulator is 

considered a key component, which converts the radio signals into an optical signal. 

The prime focus of this research is to optimise the Radio over Fibre system for the 
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suppression of harmonics and intermodulation distortions, which are produced due 

to the nonlinear properties of the electro-optic modulator. This research will have a 

great importance in radar systems, aircraft or debris detection systems, satellite 

communication links, and many other defence and aerospace applications. 

1.5  Research Questions 

Fibre optic transmission systems have great importance in the telecommunication 

world. Due to their high capabilities and efficiency, they have become a primary 

interest of the researchers in many commercial and defence fields. RoF is one of a 

unique transmission system that transmits radio frequencies through an optical fibre 

and then converts it back into its original form at the receiver side. The system being 

highly desirable also incurs a significant amount of signal impairments, which limits 

the signal transmission. These impairments are because of many reasons such as the 

nonlinearity in the material of components, and the signal losses due to the 

conversion of electrical to an optical domain and vice versa. These signal 

impairments such as signal losses, noises and distortion products pose a limit on the 

performance of the system. Typically, link gain, noise figure and dynamic range are 

a few metrics used to quantify the system performance. There are many techniques 

based on Dual-Parallel Mach Zehnder Modulator (DPMZM), which are most 

commonly being used for the suppression of IMD, which may also suppress one 

sideband to achieve optical single sideband (SSB). By using DPMZM, a system’s 

transmitter can be optimised for the better spurious-free dynamic range, as it allows 

exceptional control over the harmonics at the modulator and by applying different 

phase shifting, the harmonics or intermodulation distortion can be controlled. The 

optical fibre also incurs some distortion like chromatic dispersion, which can be 

compensated by using techniques like Single Sideband modulation, and Dispersion 

compensating fibres. So, by tackling the nonlinearities at the transmitter and other 

optical links, the distortion can be suppressed, and the system’s performance can be 
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significantly improved. The research aligns itself with the questions raised above, 

and the linearisation techniques proposed in this research involves the Mach Zehnder 

modulators (MZM), dual-parallel Mach Zehnder modulators (DPMZM) and 

Balanced Photodetectors to eliminate the distortion products. Thus, the transmitted 

radio frequencies are linearised, which overall improves system performance. 

1.6  Major Contribution and Thesis Organisation 

The objective of this research is to investigate the techniques to overcome the 

nonlinearities of the RoF system. As discussed earlier, nonlinearities of electro-optic 

(EO) modulator and optical fibre are the main reported concerns. This research 

includes an initial study about compensating the fibre dispersions, and then an in-

depth study on the linearisation techniques for the modulators have been provided. 

The outcome of an initial literature review includes the proposed linearisation 

techniques for the Analogue Photonic Link (APL) to eliminate the distortion 

products (Harmonics, Intermodulation distortion). The proposed technique 

eliminates the even-order distortion products and suppresses the odd-order distortion 

products by utilising Double DPMZM and a Balanced Photodetector (BPD). This 

linearisation technique makes the APL a multi-octave system, and later the proposed 

configuration is optimised for dual RF channel transmission. The contribution of this 

research revolves around the linearisation of radio frequencies transmitting through 

an optical link. 

Furthermore, the APL application is diversified to a Microwave Photonic Mixer, and 

a novel linearisation technique is proposed. In a Microwave Photonic Mixer, 

multiple radio signals are linearly down-converted or up-converted with a better 

dynamic range. In order to simplify the thesis for a reader, each chapter of this thesis 

is summarised below; 
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The first chapter of this thesis introduces the area of research, and a brief history of 

the area is provided. The background study includes the introduction of the Radio 

over Fibre system with its applications. The advantages and disadvantages of the 

RoF system have also been described. The motivation behind this area of research is 

mentioned in this chapter and based on this motivation; the research questions have 

been addressed. The chapter concludes with the description of contributions and 

summary of each chapter. 

The second chapter of this thesis provides the background study and a review of 

existing linearisation techniques. At first, the contributing factors in the linearisation 

of RoF systems have been thoroughly discussed, and later the linearisation 

techniques for the suppression of nonlinear modulator distortion are reviewed and 

analysed by using a VPI photonic Simulation tool [24]. In order to fully understand 

the system nonlinearities, the dispersion in the optical fibre, and some dispersion 

compensation techniques are also reviewed and discussed. The reviewed 

linearisation techniques of the modulator are based on Single Mach Zehnder 

modulator (MZM), dual-electrode Mach Zehnder modulator (DEMZM), and dual-

parallel Mach Zehnder modulator (DPMZM). 

The third chapter of this thesis presents a proposed configuration for the linearisation 

of a multi-octave bandwidth analogue photonic link. The proposed configuration 

comprises two DPMZMs, two 180º RF hybrid coupler, and a balanced photodetector 

(BPD). The configuration has been mathematically modelled to illustrate the 

elimination of distortion products such as second-order harmonic distortion (SHD), 

second-order Intermodulation distortion (IMD2). The experimental performance of 

the configuration has been presented and validated by comparing with the existing 

techniques. In this chapter, the proposed configuration has been validated for two 

different cases; a single RF channel AMPL, and dual RF channel AMPL. For a dual 
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RF channel AMPL, RF ports on DPMZM1 are considered as first RF channel, and 

RF ports on DPMZM2 are considered as the second RF channel. 

The fourth chapter includes a novel configuration for the elimination of beat 

frequencies produced from multiple input RF signals in a Microwave Photonic 

Mixer. The design focuses on demonstrating the linearisation of the down-

conversion and up-conversion process. The proposed configuration uses two 

independent Mach Zehnder Modulators, where first MZM carries input RF signals 

and the other MZM modulates the Local Oscillator (LO) signal. The fraction of the 

output from the first MZM is split into two optical paths, and one path combines 

with the output of the second MZM. Finally, the output of first MZM and the 

combined output from the first MZM and second MZM gets detected by a balanced 

photodetector BPD. Consequently, the common frequency components in both 

optical paths get cancelled out with a perfect intensity balancing. This helps clean 

the spectrum for a down-conversion/up-conversion process and linearised 

Intermediate frequencies can be achieved. The results were analysed by using a VPI 

Photonic simulation tool and the SFDR of the concerned distortions is plotted. 

The fifth chapter is an extension of chapter 4, which includes some additional 

benefits with a novel design for a Microwave Photonics Mixer. In the previous 

chapter, only the beat frequencies (such as SHD, IMD2) of the two-tone RF signal 

were eliminated. However, in this proposed model, the second-order harmonic 

distortion of the local oscillator LO signal is also eliminated with the other beat 

frequencies mentioned in the previous chapter. This method includes an additional 

laser source of 1540nm wavelength, which is modulated by the LO signal at the 

MZM2. The purpose of using a different laser wavelength was to create another 

optical channel, which will carry similar distortion products related to the LO signal 

and gets eliminated over combining the detected electrical signals. A VPI model is 

designed, and the results are analysed in this chapter. 
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The sixth chapter concludes the research work completed. It also includes the future 

perspective of this research and discusses room for expansion or improvement. This 

chapter highlights the open research issues, which will guide any future research in 

this area. 
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Chapter 2 

2 Background Theory and Linearisation Techniques 

for the RoF System 

This chapter provides a general understanding of the RoF system, including various 

existing linearisation techniques. Initially, the RoF system was explored to provide 

a comprehensive background study of the Analogue Photonic Link (APL). Based on 

the undertaken research, necessary study on optical fibre, fibre dispersion, 

modulation techniques, system noises and noise parameters, and the intermodulation 

distortion, is explained in this chapter. Finally, the linearisation techniques for the 

APL system and Microwave Photonic Mixers are reviewed and critically analysed. 

2.1  Optical Fibre and its Dispersions 

Optical fibre is a flexible and transparent wire that has a core diameter slightly 

thicker than a human hair. Fibres are generally made of silica or plastic material, 

which is considered an ideal material due to its beneficial properties [25]. Optical 

fibre has almost overtaken the traditional coaxial cable because it possesses excellent 

benefits like reliability, large capacity, and low loss. The optical fibre consists of 

mainly two layers; core and cladding, which is then secured in a buffer coating. A 

core is the central passage that allows light to pass through by a total internal 

reflection method, and the cladding, due to its low refractive index, keeps the light 

waves inside the core as shown in Figure 2.1 [25]. Over a certain distance, the signal 

propagating through an optical fibre begins to lose power, which is due to a fibre 

attenuation. The attenuation, which is also known as transmission loss, depends on 

the material used in the manufacturing of the fibre and is measured as dB/km. 
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Figure 2.1: A total internal reflection in an optical fibre 

The effective cross-sectional area of an optical fibre is an essential factor when 

considering the nonlinearities of an optical fibre. The nonlinearities in the fibre 

develops with an increasing optical intensity, and with a non-uniformly distribution 

of power in the cross-section of fibre. Therefore, it is necessary to consider an 

effective cross-sectional area (Aeff) of the fibre while implementing an optical system. 

It is related as follows; [26] 

𝐴𝑒𝑓𝑓 =
∫ ∫ 𝑟𝑑𝑟𝑑𝜃𝐼(𝑟,𝜃)

0

𝜃

0

𝑟

∫ ∫ 𝑟𝑑𝑟𝑑𝜃𝐼2(𝑟,𝜃)
0

𝜃

0

𝑟

                                              (2.1) 

where, 𝐼 is the cross-sectional distribution of intensity, 𝑟 and 𝜃 represent the polar 

coordinates. 

Optical fibres have two types of index fibres; step-index and gradient-index fibre. 

Step-index fibre has constant refractive index throughout the entire cross-section, 

whereas in the gradient-index fibre, the refractive index of core decreases with the 

increase in the radial index. The light rays in the gradient-index fibre do not travel 

in a straight line, but instead, they continuously deflect towards the axis of the fibre. 

The refractive index of the core near the fibre axis is much higher than that of near 

to the cladding. Step-index is used in both single-mode and multimode fibre, 

however, gradient-index is only used in the multimode fibres. The two-modes of 

fibres are discussed in the following sections. 
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The losses in the fibre are called Attenuation, which reduces the power of the signal 

propagating in the fibre. The loss in a system can be expressed as [27]; 

𝐿𝑜𝑠𝑠 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
        (2.2) 

Where Pin is the input power to the fibre and Pout is the power available at the output 

of the fibre. Also, the fibre loss is expressed in the decibels (dB), as it is mostly used 

as dB/km. 

𝐿𝑜𝑠𝑠𝑑𝐵 = 10 log
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
                                         (2.3) 

2.1.1 Fibre Dispersions 

Dispersion is a broadening of signal in the optical fibre. This means that the signal 

travels at a different speed due to the nonlinearities or any other impairments in the 

fibre. These dispersions in the fibre can be compensated by using a Dispersion 

shifted fibre, dispersion compensating fibre (DCF) and by fibre Bragg gratings 

(FBG). The dispersions occur in the fibre are intermodal dispersion, chromatic 

dispersion, and Polarisation Mode Dispersion (PMD). 

Intermodal dispersion occurs due to the different propagation velocity of the optical 

signal in the fibre, which means that if, for instance, two rays enter in the fibre at the 

same time, but one of the rays becomes slower than the other ray, and they exit the 

fibre with different velocities. However, this type of dispersion can be overcome by 

using Graded-index fibre. Another substantial dispersion in an optical fibre is 

chromatic dispersion. Chromatic dispersion is the change in the wavelength or the 

colour of the light beam. It causes the broadening of pulses and causes errors in the 

bits. It is commonly caused by non-linearity in the material used in the fibre that 

changes the refractive index. The other type of fibre dispersion is a Polarisation mode 

dispersion, where optical fibres have a different polarisation state at the propagation 

of light waves. This means that one pulse has two orthogonal polarisation modes and 
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when they travel through a fibre, due to impurities and nonlinearities, both modes 

acquire different arrival time as in Figure 2.2 [28]. The time difference between the 

two polarisation modes is called Differential Group Delay. Fibres with PMD are 

caused by Bi-refringence that is a default in fibre, where the refractive index of fibre 

changes with the polarisation state of light. In an ideal fibre, the two polarisation 

modes travel at the same speed but in reality, many nonlinearities cause PMD. This 

dispersion can also be caused by a bend in the fibre or any mechanical stress and by 

environmental behaviour such as temperature change.  

 

Figure 2.2: Polarisation mode dispersion in an optical fibre [28] 

2.1.2 Dispersion compensation fibres 

As the nonlinearities and different types of dispersion in the fibre causes a 

degradation in the quality of the signal and limits the transmission length. There are 

only a few dispersions like waveguide and modal dispersion that can be improved 

by only using the single mode fibre and by improving the fibre design. However, 

there is still a need for more sophisticated fibre techniques that can compensate the 

fibre in an efficient way. A few fibre dispersion compensation techniques are 

discussed below [29, 30]. 

2.1.2.1 Dispersion Shifted Fibre 

Traditionally, the optical fibre communication systems were operated around a 

wavelength of 1310nm, which is now changed to 1550nm. As this wavelength is 

more desirable to the modest optical communication system and the losses in the 
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system are comparatively lower at this wavelength. Usually, the dispersion in the 

fibre is eliminated by a Single Mode Fibre (SMF) at a wavelength of 1310nm, which 

is at a zero-dispersion point. Though, using a standard SMF for a 1550nm 

wavelength exceeds the dispersion as compared to that of at 1310nm, which is why 

a Dispersion Shifted Fibre (DSF) is used to shift the zero-dispersion point from 

1310nm to 1550nm, by manufacturing a single mode fibre with a triangular-shaped 

refractive index, instead of a step-index or graded-index [31]. The triangular shaped 

profile defines as the linear change of refractive index with increasing radial 

coordinate of optical fibre. As for step-index, the refractive index is constant in the 

core and it suddenly changes near the cladding. Dispersion Shifted Fibre performs 

better for single-channel as compared to WDM, due to four-wave mixing 

phenomenon in the Wavelength division multiplexing. However, this limitation of 

WDM was later overcome by cascading the Non-zero Dispersion Shifted Fibre 

(NZDSF) and standard single-mode fibre in the same link [29]. Non-zero dispersion 

shifted fibre is a fibre possessing a small non-zero dispersion at a wavelength of 

1550nm. 

2.1.2.2 Dispersion Compensation Fibre 

Dispersion Compensating Fibre (DCF) is a new and vital way of compensating the 

dispersion from the fibre. The speciality of DCF is that it has a negative value of 

dispersion, which cancels the effect of chromatic dispersion. This technique is much 

more suitable for a single channel transmission as compared to multi-channels. The 

main reason behind this is the channel located further away from the centre 

wavelength receive less amount of dispersion compensating effect [29]. Regardless, 

it is still considered to have a remarkable impact on WDM. The design of DCF 

mainly depends on the core diameter of the fibre, and the less is the diameter the 

high is the negative dispersion. Due to its relatively small effective area, it is hard 

for DCF to handle high optical power, which increases nonlinear effects in the 
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transmission. While using DCF in the system, it is imperative to calculate the Group 

Velocity Dispersion (GVD) limited transmission distance for a given bit rate B. 

Equation (2.4), expresses the limited transmission distance for the DCF by using an 

external modulation process. 

𝐿 =
2𝜋𝑐

16𝜆2|𝐷|𝐵2
                                             (2.4) 

where, B is represented as a bit rate, 𝜆 is the wavelength and D is the dispersion 

parameter.  

In a standard SMF, the dispersion parameter is about 16ps/nm/km at a signal 

wavelength of 1550nm, whereas, in DCF the dispersion parameter could be from 

around -80ps/nm/km to -100ps/nm/km depending on the system requirement. 

2.1.2.3 Fibre Bragg Grating 

Fibre Bragg grating is an important tuneable technique for compensating the fibre 

dispersion. It is a section of fibre, where the refractive index inside the core varies 

periodically or aperiodically. The purpose of having a grated region in the core is to 

change the refractive index in a way that only beams with selected wavelength are 

reflected, and substantially all the reflected waves add up in phase.  The reflected 

wavelengths from the grating are represented as [29]; 

𝜆𝐵 = 2𝑛𝑒𝑓𝑓 ∧𝐺                                                    (2.5) 

where, 𝑛𝑒𝑓𝑓 is the index of refraction that is seen by the light propagating in the 

fibre. ∧𝐺 is the period of the refractive index modulation of the FBG.  
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Figure 2.3: Illustration of Fibre Bragg grating [32] 

The grated region in the fibre core is manufactured by photo-imprinting a hologram, 

and the material used for photo-imprinting is Germanium. Germanium is commonly 

used for the purpose of change in refractive index as it is highly susceptible to the 

high-intensity light, which effectively increases the refractive index of the fibre core. 

The diagram of the fibre Bragg grating is shown in Figure 2.3 [32]. As once the input 

spectrum transverse through the fibre, the grated region reflects some of the spectra 

with different wavelength. The transmitted signal received on the other side of the 

fibre is lacking the dispersive signals, as shown in Figure 2.3. 

2.2  Optical Fibre Dispersions Compensation techniques 

In this section, the techniques for the compensation of dispersion in the optical fibre 

are being discussed. The pulse broadening effect of the chromatics dispersion 

overlaps the signals in the adjacent bit periods, and this process is called intersymbol 

interference (ISI). Chromatic dispersion is reckoned a significant problem in the 

fibre, and there have been many techniques for compensating the dispersion such as 

Pre-, post-compensation, symmetrical compensation schemes using Dispersion 

Compensating Fibres (DCF).   

In [33], few unique techniques for the compensation of chromatic dispersion, based 

on Distributed Feedback (DFB) laser have been discussed. Initially, a newly 

designed Nonlinearity group delay Chirped Fibre Bragg Grating (NLCFBG) is used 
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along with a single mode fibre and a tunable laser for the compensation of chromatic 

dispersion. NLCFBG can compensate the group delay on the upper and lower side 

RF carriers by adjusting the wavelength of the optical carrier. The second 

compensating technique includes single sideband modulation, where an optical 

carrier to sideband ratio can be controlled by using an ultra-strong optical injection-

locked DFB laser. Where the power ratio of injected power and the power of DFB 

laser is controlled in order to achieve the desired side locked-mode, and when this 

signal is modulated with baseband signal, only a locked-mode signal would be 

modulated, and the rest will remain unaffected. Also, Optical Phase Conjugation 

(OPC) is proven to be a good scheme for dispersion compensation [33]. 

In [34], the three most common dispersion compensation schemes are presented and 

compared with each other for a Non-Return-to-Zero (NRZ) format. The comparison 

illustrates that the symmetrical compensation scheme performs better than pre and 

post compensation schemes at a bit rate of 10Gbit/s. This comparison was limited 

for a fixed data rate, whereas the performance of these dispersion compensation 

schemes depends on the bit rate and input power. It can also be seen in [35, 36], that 

the post-compensation and symmetrical compensation schemes result in minimum 

penalties as compared to pre-compensation. These schemes are based on a 

Dispersion Compensating Fibre (DCF), which have a negative dispersion. Negative 

dispersion helps the fibre to compensate for the positive dispersion in the SMF, but 

it also has a disadvantage in the system that is to exhibit a substantial attenuation in 

a signal power [37]. Subsequently, more optical amplifiers in the system are used, 

which makes the system more complicated and expensive. 

Figure 2.4 illustrates the pre, post and symmetrical schemes, where pre-

compensation is when a DCF is used before the SMF span to compensate for the 

dispersion in the fibre link. In the post-compensation scheme, DCF is used after the 
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SMF, whereas the symmetrical or mixed compensation scheme is a mixture of pre 

and post compensation schemes. 

The pre-compensation scheme is primarily used for the compensation of dispersion 

by modifying the characteristics of the input signal from the transmitter, before 

transmitting it to the standard single mode fibre span. 

The post-compensation scheme is used before the receiver end and after the SMF 

span. It compensates the Group Velocity Dispersion (GVD) from the fibre so that 

the fewer loss signals can be sent to the receiver for the demodulation process. 

The symmetrical Compensation Scheme is a combination of pre and post schemes, 

which is also known as mixed-compensation or dual compensation scheme. It is used 

as  two alternative combination of DCF and SMF, which are DCF-SMF-SMF-DCF, 

and the other is SMF-DCF-DCF-SMF. 

 

Figure 2.4: Fibre Dispersion Compensation Schemes 

2.3  Modulation Process 

The concept of modulation consists of transferring the data from electrical to the 

optical domain. There are mainly two strategies that can be used for modulation 

purpose; Direct Modulation and External Modulation [38].  

(A)  Pre Compensation

DCF SMF

EDFAEDFA

SMF DCF
EDFA

EDFA

(B)  Post Compensation

SMF DCFDCF SMF

(C)  Symmetrical Compensation

EDFA EDFA EDFA EDFA
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In the direct modulation, the power of the light source is directly modulated by the 

RF signal and the data is impressed in the output intensity of the laser. The advantage 

of this technique is a simple architecture, and low in cost, whereas it is limited in 

frequency and response time.  

External modulation is a technique that uses a continuous wave (CW) laser to emit 

light with constant power and time. Another external component called Optical 

modulator is used to modulate this light from the CW laser, with the RF signal, and 

an optical signal is achieved at the output. This method allows the use of high 

frequencies and high-performance applications efficiently. Due to this advantage, 

external modulation is the most popular method in RoF systems. Mach-Zehnder 

modulators are the most commonly used external modulators in the RoF systems 

currently. 

External optical modulators are of two types. One is Electro-absorption modulator, 

and the other is Electro-optic modulator. Electro-absorption modulator (EAM) is 

based on modulating the number of photons absorbed in the semiconductor optical 

waveguide by changing the strength of the electrical field applied across the 

waveguide. Electro-optic modulators are the most commonly used external 

modulators due to their robustness against chirp as compared to direct modulation. 

The modulation process in the MZM is carried out by changing the voltage on each 

path of the MZ, which alters the path length by the electric field. The modulation in 

each path of MZM is referred to as phase modulation. By combining the phase 

modulation from two different paths, it is converted into intensity modulation.  

A modulator can be chirp free if both branches of the MZ has an identical electric 

field which means that both paths have identical phase modulation, but they are 

different in signs. It is also known as a push-pull method [39]. Mach-Zehnder 

modulators are either single drive or dual drive, where a dual-drive generates an 

intensity modulation by using data and an inverted data on the arms of MZM.  
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External modulators are crucial in the high-speed communication systems, as it is 

difficult to directly modulate the signal at high speed using a direct laser. There are 

various types of external modulators, and Dual-electrode Mach-Zehnder (DEMZM) 

is one of the most important currently being used in the microwave photonics. Due 

to its flexible characteristics and many ways of providing the spectrally efficient 

optical signals, it can be used in different ways, such as balanced or unbalanced dual-

drive and single drive. Dual-drive configuration uses data with alternative phases in 

order to generate an intensity modulation. In the dual-drive configuration, the chirp 

can also be removed by making the electric field on both branches identical [39]. A 

single drive modulator can be fabricated on all three crystal cuts; however, due to 

high chirp insertion, they are not commonly being used nowadays. Dual driven 

modulators are only z-cut, whereas single-drive modulators can be x- or y-cut and z-

cut [40]. A schematic of a dual-electrode MZ modulator is shown in Figure 2.5. It 

shows that the optical signal passing through a waveguide under the influence of 

upper and lower electrodes, which are energised by an RF and DC voltage. The 

electric field generated from these electrodes modulates the optical signal in the 

waveguide according to the required baseband signal (RF). DC voltages are used to 

control the biasing in the modulator, as it changes the phase of sine waves in order 

to optimise the nonlinear modulation or to achieve different modulation conditions 

like Single sideband modulation.    

 

Figure 2.5: Dual Electrode Mach-Zehnder modulator 
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This modulator has upper and lower electrodes, where the RF and DC can be applied. 

When considering the design of an electro-optic modulator, it is essential to 

understand the materials in order to build a modulator suitable for a given 

wavelength and environment. Some of the materials have an undesirable resonant 

peak in the frequency response. The half-wave voltage is used to achieve the required 

degree of modulation for the selection of a crystal, and Vπ needs to be small for a 

good modulation. It has great importance in designing the Electro-optic modulator 

(EOM), and the imperative factor of this design is a half-wave voltage length product 

VπL. L is the length of the modulator electrode; it is defined as the product of the 

voltage, at which the phase difference between two electrodes of the modulator is 

180o and the length of the electrodes [41]. It can be mathematically expressed as 

follows; 

𝑉𝜋𝐿 =
𝜋𝑉𝑜

∆𝛽
,                                                (2.6) 

∆𝛽 = 𝛽1 − 𝛽0                                                (2.7) 

Where V0 is the applied voltage, and 𝛽1 and 𝛽0 are the propagation constants of the 

fundamental modes of Mach-Zehnder arms with and without V0 respectively [40]. 

2.3.1 Modulator’s Operation 

As the MZM can be configured in many ways. The bias voltages can control the 

operation of the modulator. When a voltage is applied on an electrode, the generated 

electric field alters the optical path length, and as a result, the optical signal in each 

path is phase modulated. The behaviour of the modulator can be observed by varying 

the modulation bias voltages. 

The transfer function of a modulator is illustrated in Figure 2.6, where the operating 

points of a modulator can be identified based on a half-wave voltage and a bias 

voltage. A signal is modulated at a quadrature point, and in an ideal situation, no 

fluctuation in amplitude or frequency is seen. However, in real life, modulators tend 
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to drift their bias conditions due to environmental change or thermal state of the 

modulator, which effectively alters the amplitude and frequency of the modulated 

waveform [42]. When a phase difference is an integer multiple of 360°, a peak point 

occurs on the transfer function, and this process is called constructive interference. 

A peak operation in the modulator is achieved by setting bias to 0V as indicated in 

the transfer function plot.  

When the phase difference is an odd integer multiple of 180°, a null point occurs on 

the transfer function, which represents a minimum transmission point. This 

configuration can be achieved by applying the bias on the modulator of Vπ or –Vπ. 

The transfer function of Mach-Zehnder modulator is expressed as; 

𝐸𝑜(𝑡) = 𝛼𝐸𝑜𝑐𝑜𝑠2 (
𝑉(𝑡)𝜋

2𝑉𝜋
)   (2.8) 

Where, 𝐸𝑜(𝑡) is the transmitted intensity, 𝛼 is the insertion loss, 𝐸𝑜 is the input 

intensity from the laser diode, 𝑉(𝑡) is the applied voltage, 𝑉𝜋 is the driving voltage. 

 

Figure 2.6: Transfer Function of MZM [42] 

 

A modulator can be configured in many ways based on the normalised bias voltage 

and the operating points. A normalised bias voltage is represented as 𝛾 and defined 
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as 𝑉𝑑𝑐 𝑉𝜋⁄ , where 𝑉𝑑𝑐 is the DC bias voltage. A normalised amplitude of the drive 

modulating signal is represented as 𝜂 = 𝑉𝑚 𝑉𝜋⁄ , where 𝑉𝜋 is the switching voltage of 

the modulator and 𝑉𝑚 is the modulation voltage, also known as the drive voltage of 

the signal. By using the normalised modulation voltage, a modulation index of the 

RF signal can be calculated, which is expressed as 𝑚 = 𝜋𝜂. It can also be expressed 

as; 

𝑚 = 𝜋
𝑉𝑚

𝑉𝜋
      (2.9) 

The upper and lower electrodes of the DD-MZM can be controlled individually. The 

output optical field of DD-MZM can be written as [43]; 

𝐸𝑜𝑢𝑡(𝑡) =
𝛼𝐸0

2
𝑒𝑗2𝜋𝑓0{𝑒𝑗[𝛾𝜋+𝜂𝜋cos (2𝜋𝑓𝑚𝑡)] + 𝑒𝑗[𝜂𝜋cos (2𝜋𝑓𝑚𝑡+𝜙)]}  (2.10) 

Where α is the optical power loss within the modulator, 𝐸0 is the electric field of an 

optical carrier, and the exponential terms inside the curly brackets represents the 

field on the upper and lower electrodes of the modulator. 

2.4  Sideband Modulations 

A sideband is a band of frequencies lying on the upper and lower sides of the carrier 

signal. As a result of a modulation process, a sideband is produced, which contains 

all Fourier components of the modulated signals. Like an AM signal, along with 

upper and lower sideband, a carrier is present as well, which carries the message and 

transports it to the receiver. The purpose of a carrier signal in the modulation process 

is only to transport the data, and it carries no information, instead, it consumes about 

50% of the power, which is why in most systems, the carrier is suppressed through 

the transmission, and it is brought back at the receiver to retrieve the information. In 

the sideband modulation, there are two main modulation techniques, such as double 

sideband modulation (DSB) and Single Sideband modulation (SSB). Figure 2.7 

illustrates the modulation format, as it can be seen that the baseband signal modulates 
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with the carrier frequency to produce the two sideband spectrums, which is known 

as double sideband and then one of the sidebands can be eliminated in order to 

achieve the single sideband.  

 

Figure 2.7: Diagram of DSB and SSB 

2.4.1 Double Sideband Modulation (DSB) 

As the name suggests that the double sidebands are involved in this modulation 

process. When a single frequency sinewave is modulated, then two sidebands are 

generated, and this process is called Double Sideband Modulation. In the modulation 

process, when a message signal is mixed with a carrier signal, an output signal 

consists of two sidebands on both sides of the carrier, comes out. There are two ways 

of using DSB, one with Full carrier and the other with a suppressed carrier, named 

as DSB-FC and DSB-SC respectively. 

The basis of this modulation process depends on simple mathematics, as it is 

explained below. Suppose the baseband message signal is m(t), and the waveform of 

the carrier signal is mc(t). Mathematical representation of these signals is [44]; 

𝑚𝑐(𝑡) = 𝐴𝑐 cos𝜔𝑐𝑡                                         (2.11) 
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After multiplying the carrier signal mc(t) with the baseband signal m(t), the 

modulated signal s(t) comes to this relation [44]; 

𝑠(𝑡) = 𝐴𝑐𝑚(𝑡) cos𝜔𝑐𝑡                                      (2.12) 

The Fourier transform of the baseband message m(t) is M(ω), and that of the 

modulated signal can be represented as follows [44, 45]; 

𝑆(𝜔) = 0.5𝐴𝑐𝑀(𝜔 − 𝜔𝑐) + 0.5𝐴𝑐𝑀(𝜔 + 𝜔𝑐)                      (2.13) 

Figure 2.8 illustrates the modulation process of the double sideband, where it can be 

seen that a message signal and the carrier signal multiply and gives out a modulated 

DSB spectrum. The message signal is also referred to as a baseband signal and the 

spectral range that occupies it is called the baseband frequency range. Usually, in 

communication systems, the baseband has a limited (lower) frequency “𝜔”, whereas 

a carrier signal has a high frequency “𝜔𝑐”. As the baseband signal has typically 

positive and negative values, and the spectral component of a message signal on the 

positive side of the frequency spectrum ranges from 𝜔𝑐  𝑡𝑜 𝜔𝑐 +𝜔, which is called 

the upper sideband (USB). Likewise, the spectral components on the negative side 

of the frequency range from 𝜔𝑐 −  𝜔 𝑡𝑜 𝜔𝑐, are called Lower sidebands (LSB). 

Thus, the bandwidth required for the transmission is twice the baseband frequency 

[45]. 

𝐵𝑇 = 2𝜔                                                        (2.14) 

where, the BT is the transmission bandwidth,  𝜔 is the baseband frequency.  
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Figure: 2.8 Modulation format of DSB 

In the radio over fibre system, the output amplitude of the double sideband 

modulation has a periodic fluctuation with the length of an optical fibre. Thus, the 

SSB modulation eliminates this effect of periodic fluctuations. 

2.4.2 Single Sideband Modulation (SSB) 

Single sideband modulation is a process in which one of the sidebands is eliminated 

or suppressed in order to utilise the bandwidth of the transmission system efficiently. 

In the frequency spectrum, the components of the spectrum are located equidistant 

from the carrier on the upper and lower side. The portion of frequency above the 

carrier is called Upper Sideband, and the portion below the carrier is named Lower 

sideband, as it is shown in Figure 2.7 [46]. Single sideband can also be used with or 

without the carrier signal, as carrier consumes much power, which can be saved by 

compressing the carrier and inserted it back at the receiver in order to retrieve the 

information from the signal. The reduction in power consumption and almost 50% 

of bandwidth reduction results in the improvement of the signal-to-noise ratio. The 

SSB with a full carrier is called SSBFC, and the single sideband with a suppressed 

carrier is referred to as SSBSC. The main advantage of using SSB is to improve the 

system’s bandwidth and reduce the fibre dispersion. There are few different methods 

to achieve the SSB spectrum, the most used way is a Frequency discrimination 

method, and the other way is a Phase shift method. Frequency Discrimination 

method involves a bandpass filter, which is an easy way but comes at a high cost. 

Simply a lowpass filter can be used to suppress the upper sideband and a highpass 
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for lower sideband suppression. The block diagram of this simple modulation 

method is shown in Figure 2.9. 

 

Figure 2.9: SSB modulation by using Filter 

Mathematically, the modulation process can be calculated. Like the Double sideband 

modulation process, first, the message from a baseband signal m(t) is modulated with 

the carrier signal mc(t) from equation (2.12), and then a modulated signal a(t) is 

obtained. This double-sideband signal a(t) is shown as [46]; 

𝑎(𝑡) = 𝐴𝑐𝑚(𝑡) cos𝜔𝑐𝑡                                                      (2.15) 

The Fourier transform of equation (2.15) is like equation (2.12). The double sideband 

spectrum is then passed through a Highpass or Lowpass filter, where the USB has a 

zero-valued spectrum for |𝜔| < 𝜔𝑐 and the LSB has a zero-valued spectrum 

for |𝜔| > 𝜔𝑐.  

An SSB signal can be obtained by using the complex envelope as in equation (2.16), 

which results in the SSB signal waveform, as shown in equation (2.17) [46]; 

�̃�(𝑡) = 0.5𝐴𝑐[𝑚(𝑡) ± 𝑗�̂�(𝑡)]                                                 (2.16) 

𝑠(𝑡) = 0.5𝐴𝑐[𝑚(𝑡) cos𝜔𝑐𝑡 ± �̂�(𝑡) sin𝜔𝑐𝑡]                                     (2.17) 

Where, the baseband message is 𝑚(𝑡)and its Hilbert Transform is �̂�(𝑡). The positive 

and negative signs in equation (2.17), are used according to the Single sideband 

requirement, such as for Lower sideband positive sign is used, and for Upper 

sideband, a negative sign is used. 

X
Mixer

Baseband data BandPass
Filterm(t)

mc(t)

Carrier

a(t) S(t)
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The other modulation method for SSB is a phase-shifting method. The block diagram 

of this process can be seen in Figure 2.10 [46]. 

 

Figure 2.10: Phase Shifting method of SSB modulation [46] 

 

2.5  Balanced Detection in Analogue Photonic Links 

In a multi-octave bandwidth APL, high order distortion products are not dominant 

as compared to a sub-octave APL. Contemplating the modulators operating point, 

the distortion products produced from the nonlinear behaviour can either be 

controlled by biasing the modulator correctly or by applying the linearisation 

techniques to circumvent the distortion issues. In the APL systems, biasing 

modulator at quadrature has a significant advantage over second-order 

intermodulation distortion (IMD2) and SFDR2 improvements. It is also true that 

biasing at high voltages contribute to high system noises, which is why, for some 

applications, low biasing the modulator is preferable [47]. Though low biasing 

reduces system noise, it contrarily generates second-order distortion products, which 

substantially limit the bandwidth of APL system. It is well known that the Laser RIN 

and Amplified Spontaneous Emission (ASE) noise from EDFA can be removed by 

using a balanced photodetector [48]. To overcome this limitation, a balanced 

detection method can be applied. In a balanced detection, two photodiodes are paired 
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together to form a differential configuration, as shown in Figure 2.11. Each 

photodiode has a set responsivity denoted as ℜ1and ℜ2. Assuming the responsivity 

of both photodiodes is same, and an oppositely charged bias is applied on 

photodiodes. Consequently, common-mode signals can be cancelled out. The 

photocurrent at the output of balanced photodetector (BPD) can also be expressed as 

[49]; 

 1 2BPD PD PDI I I= −     (2.18) 

In equation (2.18), 1PDI  and 2PDI are the photocurrents received at first photodiode 

and second photodiode, respectively. This phenomenon of cancelling the common-

mode signal at the output of BPD is known as the common-mode rejection ratio 

(CMRR) [52]. 

 

Figure 2.11: Schematic of a Balanced Photodetector [49] 

2.6  Nonlinearities in Analogue Photonic Links 

In APL, the modulation performance of multiple RF signals possesses some 

limitations due to the Intermodulation and Cross Modulation generated by the 

nonlinearities of Electro-optic Modulators [51, 52]. Among these nonlinearities is 

the nonlinearity of the intensity modulators, which generates multiple harmonic 

frequencies and distortion products. Second- and Third-order Harmonic Distortions 

(SHD and THD), and Second- and Third-order Intermodulation Distortions (IMD2 

and IMD3) are the main limitations to the Spurious-free Dynamic Range (SFDR). 
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Intermodulation distortion (IMD) is an important frequency component in the signal 

analyser measurement, which assesses the linearity of the Microwave devices. [53, 

54]. IMD can be defined as an amplitude modulation of two or more frequency 

signals caused by the nonlinearities in a system. The intermodulation between two 

or more fundamental frequency components produces an additional component at a 

frequency that is harmonic, sum and difference of the fundamental frequencies, and 

multiple of those sum/difference frequencies, which can be seen in Table 2.1. [55], 

where 𝑓1 and 𝑓2 are two fundamental frequencies.  

The table clearly illustrates that the second harmonics occur at the multiple 

fundamental frequencies such as 2𝑓1 and 2𝑓2 and likewise, the third harmonics can 

be found at 3𝑓1 and 3𝑓2. 

Table 2.1: List of 2nd and 3rd order spurs 

Second-Order Distortions Third-Order Distortions 

𝟐𝒇𝟏 3𝑓1 

𝟐𝒇𝟐 3𝑓2 

𝒇𝟏 − 𝒇𝟐 2𝑓1 + 𝑓2  , 2𝑓2 + 𝑓1 

𝒇𝟏 + 𝒇𝟐 2𝑓1 − 𝑓2 , 2𝑓2 − 𝑓1 

The second-order products are the spurs, created due to the nonlinear interaction of 

two signals, which results as the sum and difference of the two fundamental 

frequencies, as it is shown in Figure 2.12 [53]. However, the most challenging 

intermodulation distortions are the third-order products that are caused by the 

interaction of the one fundamental frequency and the second harmonic of the other 

fundamental frequency. 
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Figure 2.12: Intermodulation Distortion - Second-order and Third-order Products 

Another aspect of nonlinearities has been explored here, and the intermodulation 

distortion along with cross-modulation distortions are illustrated in Figure 2.13. It 

depicts an output frequency spectrum of a frequency mixer. Usually, in a mixer, the 

reference frequencies (Two-Tone RF) are either down-converted or up-converted to 

the Intermediate Frequencies (IFs). In this process, the reference frequencies 

interfere with each other as well as with the local oscillator (𝑓𝐿𝑂) frequency, and as 

a result, multiple frequency components are generated. These additional frequency 

components are named as distortion products (shown in Figure 2.13 as Red Colour). 

The frequencies in red are generated from self-beating of reference frequencies 

(Two-Tone RF). Though, in a mixer, these components worsen the mixer 

performance and limit the bandwidth. In order to linearise a multi-tone RF mixer, 

the frequency components shown in RED must be removed. Also, the frequencies in 

BLUE must be suppressed to improve the dynamic range. 
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Figure 2.13: Intermodulation and Cross-modulation Distortions in a Frequency 

Mixer 

2.6.1 Spurious-free Dynamic Range 

Second-order Intermodulation distortion (IMD2) is of great concern in the wide 

bandwidth applications, whereas, the third-order intermodulation distortion (IMD3) 

is mainly considered in the narrow bandwidth applications, as IMD3 signal falls 

close to the fundamental signal frequencies [54,55]. The intermodulation distortion 

has a great dependence on the power level of the fundamental input tones, and it can 

be evaluated by the third-order intercept point (IP3) [54]. IP3 is defined as a power 

level intercept, at which the power level of third-order distortion products would be 

equal to the power of fundamental tones, as it is illustrated in Figure 2.14. This means 

that the first-order and third-order products are equal in power. IP3 can be extracted 

as shown in the equation below; [54] 

𝐼𝑃3 =
4

𝜋2
𝑉𝜋
2

𝑅𝑀𝑍
                                                    (2.19) 

Where, Vπ is the half-wave voltage. 
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Figure 2.14: Third Order Intercept point power 

Spurious-free dynamic range (SFDR) is an essential technique in communication 

systems, especially for the evaluation of the signal processing ability of microwave 

photonic links [54, 56]. This is defined as the range between a signal just above the 

noise floor and the largest undistorted signal introduced in the system, in other 

words, it is the ratio of the highest signal level a circuit can handle and the smallest 

signal a circuit can handle (usually equal to noise level), which can also be seen in 

the Figure 2.15 [57]. The noise floor is the noise level, and below this level, signals 

cannot be detected under the same measurement. For example, the SFDR can also 

be described as a power ratio between the output power of the fundamental 

frequencies and the third-order distortion products (2f1-f2 and 2f2-f1). 
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Figure 2.15: Measurement of Spurious free dynamic range [57] 

In order to measure the SFDR in a Two-Tone APL, there are few essential factors 

that need to be considered.  

• The output system noise level (OSNL) is a measurement of the output noise 

power per Hz. 

• The input system noise level (ISNL) is the subtraction of system gain from 

the output noise power.  

• Background noise level (BNL) is a usually -174dBm/Hz depending on the 

thermal noise under a room temperature of 290º K.  

• The noise figure (NF) equals to the input system noise level (ISNL) minus 

background noise level (BNL). 

However, SFDR measurement for the high-end  complex, and the third-order 

intercept point needs to be considered as it is represented in equation (2.22). To 

calculate the SFDR, noise figure in dB and BNL is subtracted from IP3 at a 

bandwidth of 1Hz. The conceptual plot of SFDR is shown in Figure 2.16. MDS is 

basically the minimum signal power that can be detected by a receiver to give an 

appropriate output. 

Below are the representation of a Minimum detectable signal (MDS) and SFDR [54]. 
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𝑀𝐷𝑆 = 𝑁𝐹𝑑𝐵 + 10 log(𝐵𝑊) + 𝐵𝑁𝐿                                           (2.20) 

𝑆𝐹𝐷𝑅 =
2

3
[𝐼𝑃3 −𝑀𝐷𝑆]                                                      (2.21) 

𝑆𝐹𝐷𝑅 =
2

3
[−𝐵𝑁𝐿 + 𝐼𝑃3𝑑𝐵𝑚 −𝑁𝐹𝑑𝐵 − 10 log(𝐵𝑊)]   (2.22) 

 

Figure 2.16: Graph of Spurious-free Dynamic Range 

2.7  System Link Noise 

In the radio over fibre link, many components introduce noise into the system and 

reduce the receiver sensitivity, and among them are intensity noise, phase noise, 

polarisation mismatch and fibre dispersion. This section illustrates the types of 

dominant noise in the APL, the sensitivity of the receiver, and techniques to measure 

and improve the performance of the link. 

2.7.1 Thermal Noise 

Thermal noise is a type of noise which arises from a fluctuation of voltage across a 

circuit such as a resistor. The thermal fluctuation happens due to thermal motion of 

charge carriers within a conductor [60]. Contemplating an example of a resistor, it 
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has a noise voltage (𝑣𝑡ℎ) with a zero-mean Gaussian density function, and the power 

spectral density (PSD) at its open terminals can be expressed as below [61]; 

. ( )

exp 1
2

th th

Rh
S

h

kT

 







=
  

−    

   (2.23) 

where, R is the resistance of the resistor, h is the Planck constant (6.63 x 10-34 Js), k 

is the Boltzmann constant (1.38 x 10-23 J/K), ꞷ=2πf is the angular frequency, and T 

is an absolute temperature. Thermal noise is also known as a white noise, because it 

does not depend on the material of an electrical conductor, and it is constant at 

microwave frequencies. Equation (2.23) can be further simplified into; 

. ( ) 2
th th

S kTR   =         (2.24) 

By using Wiener-Khinchin theorem, equation (2.24) can be expressed as a thermal 

noise voltage. 

2 ( ) 4th t kTRB =        (2.25) 

The thermal noise voltage in equation (2.25) explains as twice the noise voltage 

multiples with an equivalent noise bandwidth B. the factor of two represents the 

involvement of positive and negative frequencies. Furthermore, the thermal current 

can be derived as; 

2 4
( )th

kTB
i t

R
=        (2.26) 

From equation (2.26), the power provided by thermal noise current to a load 

resistance 
LR  can be stated as; 

2 ( )th th Lp i t R=         (2.27) 
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2.7.2 Shot Noise 

Shot noise is a noise that is generated from the fluctuation of current in a 

photodetector. The fluctuation of photocurrent in a photodetector happens due to the 

appearance of photons at random times [3].  The power spectral density of the shot 

noise is flat, and it can be expressed as; 

( )s pS qI =    (2.28) 

Where, 191.6 10q C−=   is the electron charge, 
p d inI R P= is the average current 

with a resistance dR  and input optical power of inP . Since, ( )sS   is the spectral 

density for sidebands with positive and negative frequencies. Therefore, when 

considering only one-sided frequencies e.g positive frequencies, and by applying the 

Wiener-Kinchin Theorem, the shot noise current can be given as below; 

2 ( ) 2s pi t qI B=        (2.29) 

From equation (2.29), the power provided by shot noise current to a load resistance 

LR  can be stated as; 

2 ( )shot s Lp i t R=    (2.30)  

2.7.3 Relative Intensity Noise 

RIN is introduced due to the insertion of spontaneous emission into the coherent 

field of a laser [3]. This causes the fluctuation in the power of unmodulated optical 

carrier, which indeed becomes bigger noise at the receiver output. In order to 

evaluate RIN, firstly the optical power is measured by using the following equation. 

𝑃𝑜(𝑡) = 𝑃𝑎𝑣 + ∆𝑝(𝑡)                                        (2.31) 

where, ∆𝑝(𝑡) is the power fluctuation due to spontaneous emission. Due to these 

fluctuations in laser intensity at the laser output, the output of the photodiode after 
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conversion from optical to electrical gets affected, and the mean-squared noise 

current can be expressed as follow; 

〈𝑖𝑅𝐼𝑁
2 〉 =

〈𝐼𝑑〉
2

2
10𝑅𝐼𝑁 10⁄ 𝐵                                        (2.32) 

Here, Id is the dark leakage current, and B is the noise bandwidth. RIN is mainly 

dominated over other noise in the link, in the directly modulated lasers. 

 

2.7.4 Receiver Sensitivity 

Receiver sensitivity is a minimum input signal (Smin) that is required to achieve a 

specific output signal with a particular signal-to-noise ratio (S/N).  The minimum 

input signal is represented as a minimum signal-to-noise ratio times the mean noise 

power, shown in the equation below. 

𝑆𝑚𝑖𝑛 = (
𝑆

𝑁
)
𝑚𝑖𝑛

𝑘𝑇0𝐵(𝑁𝐹)                                    (2.33) 

Where, (S/N)min is minimum signal to noise ratio for processing a signal, k is the 

Boltzmann constant that is 1.38 x 10-23 Joule/K, To is the absolute temperature of the 

receiver input, B is a receiver bandwidth in Hz, and NF is the noise figure/factor 

measured in dB. In case of a signal impinging on the antenna, the sensitivity is called 

minimum operational sensitivity (MOS), which is represented as; 

𝑀𝑂𝑆 =
(
𝑆

𝑁
)
𝑚𝑖𝑛

𝑘𝑇0𝐵(𝑁𝐹)

𝐺
                                        (2.34) 

Here, G is the gain of the antenna included with the transmission loss. MOS is used 

for system sensitivity. The sensitivity is usually measured in dBm, and it can be a 

negative number or a positive number. There are two different ways of defining the 

sensitivity, such as the ratio of response to input and input to the response. In the 

case of the ratio of response to input, the more negative the value is, the better is the 
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sensitivity, however in the case of input to response ratio, the more positive is the 

number, and the higher is the sensitivity [62]. 

2.7.5 Noise Figure 

Noise figure is the ratio of signal to noise ratio at the input of the link to the signal 

to noise ratio at the output of the link at a standard temperature of 290K. It can be 

mathematically represented as below [62]; 

𝑁𝐹 = 10 log
𝑆𝑖𝑛 𝑛𝑖𝑛⁄

𝑆𝑜𝑢𝑡 𝑛𝑜𝑢𝑡⁄
                                          (2.35) 

It can also be expressed as; 

𝑁𝐹 = 10 log
𝑛𝑜𝑢𝑡

𝑔𝑟𝑓𝑛𝑖𝑛
                                           (2.36) 

Here, 𝑛𝑖𝑛 is the input noise which is also represented as thermal noise 𝑛𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑛𝑜𝑖𝑠𝑒, 

𝑆𝑖𝑛 and 𝑆𝑜𝑢𝑡 are the RF input and output signal powers. The output signal power 

𝑆𝑜𝑢𝑡 and the output noise power 𝑛𝑜𝑢𝑡 can be expressed mathematically as; 

𝑆𝑜𝑢𝑡 = 𝑔𝑟𝑓𝑆𝑖𝑛,                                                  (2.37) 

𝑛𝑜𝑢𝑡 = 𝑔𝑟𝑓 𝑛𝑖𝑛 + 𝑛𝑒𝑥𝑡𝑟𝑎,                                        (2.38) 

Where, 

𝑁𝐹 = 10 log(1 +
𝑛𝑜𝑢𝑡

𝑔𝑟𝑓𝑛𝑖𝑛
),                                     (2.39) 

2.7.6 Signal-to-Noise Ratio 

Signal-to-noise ratio is directly connected with the Bit error rate (BER) of 

communication systems. It is defined as the ratio of signal power in the receiver to 

the mean noise power of the receiver. SNR is one of the many ways to measure the 

noise performance or sensitivity of the receiver. Electrical and optical SNR can be 

represented mathematically as; 
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𝑆𝑁𝑅𝐸 =
𝑆𝐸

𝑁𝐸
=

𝑣2

𝜎𝑣
2 =

𝑖2𝑅

𝜎𝑖
2𝑅
=

𝑖2

𝜎𝑖
2                                       (2.40) 

Where, SE is representing the signal power, and the NE is the noise power. The optical 

SNR can be represented as; 

𝑆𝑁𝑅𝑜 =
𝑆𝑜

𝑁0
=

|�⃗� |2
1

𝜂

𝜎𝑜
21

𝜂

=
|�⃗� |2

𝜎𝑜
2                                         (2.41) 

In the above equation, So and No is the optical signal power and the optical noise 

power respectively. 𝜂 is the optical fibre impedance, 𝜎𝑜
2 is the mean square average 

power and |�⃗� |2 is the optical current. The SNR is converted from optical to electrical 

at the receiver, and after conversion, it can be represented as the square root of the 

electrical SNR. By combining both electrical and optical SNR equations, a 

conversion can be achieved [63]. 

√𝑆𝑁𝑅𝐸 = √
𝑆𝐸

𝑁𝐸
=

𝑖𝑠𝑖𝑔𝑛𝑎𝑙

𝜎𝑖
=

𝑆𝑜𝑅

𝑁0𝑅
= 𝑆𝑁𝑅𝑜                        (2.42) 

At the receiver, the optical power is converted into an electrical current, and the ratio 

of electrical current and the incident optical power is called the responsivity, 

represented as  . The units are Ampere per Watt (A/W). 

2.8  Linearisation techniques for Analogue Photonic link 

A nonlinear transmitter can exhibit some limitation on the system, which can be 

linearised by optimising the components of the system. Microwave photonic Links 

have been of great importance because of their various applications like wireless 

communications, radars, and antenna remoting and warfare systems. MPLs also have 

many advantages over coaxial analogue links such as ultra-wide bandwidth, low 

transmission loss, low weight and immunity to the electromagnetic interference [14, 

64]. There are two modulation techniques to impose a microwave signal on an 

optical carrier such as direct modulation and the external modulation. Direct 
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modulation uses the distributed feedback (DFB) laser diode, whereas, external 

modulation uses phase modulator, intensity modulators or polarisation modulators, 

which have been used previously for enhancing the SFDR and reducing the IMD 

[65, 66].  

Previously, various techniques have been reported to improve the SFDR, which is 

directly linked with the intermodulation distortions produced by an external 

modulator. The linearisation techniques based on different modulators types, 

including pre- and post-compensations have been reviewed.  

2.8.1 Schemes based on a Dual Electrode Mach Zehnder 

modulator 

In [67], an optical single sideband (OSSB) modulation technique has been reported 

to compensate the distortions in the APL system. Similarly, in [68], OSSB has been 

built at the transmitter end. The configuration is achieved by using a dual-Electrode 

Mach-Zehnder modulator (DEMZM) that was driven from its upper and lower 

electrode, and the output at the receiver end is linearised by utilising two parallel 

Mach-Zehnder interferometers (MZI) and a Balanced Photodetector (BPD). The 

third-order intermodulation (IMD3) is suppressed by varying the differential delays 

of two MZI, and the fifth-order limited link response is achieved. This technique 

compensates the distortion in the system at the receiver side, which is known as the 

post-compensation scheme. This technique makes the architecture of the transmitter 

simple but makes the receiver complicated because two MZI and a fibre delay line 

are used to achieve the right phase shift for the cancellation of IMD3. This scheme 

does not suppress the even-order distortions, which can be a limiting factor on the 

system bandwidth. The architecture of the scheme is shown in Figure 2.17. 
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Figure 2.17: Linearised MPL proposed scheme based on two MZIs [67] 

In [69], a technique based on a double sideband-suppressed carrier (DSBSC) and 

coherent, balanced detection, by using a dual-drive DEMZM is presented. The 

configuration uses two optical paths; one for a modulated optical signal and the other 

for an unmodulated optical carrier. A polarisation combiner combines both paths and 

then transmits through an optical wireless communication link towards the receiver. 

It is to be noted that both modulated and unmodulated signal is kept orthogonally 

polarised from each other. At the receiver, a balanced photodetector (BPD) is used 

that suppresses the IMD3 and the amplified spontaneous emission (ASE) noise. It 

reports suppression of IMD3 by up to approximately 46dB and a signal-to-noise ratio 

of 34.4dB. However, the system does not incorporate the even-order distortions, 

which can be a limiting factor of this system. An analogue photonic link uses 

addition polarisation devices (polarisation combiner, polarisation splitter and linear 

polarisers) that needs a precise alignment of the polarisation. It is complicated to 

align the polarisation states of the double sideband-suppress carrier signal (DSB-SC) 

and the unmodulated optical carrier (OC), especially when they are transmitting 

through an optical wireless link over a long distance.  The architecture of the scheme 

is displayed in Figure 2.18.  

In [70], an OSSB modulation link based on a DEMZM is reported, which reduced 

the effect of chromatic dispersion in the fibre and improved the system’s dynamic 

range [71]. Like [69], a light beam is split into two optical paths; one gets modulated 
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by DEMZM and the other gets phase shifted by an optical phase shifter. Both beams 

are re-joined before detection to eliminate the IMD3, IMD2, and second-order 

harmonic (SHD). The reported Signal to interference ratio (S/I) is limited up to 55dB, 

and an SFDR for IMD3 is approximately 130dB at a bandwidth of 1Hz. Although 

the elimination of IMD2 was shown theoretically, the simulation or experimental 

performance analysis on IMD2 was missing in the article, which raises concern about 

it being sensitive to optical phase shift or modulation index. 

 

Figure 2.18: Linearised APL Architecture by using DD-MZM [69] 

In [72], a single MZM is used to modulate an RF signal over a polarised optical 

beam. The MZM has two optical outputs, which are controlled individually by 

polarisers and then both beams are combined by a polarisation beam combiner, 

which effectively alter the angle of third-order intermodulation distortion, and upon 

detection, both polarisation states of IMD3 gets cancelled. Consequently, IMD3 is 

significantly suppressed. It is noticed that the suppression of IMD3 relies on very 

stable polarisation control, which is hard to achieve on a manual polarisation 

controller. The schematic of the linearisation technique is shown in Figure 2.19. 
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Figure 2.19: Linearised APL using Dual output MZM: LD, laser diode; PC, 

polarisation controller; PBC, Polarisation Beam combiner; PD, Photodiode [72] 

In [73, 74], a sub-octave linearisation technique for the compensation of 

nonlinearities in the APL is reported. The configuration is based on a single DEMZM 

with an optical pulse shaper that acts as a compensation tool. Optical pulse shaper 

selectively modifies the phase and amplitude of the sidebands to effectively 

eliminates the IMD3 components. This compensation is named as a post-

compensation technique, which optically processes the modulated signal for IMD 

suppression. The system reports a signal-to-interference ratio (S/I) of around 75dB, 

and SFDR of 124.8dB at 1Hz bandwidth. The technique being highly efficient also 

poses some limitations such as complexity due to the requirement for an optical pulse 

shaping technique, and the system is restricted to only sub-octave bandwidth. 

Similarly, in [75], optical carrier band processing technique is analysed. It illustrates 

the suppression of the IMD3 by adjusting the phase of an optical carrier. The 

achieved fundamental to IMD ratio was 64.3dB, however this scheme is only limited 

to the sub-octave bandwidth systems. 

2.8.2 Schemes based on Dual Parallel Mach Zehnder Modulator  

A Dual-parallel Mach Zehnder (DPMZM) modulator has been built on a similar 

principle to an MZM. DPMZM comprises two parallel aligned MZMs integrated on 

a single chip [76]. This new configuration provides better control over the modulated 

frequency components compared to the MZM modulation. There have been various 
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linearisation techniques reported in the past, which are based on DPMZM. In [77], a 

Symmetrical Single Sideband (SSB) is realised by using multiple RF phase shifters 

and Dual-drive dual-parallel MZMs. The results show that the IMD3 is suppressed 

by approximately 30dB and the SFDR is improved by 12dB. However, in such 

systems, it is critical to realise the RF phase balance accurately, and any such 

imbalances would deteriorate the IMD3 cancellation. It is well known that the 

electrical phase shifters possess a huge phase imbalance at high frequencies. Hence, 

the system’s best performance is limited to low frequencies. Similarly, in [78], a pre-

compensation linearisation technique has been used, which deploys multiple RF 

phase shifters and a dual-drive DPMZM. The modulator is configured to achieve a 

switching voltage of π and π/2 at upper MZM and lower MZM, respectively. Third-

order intermodulation distortion can be eliminated by using RF phase shifters and by 

controlling the bias voltages. An optical carrier suppression can be achieved on one 

of the sub-modulators without using any digital linearisation, optical processors and 

symmetrical single-sideband modulations. Quadrature modulation is achieved on the 

other sub-modulator by keeping the electrical signal on both electrodes the same. 

This technique measures the noise power density of -170 dBm/Hz, including both 

shot noise and thermal noise. An increase in SFDR of 11.2dB as compared to that of 

conventional techniques (single Intensity Modulation technique), which is 

105.6dB.Hz2/3. Also, the IMD3 suppression is increased by 45dB. The block diagram 

of this model is shown in Figure 2.20.  
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Figure 2.20: Architecture of a two-tone transmitter based on DP-MZM [78] 

In [79], a theoretically proved scheme based on a dual-parallel Mach-Zehnder 

modulator and coherent detection is proposed. An arithmetical analysis of the design 

proves that the IMD3 can be suppressed and the SFDR for fifth-order of 144dB.Hz4/5 

can be predicted by simultaneously optimising the input optical power split ratio, 

output optical power split ratio and electrical signal power ratio. It limits the shot-

noise, which makes it reliable. However, it is very complicated to realise accurate 

splitting ratios, as it needs a specific optical power splitting ratio combined with 

electrical splitting ratio. In [80], a linearised DP-MZM based on the electro-optic 

polymer is fabricated and used to suppress the third-order intermodulation distortion. 

This new DP-MZM is used with two parallel MZMs of unbalanced input and output 

couplers and a phase shifter on the output of one MZM. The optical power and a 

modulation depth of each MZMs are configured differently from each other, so that 

at the output when both have the same amplitude but one with an 180o shift, are 

combined, a reduction of IMD3 below the noise floor is observed. The two-tones 

after modulation also incorporate a reduction in power of 10dB, also with the 

suppression of IMD3, IMD5 becomes a limiting product. The specific power 

splitting ratio combined with the electrical splitting ratio is difficult to achieve a 
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certain splitting ratio. This configuration is based on [79], and the structure is shown 

in Figure 2.21. 

 

Figure 2.21: Linearised DPMZM with electro-optic polymer material [80] 

In [81], a linearised radio over fibre system is proposed. This linearisation technique 

is based on a single-drive dual parallel Mach-Zehnder modulator, where RF signals 

are driven on only one sub-MZM of a DPMZM. On the other sub-MZM, no driving 

signal is applied, and the optical carrier is traversed unmodulated. The third-order 

intermodulation (IMD3) produced from the sub- modulators are opposite in phase 

and same in intensity that results in the cancellation of each other output and a highly 

suppressed IMD3 was achieved. An SFDR of 122.9dB.Hz2/3 is achieved, which is 

20dB more than a conventional MZM. However, the drawback of this schemes is 

that it is limited to low modulation depth, as for high RF modulation depth, the 

higher-order optical sidebands increase, which would also introduce IMD3. Also, 

not the all-optical sidebands are considered here, so the third-order intermodulation 

is limited. The design of this modulation scheme in the transmitter of the system can 

be seen in Figure 2.22. 
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Figure 2.22: Design of linearised transmitter with single drive dual parallel MZM 

[81] 

Unlike the former mentioned linearisation techniques, [82] is a multi-octave 

bandwidth APL system, which employs a pre-distortion compensation method. The 

configuration of the technique is based on a polarisation-multiplexing dual parallel 

Mach Zehnder modulator (PM-DPMZM) and a single photodetector. The operating 

conditions of the sub-MZM are altered to achieve a required modulation. 

Additionally, a polarisation rotator is integrated into an output arm of sub-DPMZM, 

which sets the modulated signal to the orthogonal state compared with the output 

signal of upper sub-DPMZM. Both optical outputs are combined and detected by a 

photodetector. Consequently, the second-order and third-order distortion products 

are suppressed effectively. The reported SFDR performance improves by 12dB, and 

the fundamental to interference ratio of up to 55dB was achieved. Similarly, in [83], 

an improvement in SFDR of ~18dB is shown. Considering it a simple technique, yet 

incur huge losses due to multiple DPMZM configuration, and maintaining the 

modulator bias condition and polarisation condition are difficult to realise. Hence, 

the linearisation technique is not very reliable for a harsh environment, such as 

military and defence applications. The schematic diagram of the model is illustrated 

in Figure 2.23. 
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Figure 2.23: Schematic diagram of a linearisation technique based on PM-DPMZM 

[82] 

In [84], a multi-octave linearized APL is based on a polarisation division 

multiplexing dual parallel Mach Zehnder modulator (PDM-DPMZM) and a 

balanced photodetector (BPD). The laser light is split into X- and Y-polarisation 

states inside a PDM-DPMZM, where upper sub-DPMZM modulates X-polarity and 

lower sub-DPMZM modulates Y-polarity. RF signals are modulated on both sub-

DPMZMs and then at the output of PDM-DPMZM, a polarisation beam splitter is 

used to split apart the X- and Y-polarities. These orthogonal light beams are then 

detected by a BPD to cancel the second-order distortion products (SHD, IMD2). 

Subsequently, IMD3 is also significantly suppressed. Due to the balanced 

photodetector, the noise floor is lowered to -170dBm/Hz and the third-order SFDR 

is effectively improved to 123.9dB at 1Hz bandwidth. It is reported that system 

performance is frequency limited and at higher microwave signal the dynamic range 

starts to deteriorate. The block diagram is shown in Figure 2.24. 
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Figure 2.24: Linearisation technique based on a PDM-DPMZM and a balanced 

photodetector [84] 

2.9  Linearisation techniques for Microwave Photonic 

Mixers 

One of the key features of an analogue photonic link is frequency mixing for up-

conversion or down-conversion. Since most of the RF antennas operate on 

microwave or millimetre wave frequencies, so these transmitted or received signals 

are processed digitally, and it needs an analogue-to-digital converter (ADC) [85-87]. 

Therefore, microwave photonic mixers are designed to down-convert or up-convert 

the signals. Mixers are generally restricted in terms of bandwidth such as for down-

conversion normally the bandwidth is up to 2GHz. So, it is crucial to realise a 

linearised mixer for such a narrow bandwidth. Mixers have great use in the analogue 

photonic systems like mobile communication systems, phased array antennas and 

electronic warfare (EW) receivers [88-91]. Conventionally used electronic mixers 

are based on diodes or active transistors, and they require high power for a high 

SFDR. Electronic mixers are naturally lossy, and they have a poor RF-port to LO-

port isolation, which effectively causes much interference in the baseband or 
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reference signal bandwidth. Microwave photonic mixers overcome the issues posed 

by a conventional electronic mixer. Previously the photonic mixing techniques were 

based on cascade modulation link [85, 92, 93], phase modulation link [94], and dual 

parallel modulation link. It has been observed that most of the techniques used for 

the suppression of XMD and IMD are based on a cascade link. The cascade links has 

been vigorously explored as compared to other links due its few advantages like 

infinite RF to LO port isolation and capability of remotely located LO link. However, 

the DPMZM links produces high conversion efficiency and low system noises. So 

far, the compensation techniques have only been developed to eliminate the third-

order intermodulation distortions (produced from a beating between LO and an RF 

signal). However, to the best of our knowledge, not much literature has been 

published on the elimination of second-order intermodulation distortions (beating 

between two or more input RF signals, also known as Cross modulation distortion 

(XMD)) in a photonic mixer. 

2.9.1 Scheme based on Cascade modulation link 

The cascade modulation schemes for a photonic mixer was first proposed by using 

two Mach Zehnder Interferometric modulators in series [93, 95]. RF signal was 

modulated in one interferometric modulator, and the LO signal was modulated in 

another, which makes the RF to LO port isolation infinite. Further, the 

intermodulation distortions were removed by biasing the modulators at a quadrature 

operating point, but consequently, the IF becomes equal to the LO. Nevertheless, the 

dynamic range is entirely dependent on the modulator’s bias condition, which is 

generally very unstable in Lithium niobite modulators. Therefore, the ratio of output 

Intermediate Frequency (IF) power to the input RF power is affected, which is also 

known as conversion efficiency. The schematic of the cascade structure is shown in 

Figure 2.25. 
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Figure 2.25: Microwave Photonic mixer based on a cascade modulation link [93] 

Many techniques have been applied for the improvement of the conversion 

efficiency in the mixer based on a cascade electro-optic modulation. In [85, 96], an 

overdriven modulator is used in a series with another modulator to achieve a 

frequency mixing of conversion losses less than 5dB. Although it improves the 

conversion efficiency, it also increases the system nonlinearities. A mixer limited to 

system nonlinearities suffer from limited dynamic range and poor bandwidth 

efficiency. The modulator bias points were set to quadrature [85] and minimum [96]. 

Similarly, in [97], a cascade structure is used, but instead of operating the LO 

modulator at quadrature, it was biased at a maximum operating point. As a result, 

the LO frequency was eliminated, and twice the LO frequency (2LO) appears at the 

output, which is equal to the amplitude of IF. It is observed that all the techniques 

mentioned above for cascade photonic mixer are mainly focused on improving the 

conversion efficiency while ignoring the nonlinear distortions and the noise 

contributions. Therefore, a low biasing optical modulator technique is developed to 

circumvent the intermodulation distortion issue [98]. 

2.9.2 Scheme based on Dual Parallel modulation link 

Microwave Photonic Mixers (MPM) has been developed based on various 

modulation techniques. Out of all, a mixer with dual parallel Mach Zehnder 

Modulator has been considered the most reliable and with better conversion 
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efficiency [99]. An additional feature of cascade mixers is that the modulators in 

series can easily be located remotely, whereas with parallel configured modulators 

it is difficult to locate each MZM remotely. In [100], two electro-optic modulators 

are placed in parallel, and the output from each modulator traversed to each diode of 

BPD. Note that the LO and RF signals are modulated at both modulators, and both 

modulators are set to bias at a minimum operating point. Consequently, the IMD3 

terms are cancelled out at the output of BPD. The limitation of this scheme involves 

a precise RF and LO splitting ratio, which is difficult to achieve. Likewise, in [101], 

a dual parallel MZM structure with an additional integrated optical phase shifter is 

presented as shown in Figure 2.26. The optical phase shifter is configured to achieve 

a 180º, which subsequently, eliminates the optical carrier on combining the output 

of each MZM. Suppressing the optical carrier improves the conversion efficiency 

and the IF-to-RF suppression ratio and IF-to-LO suppression ratio can be maximised. 

The limitation to this model is that the dynamic range of IF is restricted by the 

intermodulation distortions, and in case of multiple input RF signals, the 

performance becomes worse due to IMDs and the Cross-modulation Distortions 

(XMD). 

  

Figure 2.26: Schematic diagram of a photonic mixer based on DPMZM [101] 
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2.9.3 Scheme based on a single dual-drive MZM 

The recent study includes the use of dual-drive Mach Zehnder modulators 

(DDMZM) for the down-conversion or up-conversion purpose. DDMZM uses two-

phase modulators in parallel, where LO and RF signals can be independently 

modulated on each arm of DDMZM [102-104]. The advantage of this design over 

other designs is a compact size and low cost [95]. In [102], an Opto-electro oscillator 

is created from an inserted RF signal, and both RF signal and oscillator signal mix 

together to down-convert the RF to IF at the output. This configuration drives the 

modulator at a minimum operating point to suppress the optical carrier and enhance 

the conversion efficiency. Regardless, the suppression of an optical carrier in a single 

DDMZM is not great and limited due to extinction ratio mismatch of the upper and 

lower arm of the DDMZM. Another technique has been reported to suppress the 

optical carrier in a single DDMZM photonic mixer, which is by adopting an optical 

circulator and FBG in the system [103]. Mixing of multiple LO signals with the 

multiple Microwave signals for down-conversion has also been carried out on a 

single DDMZM, but it requires an additional bandpass filter (BPF) to pass only 

frequency band of 12 GHz to 25 GHz [104]. All the single DDMZM based 

techniques have one common drawback, which is the both LO and RF modulations 

happen at a single place, and both cannot be separated or remotely located. 

Additionally, these techniques report a high conversion loss compared to techniques 

based on a DPMZM. 

2.9.4 Schemes for the suppression of cross-modulation and 

intermodulation distortions in a photonic mixer 

In a photonic mixer, multiple RF tones are usually down-converted or up-converted 

simultaneously, which consequently, produces a lot of intermodulation distortion 

(IMD) and cross-modulation distortion (XMD). It is crucial for the mixer to 

minimise the distortions as much as possible so that the performance of an 
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Intermediate Frequency (IF) would not be affected while digitally processing it. 

Previous literature lacks in reporting linearisation techniques for the simultaneous 

suppression of XMD and IMD. Some techniques have been reported, but they rely 

on a post-compensation method, which means the nonlinear IF signal is linearized 

by using a digital linearisation algorithm [105-108]. It should be stated that utilising 

a digital method of linearising a mixer has many implications such as restricted 

bandwidth, and high losses. In [105], a cascade mixing technique is presented, where 

multiple RF signals are modulated at first Mach Zehnder modulator and the LO 

signal is modulated at the second Mach Zehnder modulator. After the detection of a 

down-converted signal, the IF signal is processed through an ADC and then a Digital 

Signal Processing (DSP) module. In the DSP module, an algorithm is first designed 

to eliminate the XMD and then the processed signal is compensated for IMD3. It is 

noted that the use of a DSP module in a photonic mixer makes the system 

complicated and limit the performance in a high-fidelity RF link. The block diagram 

of the DSP module can be seen in Figure 2.27. Another cascade mixer [109], reports 

two-tone down-conversion based on optical waveshaper and BPD. This model also 

relies on a DSP module for IMD3 removal, but it does not eliminate the beat 

frequencies from Two-tone RF signal. 

 

Figure 2.27: DSP module for the linearisation of a multi-tone Mixer [105] 
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Similarly, in [110], modulators in series are connected to multiply the modulated RF 

signals with the modulated LO signal. The resultant optical signal is transmitted 

through a circulator, which direct light-to-Fibre Bragg grating (FBG), and a reflected 

optical signal from FBG is directed to the lower input of a balanced photodetector 

(BPD). The reflected signal and the transmitted signal from FBG get detected by 

BPD. Hence the intermodulation distortions are removed, and the gain in IF power 

of around 13dB is reported. However, the scheme does not report elimination of 

XMD, which is critical for the linearisation of a multi-tone down-conversion. The 

schematic of the linearised mixer can be seen in Figure 2.28. 

 

Figure 2.28: linearised cascade mixer based on FBG [110] 

 

 

2.10  Summary 
 

This chapter has presented a detailed overview of the research including the 

background of the radio over fibre (RoF) system, and the existing techniques for the 

linearisation of analogue photonic links. The cause of degradation in RoF system 

performance has been discussed, which includes the optical fibre dispersion, electro-

optic modulator distortion. As discussed in the previous chapter, the focus of this 

research is to investigate the distortion products generated in the EO modulator. 

Hence, the existing linearisation techniques have been analysed and 

comprehensively discussed. It has been observed that most recent techniques involve 
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dual-parallel Mach Zehnder modulator and quad-parallel Mach Zehnder modulator, 

which gives a better control over the electro-optic modulation process and help 

reduce some of the distortion products. It has also been noticed that various 

linearisation techniques incorporate the balanced photodetector at the receiver end 

for the reduction of noise and even-order distortion products. Furthermore, the 

linearisation techniques for the microwave frequency mixer has also been explored. 

Understanding the importance of microwave frequency mixers in the RoF system, 

the linearisation techniques have also been discussed. A significant amount of work 

has been performed on microwave frequency mixers. Currently, electrical mixers 

have been used in the telecommunication sector. But electrical mixers have many 

limitations such as poor RF port to LO port isolation, limited bandwidth and IF-to-

RF ratio. Conversely, Microwave photonic mixers (MPM) have a great potential to 

overcome these issues. The MPM techniques discussed in this chapter includes 

Cascade modulation link, dual-parallel modulation link, and single dual-drive Mach 

Zehnder modulator link. It has been shown that the techniques based on DPMZM 

have better conversion efficiency and dynamic range compared to the other reported 

techniques. Moreover, these techniques have also been explored for simultaneous 

multiple frequencies conversion, which results in large amount of distortion products 

with an IF signal. 
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Chapter 3 

3. Proposed Analogue Microwave Photonic Link 

with Eliminated Even-Order Distortions 

 

3.1  Introduction 

This chapter presents a proposed linearisation technique for the optimisation of 

Signal to Interference Ratio (S/I) and spurious-free dynamic range (SFDR). The 

technique is mainly applicable in optical links like Receive Optical Links (ROL), 

which is why the configuration is implemented to demonstrate the performance for 

a single RF channel as well as dual-RF channels. Section 3.2 discusses the 

linearisation technique for single RF channel, whereas section 3.3, integrate the same 

linearisation technique for the Dual RF channel in an analogue microwave photonic 

link (AMPL). Analogue Microwave Photonic links (AMPLs) deploying external 

modulators offer great advantages for transmission of microwave signals due to their 

inherent high bandwidth, high dynamic range, reliability, and immunity to 

electromagnetic interference [111-113]. AMPLs have great importance in the 

telecommunication and defence sectors, where they are used for specific applications 

such as antenna remoting, radar detection, satellite communications, signal 

generation, and electronic warfare systems [19-21]. In such AMPLs, it is essential to 

channelise the Radio Frequencies (RF) in order to enable the high-resolution 

monitoring process [51]. Modulation performance of multiple RF signals over an 

optical carrier experience some limitations due to the Intermodulation and Cross 

Modulation generated by the nonlinearities occurring in optical devices such as 

Mach-Zehnder Modulator. Among these nonlinearities is the nonlinearity of the 

intensity modulators, which generates multiple harmonic frequencies and distortion 
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products. Second- and Third-order Harmonic Distortions (SHD and THD), and 

Second- and Third-order Intermodulation Distortions (IMD2 and IMD3) are the 

main limitations of the Spurious-free Dynamic Range (SFDR). The SFDR 

performance for second-order intermodulation distortion (SFDR2) and third-order 

intermodulation distortion (SFDR3) are presented in this chapter. To the best of our 

knowledge, few efforts have been carried out on the multi-octave APL systems as 

compared to the sub-octave systems. It should also be stated that dual RF channel 

APL links have not been previously fully explored for performance analysis. We 

believe that the dual RF channel would have major valuable applications, such as 

antenna remoting [114]. Antenna Remoting is highly desirable in the military 

applications, such as, one antenna is located at an avionic bay in the aircraft and other 

antenna is located at the wing of the aircraft. The modulation can happen at the 

antennas for better performance, instead of linking the antennas with the modulation 

unit through a cable. 

3.2  Single RF Channel in AMPL 

The proposed system configuration is based on two independent GaAs DPMZMs. 

GaAs modulators have many benefits over LiNbO3 modulators, such as they are 

thermally stable and operate over a broad range of temperatures without causing any 

bias-point drift [115, 116]. These intrinsic properties of GaAs modulators make them 

highly suitable for the harsh operating environment in terms of thermal stability, 

power-handling, radiation resistance, and longevity for aerospace, defence, and 

satellite-to-ground downlink communication systems. Two microwave phase 

shifters are deployed to induce a phase difference of 180° between the electrical input 

of the two DPMZMs. By inducing RF phase difference and controlling DC bias of 

DPMZMs, the optical carrier is highly suppressed. The suppression of the optical 

carrier is a key to improve the system performance and to reduce the effect of the 

fibre nonlinearities [117]. It is also worth stating that the optical carrier plays a vital 
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role in the detection of fundamental RF signals. Therefore, an unmodulated optical 

carrier is transmitted through a polarisation maintained optical fibre, and then it is 

combined with the modulated signal by using a 50/50 coupler. The optical output 

fields from the coupler are detected by a BPD, which resulted in the elimination of 

even-order distortions due to the differential configuration of the BPD. The 

performance of our proposed system is compared with the previously reported work 

[82, 84], which is based on a Polarisation-multiplexing dual-parallel Mach-Zehnder 

modulator (PM-DPMZM). We have developed and demonstrated an APL 

experimentally with significant system performance, namely 115dB.Hz1/2 and 

127dB.Hz2/3, compared to the APL system reported in [84], 95.5dB.Hz1/2 and 

123.9dB.Hz2/3, respectively.   

3.2.1 Mathematical model of distortion elimination 

 

 

Figure 3.1: Schematic diagram of the proposed linearisation scheme with two input 

frequencies. OC: Optical Coupler; EDFA: Erbium-doped fibre amplifier; PD: 

Photodiode; BPD: Balanced Photodetector. 

The schematic diagram of the proposed linearised multi-octave system is illustrated 

in Figure 3.1. The modulation section of the system comprises of two Dual-Parallel 

Mach Zehnder Modulators (DPMZM), which is named as Double Dual-Parallel 

Mach Zehnder Modulator (D-DPMZM). The transmitted light from the laser is 

equally (50:50) split into; 50% is fed to the inputs of D-DPMZM, and the other 50% 
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is transmitted to the receiver-end over an optical fibre, which is then coupled with a 

reference modulated signal before being detected by the BPD. Ec denotes the light 

beam, with its angular frequency of ωc. Two input RF signals are combined and then 

equally split. Each DPMZM has two sub-MZMs that are fed with two-tone signals, 

and the input to both the sub-MZMs has a phase difference of 180°, as it is shown in 

Figure 3.1. A 180° phase shifter is used because both RF ports of the DPMZM are 

injected with the same signals, it would be logical to have those 180° out of phase 

so that the fundamental sidebands do not cancel out at the parent MZM (MZM13, 

MZM23) due to the destructive interference. RF1 and RF2 represent the two-tone RF 

signals, and their angular frequency is denoted as ω1 and ω2, respectively. The RF 

phase shift and the modulator’s operating points contribute to suppressing the optical 

carrier. An external DC bias (Vbias) is used to control the operating points of each 

sub-MZM (MZMij; i =1, 2; j = 1, 2, 3) in order to achieve maximum suppression of 

an optical carrier and even-order distortions. The transfer function at the output of 

DPMZM1 and DPMZM2 can be expressed as [82]; 

13

1

11 12( ) ( )
( ) cos cos .

2 2
cj t j

DPMZM c

t t
E t E e e

      
= +    

    
            (3.1) 
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2 2
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t t
E t E e e

      
= +    

    
 (3.2) 

The transfer function of a phase change ( )ji t in each MZMij can be further 

simplified by evaluating equation (3.1) and (3.2), which is caused by a modulating 

voltage of RF signal and a DC bias, can be represented as; 
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In equation (3.3), the phase difference caused by DC bias and the input RF signals 
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are described by /biasijij iV V = , and ( )mi t  (i = 1, 2; j = 1, 2, 3), respectively. 

Similarly, ' ( )mi t  it represents the input RF signals with a 180° of phase shift, 

which is induced by an external RF phase shifter. The transfer function of these phase 

change caused by modulating voltages can be expressed as below;  
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     (3.4) 

The optical fields of DPMZM1 and DPMZM2 are combined to obtain the transfer 

function of the D-DPMZM. 

1 2( ) ( ) ( ).D DPMZM DPMZM DPMZME t E t E t− = +   (3.5) 

Assuming ij = ; (i = 1, 2; j = 1, 2, 3), equation (3.5) can be further simplified 

to achieve an optical spectrum with carrier suppression. The carrier suppressed 

modulated signal is transmitted through an optical fibre to avoid power fading and 

fibre dispersions. However, later an optical carrier through another fibre cable is re-

inserted at the receiver. The phase change 13  and 23  are set to π. Hence, equation 

(3.5) can be re-written as below; 
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At the receiver, the optical carrier signal ( ( ) L
L L

j t
E t E e


= ) is directly combined 
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with a carrier-suppressed modulated signal by using an optical coupler. A 

photodiode must have an optical carrier with its sideband signals to retrieve the 

fundamental frequencies (RF1 and RF2) [77]. The two output optical fields from the 

coupler and can be expressed [116]; 

1

2

( ) ( ) ( )1
.

( ) ( ) ( )2

D DPMZM L

D DPMZM L

E t E t E t

E t E t E t

−

−

+   
=   

−   

   (3.7) 

The photocurrent IBPD(t) of the balanced photodetector can be determined by 

substituting output fields of the coupler into the following: 

1 1 2 2( ) ( ). ( ) ( ). ( )BPDI t E t E t E t E t  =  −    (3.8) 

Where,  is the responsivity of the photodetector, 1
*

( )E t  and 2
* ( )E t  are the 

conjugates of the actual transfer functions, and both fields are subtracted due to a 

different configuration of the BPD. By substituting equations (3.4), (3.6) and (3.7), 

to equation (3.8), it can be rewritten as; 

1( )
( ) 4 cos(( ) ) 4sin

2

m
BPD C L C L

t
I t E E t


 

  
= − −  

  
        (3.9) 

The unmodulated carrier wavelength is represented as ωL, and the modulated 

carrier wavelength is denoted as ωC. Since a single wavelength laser source is used 

in the proposed system, ωL and ωC are equal (same wavelength). Also, by substituting 

1( )m t  into equation (3.9), the photocurrent can be expressed as; 

1 2cos( ) cos( )
( ) 4 sin

2

m m
BPD L C

m t m t
I t E E

  + 
= −   

  
  (3.10) 

By applying the Jacobi-Anger Expansion in equation (3.10), the high order Bessel 

functions can be expanded to investigate the beating of different frequency 

components as shown below; 
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By expanding equation (3.11), and claiming that p≠q to satisfy the conditions for 

the elimination of IMD2 and SHD; 
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In equation (3.12), the jth order represents the higher order of frequencies. It can 

be observed that IMD2 and SHD do not exist and are eliminated at the Balanced 

Photodetector (BDP). However, theoretically, IMD3s still exist but are greatly 

suppressed, which results in a higher SFDR and Fundamental signal-to-interference 

ratio (S/I). 

3.2.2 Experimental Results and Discussion 

The proposed APL system configuration illustrated in Figure 3.1 is now 

implemented experimentally, as shown in Figure 3.2. The experimental setup of the 

proposed AMPL uses PM fibres and fibre-components, such as Laser source, EDFA, 

Optical couplers, Modulators, and Optical patch cables. The use of PM fibres in the 

set up contributes to enhancing the system stability in contrast with the use of Single-

mode (SM) fibres. A Distributed Feedback Laser source with the following 

specifications is used; (Gooch & Housego, EM650-193400-100-PM900-FCA-NA), 

centre wavelength 1550nm with an optical output power of 20dBm and Relative 

Intensity Noise (RIN) of -155dBm/Hz. The RF signals are modulated by two 

independent GaAs DPMZMs (Axenic, aXMD2050, and aXSD2125), which has an 
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RF half-wave voltage of 3V and 4.2V and a bandwidth of up to 50GHz. The two-

tone RF signals (ω1 = 5GHz and ω2 = 5.0005GHz) at an amplitude of 6dBm are 

generated from the Signal Generators (R&S, SMA100A, and SMF100A). It should 

be stated that the RF signals are combined and split by power dividers (Marki 

Microwave, PD-0R618), and each electrical input of the DPMZM is phase-shifted 

at 180°, by using Microwave Hybrid couplers (RF Lambda, RFHB02G18GPI). After 

processing through these electrical components, the RF signals, become lossy and 

weak, and the actual incident power of RF signals on the modulator electrodes is 

measured to be around -2dBm. The optical output of both DPMZMs is coupled by 

using a 50:50 Polarisation Maintained (PM) optical coupler, where the resultant 

output is amplified by 20dB with an Erbium-doped fibre amplifier (EDFA) 

(Thorlabs, EDFA100P). The amplified optical field is finally coupled with an optical 

carrier from the original laser source. The optical carrier is transmitted through a 5-

meter PM optical fibre, and then it is combined to an amplified modulated signal 

with a 50:50 optical coupler.  

 

Figure 3.2: Experimental Setup of the proposed scheme in our Microwave Photonics 

lab. 
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The two optical fields from the coupler are then injected into the inputs of BPD 

(Finisar, BPDV2120R-VM-FP), where the detector is biased to function as a 

differential balanced detector. The first and second diodes of the BPD have a 

responsivity of 0.60A/W and 0.63A/W, respectively. It should be stated that the 

intrinsic property of BPD also helps in reducing the amplified spontaneous emission 

(ASE) and relative intensity noise (RIN) from the laser [119]. It is also well known 

that the increase in laser power increases the RIN, which results in the degradation 

of Signal-to-Noise Ratio (SNR). However, this degradation in SNR can be avoided 

by using the differential balanced detector. These benefits of the balanced detector 

over a single direct photodetector makes it suitable for the proposed scheme [120].  

The electrical output of the BPD is analysed by an Electrical Spectrum Analyzer 

ESA (R&S, FSL 18). This experiment is developed by deploying components with 

Polarisation Maintained (PM) fibre pigtails and connectors, which obviate the need 

for any manually or electronically controlled polarisation controllers. It should also 

be stated that a perfect common-mode rejection ratio (CMRR) is achieved when both 

diodes of the BPD have identical responsivity. But, due to fabrication disorder, it is 

difficult to achieve ideal responsivity. Therefore, the effect of responsivity error 

between two diodes has been analysed in Figure 3.3, also the effect of optical 

attenuator has been observed on the correction of responsivity error. Responsivity 

Error is defined here as the difference between the responsivity value of both diodes. 

From Figure 3.3, the suppression of IMD2 is -86dBm at zero Responsivity Error 

(RE). On the other hand, an optical attenuator is used to overcome the RE, and it can 

be seen from the Figure 3.3 (grey line), that optical attenuation is linearly altered to 

with reference to the Responsivity Error. This change in optical attenuation with 

reference to RE, maintains the suppression of IMD2 to -86dBm. 
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Figure 3.3: Effect of Responsivity Error on the suppression of IMD2 (Black Line) 

and its correction (Grey line) 

Both independent DPMZMs are externally biased by DC supplies to suppress the 

optical carrier, as it is shown in Figure 3.4. The optical spectrum is observed by using 

an Optical spectrum Analyzer (ID Photonics OSA). The nulling of the optical carrier 

is achieved by biasing the sub-MZMs that include a parent sub-MZM of each 

DPMZM, to a Vπ, and by applying a 180° RF phase shifter to accomplish a phase 

difference of π between the two input electrical ports of each DPMZM.  Figure 3.4 

(a) shows an output of DPMZM1 with the maximum suppression of optical carrier 

at a level of -63dBm, whereas Figure 3.4 (b) shows the output spectrum of the 

DPMZM2, and it depicts the suppression of OC to -66dBm. The difference in the 

optical power of carrier from both the modulators is 3dB, which is because both 

devices are not 100% identical, and due to this reason, upon a combination of their 

output, an increment in the optical carrier peak power can be noticed as shown in 

Figure 3.4 (c). The Upper sidebands (USB) and Lower sidebands (LSB), shown in 

Figure 3.4, are the modulated RF signals, which are the addition and subtraction from 

the carrier frequency (ωc). It should be stated that external DC bias sources are used 
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to control the modulators operating point, and it is observed that the bias-point of the 

modulators do not drift over a long period. This validates the properties of the GaAs, 

as mentioned in Walker’s article [115]. As previously mentioned, the suppression of 

optical carrier helps in limiting the dispersions of an optical signal caused by the 

nonlinearity of fibre.  
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Figure 3.4: Measured Optical spectrum of the proposed structure illustrates the 

highly suppressed carrier (a) Optical spectrum from DPMZM1 (b) Optical Spectrum 

from DPMZM2 (c) Combined Optical Spectrum of DPMZM1 and DPMZM2. 
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Throughout the experiment, it is noticed that the Extinction Ratio (ER) of each sub-

MZM of the DPMZM is not identical, due to this difference in ER, the maximum 

suppression of optical carrier cannot be achieved. Therefore, we explored the sub-

MZM imbalance in the DPMZM by using the VPI simulation model, where we 

found that the maximum suppression in the optical carrier and second-order 

distortions can only be achieved when the MZM imbalance is zero, as it is shown in 

Figure 3.5. It also illustrates that in a DPMZM, when sub-MZMs are biased to 

operate at a Null point, then the phase relation between the optical carrier and 
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in the ER of sub-MZMs is 3.3dB, which cannot be externally corrected, and it 

requires an internal monolithic optical attenuator.  

 

Figure 3.5: Sub-MZM imbalance analysis based on a simulation model 

3.2.2.2 Signal to Interference Ratio analysis 

The output of the modulator is amplified by using EDFA, and it is adjusted to limit 

the incident power on the photodiode to 8dBm. The light beam from the laser source 

is propagating through ~5 meters of PM optical fibre, and it is coupled with the 

reference modulated signal for the photodetector to retrieve the fundamental RF 

signals with high efficiency. Both optical fields from the coupler are detected at the 

BPD, where the differential configuration of the BPD cancels out the even-order 

distortions (SHD and IMD2). Nevertheless, it should be stated that due to the 

limitations posed by the components, a complete cancellation of the even-order 

harmonics is practically impossible. Hence, in Figure 3.6 (b) IMD2 (10.0005GHz) 

and SHD (10GHz & 10.001GHz) still exist, but their peak power is around 5dB 

lower compared to the performances reported in the literature [82].  
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Figure 3.6: Measured Electrical Spectrum at the output of BPD (a) Spectrum with 

Fundamental frequencies and IMD3 (b) Spectrum with Even-Order Distortions (c) 

Spectrum showing fundamental signals and IMD2s. 
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Concurrently, improvements in the Fundamental Signal-to-interference ratio (S/I) 

are measured and illustrated in Figure 3.6 (a), which demonstrates that the IMD3s 

(4.9995GHz & 5.001GHz) are below the noise floor, at a level of -90dBm, with a 

measured S/I of 60dB. However, this performance can be further 10dB improved by 

increasing the input RF power. 

Figure 3.6 (c) shows a multi-octave RF spectrum in a range of 4GHz to 11GHz, 

measured by ESA of a frequency range up to 18GHz. The notch in the spectrum on 

the surface of the noise floor at around 6GHz is due to an internal band filter of the 

ESA, which represents a particular band of the spectrum.  Even-order distortions are 

also shown close to the level of the noise floor, which proves that intermodulation 

distortions are very low. Therefore, it means that a clean multi-octave spectrum can 

be achieved, and substantially a bandwidth of the AMPL can be maximised.  

3.2.2.3 Modulation Index and SFDR analysis 

The performance of the proposed AMPL was analysed at varying modulation indices 

from 0 to 1. The modulation index is a ratio of a drive voltage and a half-wave 

voltage of the modulator. It is an important performance indicator for every 

modulation link, which identifies a linear working region of any modulator, where 

distortion is minimised. In Figure 3.7, the modulation index is varied, and S/I is 

measured. It is then compared with the previously reported literature based on PM-

DPMZM [82, 84]. It should be stated that the linear region of this system is between 

a modulation index of 0.05 and 0.2. After 0.2, the system performance starts to 

deteriorate and becomes limited by Intermodulation distortion. It is demonstrated 

that S/I of 75dB can be achieved at a modulation index of 0.12, which is 10dB higher 

than the PD-DPMZM based method, as shown in Figure 3.7. This performance factor 

indicates that our proposed and developed method is more robust to IMD3s and 

IMD2s and shows much better performances that any predecessor techniques 

reported in the literature, which makes it a highly efficient multi-octave system. 
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Figure 3.7: The Fundamental signal-to-interference ratio as a function of modulation 

index 

The SFDR performances for IMD3 and IMD2 are analysed by increasing the input 

RF power and measuring the changes in the fundamental frequency amplitudes, 

including measuring the third and second-order intermodulation’s amplitude at the 

output of the BPD. The noise level of the proposed system is mainly dependent on 

the shot noise and ASE noise contributions from the EDFA. However, the BPD 

reduces the RIN noise and ASE noise, which substantially decreases the noise floor 

to -170dBm/Hz. The path length of both the optical inputs of BPD is kept similar so 

that noise levels can be reduced, and SFDR performance can be enhanced [121].  

The reported values of SFDR2 and SFDR3 in [84] are 95.5dB.Hz1/2 and 

123.9dB.Hz2/3. From Figure 3.8, it can be seen that the IMD2 and IMD3 are 

increased by 19.5dB and 3.1dB, respectively. The performance of the proposed 

system is further analysed at different frequency ranges. In Figure 3.9, the Carrier-

to-Interference Ratio (CIR) has been investigated at a frequency range of 0.5GHz to 

20GHz. It is observed from the results that the performance of the system 

deteriorates at the higher frequencies.  

0

10

20

30

40

50

60

70

80

0 0.2 0.4 0.6 0.8 1

S
/I

 (
d

B
)

Modulation Index

Proposed D-DPMZM

Benchmark PM-DPMZM [82]

Benchmark PM-DPMZM [84]



 

 76 

 

 

Figure 3.8: SFDR performance analysis of IMD3 and IMD2. 

 

Figure 3.9: Performance of Single RF Channel AMPL at different frequencies. 
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using multiple input signals and reported a suppression in the cross-modulation 

distortion and intermodulation distortion. However, the proposed model does not 

contribute to the production of Cross Modulation distortion, which is why it is being 

benchmarked with a single channel modulation system to show a comparison in the 

suppression of intermodulation distortions and make the system multi-octave. The 

design is based on two independent GaAs dual-parallel Mach-Zehnder modulator 

(DPMZM) structure, which is used with microwave phase shifters to achieve the 

optical carrier suppression. GaAs modulators have many benefits over LiNbO3 

modulators, such as they are thermally stable and operate over a broad range of 

temperatures without causing any bias-point drift [115, 116]. These intrinsic 

properties of GaAs modulators make them highly suitable for the harsh operating 

environment in terms of thermal stability, power-handling, radiation resistance, and 

longevity for aerospace, defence, and satellite-to-ground downlink communication 

systems. The laser beam is split into two parallel polarisation-maintained paths; the 

first path includes the modulation link, and the second path consists of a Polarisation 

Maintained (PM) optical fibre. The modulated signal with a suppressed carrier is 

transmitted through the first path, and the optical carrier is traversed through the 

second path. Both paths are combined by using a 50/50 polarisation-maintained 

coupler. The resultant signal is converted by a balanced photodetector to recover the 

fundamental frequencies of both RF channels. The technique with suppressed optical 

carrier proves to be highly efficient as compared to the previously reported 

linearisation techniques, and consequently, a higher suppression of IMD3 is noticed. 

A Balanced Photodetector is configured to operate differentially, by applying 

oppositely charged voltage to each diode, and as a result, IMD2 and SHD are 

cancelled out. The use of two DPMZM in the proposed model offers an additional 

benefit of operating the link with remotely located RF antennas (RF Channels) [123]. 

Based on this proposed scheme, the nonlinearities of two RF channels are tested by 
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employing a two-tone test and compared the performance with a single RF channel 

scheme reported in [82]. 

3.3.1 Optical Carrier and Even order Harmonics Suppression 

In this section, a mathematical model of a proposed system is presented, and it is 

shown that an optical carrier and even-order harmonics are theoretically eliminated. 

At first, a single-tone signal is used in each RF channel to demonstrate the optical 

carrier suppression, as it is shown in Figure 3.10. The D-DPMZM consists of two 

Dual-Parallel MZMs (DPMZM), and each DPMZM is comprised of two sub-MZMs. 

RF1 in channel-1 and RF2 in channel-2 are used as an input RF signals to the 

DPMZM1 and DPMZM2, respectively, which are denoted as ω1 and ω2, 

correspondingly. 

 

Figure 3.10: Schematic diagram of the proposed Dual RF channel linearisation 

scheme with two input frequencies. 

The input RF signal to the upper and lower sub-MZMs of DPMZMi (i = 1, 2) has 

a phase difference of 180°, which is achieved by using an RF Phase Shifter. Each 

MZMij (i = 1, 2, j = 1, 2, 3) of DPMZMi (i = 1, 2) are bias controlled to set the 

operating point at NULL. It is well known that biasing the modulator electrodes to 

NULL operating point results in the suppression of optical carrier and even order 

harmonics. In our proposed model, the purpose of the RF phase shifters is to avoid 

the destructive interference of fundamental sidebands when DPMZMi (i = 1, 2) is 

LASER

PD

π 

PD

R
F

1

Fiber

Fiber

φ13

φ12

φ11

50:50

50:5050:50

50:50

MZM11

MZM12

OC
OC OC

OC

BPD

Optical

Electrical

R
F

2

MZM21

MZM22

π 

φ21

φ23

φ22

DPMZM1

DPMZM2



 

 79 

 

biased to Null. The transfer function of DPMZMi (i = 1, 2) is expressed in equations 

(3.1) and (3.2). 

To further simplify equations (3.1) and (3.2), a phase difference between the two 

arms of each MZMij is ∅𝑖𝑗 = 𝜋𝑉𝑏𝑖𝑎𝑠𝑖𝑗 𝑉𝜋𝑖⁄ , which is controlled by the DC bias 

voltage 𝑉𝑏𝑖𝑎𝑠𝑖𝑗 and the half-wave voltage 𝑉𝜋𝑖. Each MZMij is modulated by an RF 

signal 𝜔𝑚𝑖. The phase difference caused by a modulation voltage on MZMi1 of ith-

DPMZM is ∅𝑚𝑖
(𝑡) = 𝜋 𝑉𝑖 cos(𝜔𝑚𝑖

) 𝑉𝜋𝑖⁄ , and the phase difference on MZMi2 with 

an additional RF phase shift of 180° is ∅′𝑚𝑖
(𝑡) = 𝑚𝑖 cos(𝜔𝑚𝑖

𝑡 + 𝜋), where 𝑚𝑖 =

𝜋𝑉𝑖 𝑉𝜋𝑖⁄ , consequently, the total phase change of MZMi1 can be expressed as; 

1 1
( ) ( )

ii imt t  = +     (3.14) 

Likewise, the phase change of MZMi2 is shown as; 

2 2
( ) ' ( )

ii imt t  = +     (3.15) 

After applying a Jacobi-Anger Expansion and using equations (3.14) and (3.15), the 

high-order Bessel functions can be analysed as below; 

( ) ( )

( ) ( )
1 1

3 2

2 cos cos
( ) .

2 cos cos 3i
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c mi
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c m

J m t t
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J m t t

 

 

 −
 =
+ 
 

    (3.16) 

Where J1 and J3 are the first-order and third-order Bessel functions. The resultant 

electric field of the modulator shows that an optical carrier and even-order harmonics 

are eliminated, as in equation (3.17). 
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3.3.2 Second-order and Third-order Intermodulation Suppression 

A further investigation is carried out by introducing two-tone frequencies at each RF 

channel in the first model (shown in Figure 3.10), which is a combination of two RF 

signals at each input of the DPMZMi, as it is shown in Figure 3.11. The DC bias 

conditions are kept the same as the first model. 

At each RF channel, two-tone frequencies are equally spaced from each other 

with a band of 10MHz. Like the first model, as in equations (3.14) and (3.15), the 

two-tones are modulated in each sub-MZM, and the phase difference caused by the 

modulating voltage is expressed in equation (3.18). 

 

Figure 3.11: Schematic diagram of the proposed Dual RF channel Linearisation 

Scheme with four input frequencies. 
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 (3.18) 

Where,∅𝑚1(𝑡) and ∅𝑚1
′ (𝑡) are the phase changes occurred due to the RF modulation 

voltages at the sub-MZMs of DPMZM1 for RF1 and RF3, and similarly, ∅𝑚2(𝑡)  and 

∅𝑚2
′ (𝑡) are the phase change at each sub-MZM of DPMZM2 for RF2 and RF4, 

respectively. By using equation (3.18), this phase information can be substituted into 

equations (3.1) and (3.2) in order to obtain the transfer function of the D-DPMZM 
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with four input frequencies. Hence, the electric field of DPMZM1 and DPMZM2 is 

expressed in equation (3.19) and (3.20) as below; 

 

( ) ( )

( ) ( )
3

11 11 12 12 11
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(3.20) 

The electric field of DPMZM1 and DPMZM2 can be combined to achieve a resultant 

D-DPMZM electric field, which is expressed as; 

1 2( ) ( ) ( ).D DPMZM DPMZM DPMZME t E t E t− = +   (3.21) 

Equation (3.21) can be further expanded by substituting equations (3.19) and (3.20) 

and it can be then expressed as below; 
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     =
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    (3.22) 

Bias conditions for all the sub-MZMs are kept the same at a Null. Since the carrier 

is suppressed, a coherent receiver is needed to recover the signal in the RF domain 

[82]. An optical carrier is combined with the reference signal by using a directional 

coupler. The two output fields of the optical coupler are given in the equation (3.23), 

which is then detected by a balanced detector [79]. 
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1

2

( ) ( ) ( )1
.

( ) ( ) ( )2

D DPMZM L

D DPMZM L

E t E t E t

E t E t E t

−

−

+   
=   

−   

   (3.23) 

The photocurrent IBPD(t) of the balanced detector can be determined by substituting 

output fields of the coupler into the following: 

1 1 2 2( ) ( ). ( ) ( ). ( )BPDI t E t E t E t E t  =  −    (3.24) 

Where, ℜ is the responsivity of the photodetector, and 𝐸1(𝑡) and 𝐸2(𝑡) are the 

optical fields of an optical coupler. By substituting equations (3.23) and (3.24), and 

setting ∅𝑖𝑗 = 𝜋, equation (3.24) can be rewritten as; 

1 2( ) ( )
( ) 4 2sin 2sin cos(( ) )

2 2

m m
BPD C L C L

t t
I t E E t

 
 

    
= − − −    

    
       (3.25) 

As we know, the Optical carrier wavelength 𝜔𝐶 and local oscillator wavelength 𝜔𝐿 

are the same. Also, by substituting  ∅𝑚1(𝑡) and  ∅𝑚2(𝑡) into equation (3.25). It can 

be expressed as; 
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        (3.26)                                     

Applying the Jacobi-Anger Expansion on to equation (3.26), the high order Bessel 

functions can be explored to see the beating of different frequency components, it 

can be expressed as shown below; 
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By expanding equation (3.27), it can be said that n≠m to satisfy the conditions for 

the elimination of IMD2 and SHD. 
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(3.28) 

As from equation (3.28), it can be observed that IMD2 and SHD are eliminated. 

Although, the design persists a high dynamic range and low IMD3s that is extant 

when a modulator is driven at high RF power. J0,1 and J1,0 represent the first-order 

Bessel function, and it can be seen in equation (3.28) as fundamental RF signals. J1,2 

and J2,1 represent the intermodulation signals produced due to interference between 

the first-order signals and the second-order signals, which is known as the third-order 

Intermodulation distortions.  

3.3.3 Experimental Results and Discussion 

The experimental setup can be seen in Figure 3.12. All-optical equipment used in 

the experiment have Polarisation Maintained (PM) fibre pigtails. The purpose of 

employing PM fibres in the system is to improve the signal stability transmitting 

through an optical link. A distributed feedback (DFB) laser (Gooch & Housego, 

EM650-193400-100-PM900-FCA-NA) of wavelength 1550nm with a maximum 

optical power of 20dBm, and Relative Intensity Noise (RIN) of -155dBm/Hz, is used 

as an optical source. The beam is split by a 49/51 polarisation-maintained optical 

coupler (Thorlabs, PN1550R5A2), and then the first half is transmitted through a 
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modulation link, and the other half traversed through a polarisation-maintained 

optical fibre. The modulation link is composed of two independent GaAs DPMZMs 

(Axenic, aXSD2050), which has a half-wave voltage of 4V and a bandwidth of 

50GHz. The RF ports on each DPMZM are connected to a 180° hybrid coupler (RF 

Lambda, RFHB02G18GPI), which induces a phase difference of 180° between the 

two RF inputs. The input RF signals of frequencies, RF1 = 6.0005GHz, RF2 = 

6.00328GHz, RF3 = 6GHz, RF4 = 6.00278GHz, were produced from the RF signal 

generators (R&S, SMA100A; R&S, SMF100A; Anritsu, 68369A/NV; Hewlett 

Packard, 8350B) at an amplitude of 6dBm. It should be stated that the RF signals are 

combined by two power dividers (Marki Microwave, PD-0R618). A 49/51 optical 

coupler joins both optical paths, and each output link of the coupler connects to the 

input link of a BPD (Finisar, BPDV2120R-VM-FP). The responsivity level of the 

balanced photodetector is defined as 0.6A/W and 0.63A/W. A BPD is configured to 

form a differential function by applying an oppositely charged bias on each diode.  

The length of both optical paths is kept the same, and a slight adjustment is made by 

using an optical delay line (Oz Optics, ODL-700-11-1550-9/125-S-60-3A3A-1-1), 

which can induce a delay of up to 18ps as it is shown in Figure 3.13. It should be 

stated that the intrinsic property of a balanced detector also helps in reducing the 

amplified spontaneous emission (ASE) and RIN from the laser [118]. In a proposed 

architecture, balanced detection is primarily being used to cancel out the SHD and 

IMD2. Due to the suppression of an optical carrier at the modulator, only sidebands 

are transmitted through the optical fibre, which requires a balanced detector to 

retrieve the transmitted signal. The phase information is not available at the direct 

detection, whereas balanced detection provides phase and amplitude information of 

the transmitted signal. As we know, the increase in laser power increases the RIN, 

which results in the degradation of the signal to noise ratio (SNR). However, this 

degradation in SNR can be avoided by using the coherent balanced detector. These 

benefits of a balanced detector over a single direct photodetector makes it suitable 
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for the proposed scheme [119]. The electrical output of the BPD is analysed by an 

Electrical Spectrum Analyzer ESA (Advantest, U3771). 

 

Figure 3.12: Experimental Setup of the proposed scheme in Royal Holloway 

University of London, Microwave Photonics and Sensors Lab. 

 

Figure 3.13: Schematic Diagram of the proposed experimental design 
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Both independent GaAs DPMZMs are bias controlled to achieve maximum 

suppression of optical carrier, as it is shown in Figure 3.14. The suppression is 

analysed by using an Optical Spectrum Analyzer (OSA), and the modulator’s Null 

operating position was adjusted by gradually varying the DC voltage. However, the 

manual handling of DC voltages can be replaced by Automated Bias Controllers 

(ABC) in future work. In Figure 3.14, a suppressed carrier double sideband spectrum 

is illustrated, which is observed at the output of a coupler that joins the output fields 

of both DPMZMs. Experimentally, complete elimination of the optical carrier is not 

possible due to the intrinsic imbalance properties of the modulator. A suppressed 

carrier double sideband is then transmitted through an optical patch cable and then 

combined with a pilot optical carrier, which has traversed through an independent 

polarisation-maintained optical fibre. In Figure 3.14, upper sideband (USB) and 

lower sideband (LSB) represent the fundamental input frequencies (RF1 = 

6.0005GHz, RF2 = 6.00328GHz, RF3 = 6GHz, RF4 = 6.00278GHz) of dual RF 

channel with respect to a central optical carrier frequency of 193.404THz 

(1550.084nm). 

 

 

Figure 3.14: Measured Optical spectrum of a combined optical field from two 

DPMZMs  
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The combination of two optical paths is then fed to each input of BPD, which is 

then converted to an electrical signal. We have also analysed the electrical output 

signal with the help of a VPI simulation model, and then it was compared with the 

results achieved from an experiment. In Figure 3.15 (a), the fundamental single-tone 

signals of RF channel-1 and RF channel-2 are shown at a frequency of 6.0005GHz 

and 6.00328GHz. The IMD3 produced due to interference between the channels is 

below the noise floor when the modulation index is kept 0.28. Hence, the signal to 

interference (S/I) ratio of 71dB was observed. In Figure 3.15 (b), fundamental two-

tone signals are modulated in each channel and transmitted through an APL. It is 

noticed that the S/I of 70dB can be achieved at a modulation index of 0.22. The two-

tone signals used in RF channel-1 are 6GHz and 6.0005GHz, whereas, in RF 

channel-2, 6.00328GHz and 6.00278GHz are used. 

 

Figure 3.15: Simulated Electrical spectrum (a) Single-tone Dual RF channel (b) 

Two-tone Dual RF channel 

Likewise, the electrical signals received at the BPD are analysed by an ESA, which 

itself has some restrictions such as the limited noise power density. However, the 

results shown in Figure 3.16, have a smaller S/I as compared to the simulated results. 

It can be clearly illustrated that the performance is mainly limited by the noise floor 

in the experimental results. Figure 3.16 (a) shows a single-tone spectrum of dual RF 

channel, and the measured S/I is 65dB. IMD3 component produced, in this case, are 

at 5.99772GHz, and 6.00606GHz, which has an amplitude of around -85dBm. The 

fundamental single-tones have a peak power of around -20dBm. It is to be noted that 
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the input RF power is kept at 6dBm for all tones, which gives a link gain of around 

-26dB. Figure 3.16 (b) shows a two-tone spectrum of dual RF channel with a 

measured S/I of 60dB. In this case, RF channel-1 demonstrates a link gain of around 

-38dB, whereas RF channel-2 shows a link gain of -36dB. The two-tone test is 

further explored in Figure 3.16 (c) for IMD2 and SHD, which do not appear above 

the noise floor. To observe the distortions, a wideband spectrum is shown in Figure 

3.16 (d), which depicts the fundamental frequencies and suppressed intermodulation 

distortions. Different levels of noise floor are due to the internal band filter of the 

ESA. 

 

Figure 3.16: Measured Electrical Spectrum, (a) Single-tone dual RF channel (b) 

Two-tone dual RF channel (c) Second-order distortions for two-tone test (d) Wide 

spectrum for a two-tone dual RF channel. 
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Figure 3.17: Performance analysis of a proposed model and the benchmark model, 

as a reference of Optical input power. 

After the demodulation process of the transmitted signal, the S/I is calculated with 

reference to optical input power and compared with the benchmarked results, as 

shown in Figure 3.17. It should be noted that the benchmark method reported in [82] 

has limited S/I due to the existence of high IMD3, whereas the proposed method is 

much more robust and has a potential to achieve S/I of up to ~75dB considering the 

power limitation posed by the optical devices. However, the S/I for benchmarked 

PM-DPMZM method reported in [82] is nearly constant at 15.5dBm. This 

illustration provides a foreseen optimised performance of the proposed link when the 

optical source power is increased. The components used in the existing infrastructure 

of APL are power limited, and high optical power would either deteriorate the 

performance or damage the component. So, if this limitation posed by the 

components can be overcome, then the performance of the APL can be further 

improved by a great margin. 
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interference ratio, and by plotting the data, the linear region of a modulator can be 

observed. In our proposed model, the modulation index is optimised to achieve the 

maximum dynamic range. For a Single-tone test, the S/I is maximum at a modulation 

index of 0.57. However, for the Two-Tone linearisation test, the S/I of ~65dB is 

achievable at a modulation index of 0.14 (as shown in Figure 3.18). The performance 

of the model deteriorates at a high modulation index, which means the modulator is 

being overdriven. 

 

Figure 3.18: Signal to Interference ratio as a function of Modulation index 

The SFDR performance of the proposed scheme, based on the linearisation tests for 

the Dual RF channel, is illustrated in Figure 3.19. The output RF power of 
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110dB.Hz2/3 for the two-tone linearisation test of a dual RF channel. Figure 3.19 (a) 

shows the measured SFDR performance of the proposed model with a Single-tone 

input frequency at each RF channel. The SFDR2 and SFDR3 for a single-tone test 

are 109dB.Hz1/2 and 116dB.Hz2/3 respectively. Whereas, for a two-tone test, as 

shown in Figure 3.19 (b), the SFDR2 and SFDR3 are 108.5dB.Hz1/2 and 110dB.Hz2/3 

respectively. It is to be noted that in both cases, the SFDR2 is comparatively high, 

which illustrates that IMD2s has been highly suppressed. 

The proposed linearised scheme realises a highly efficient multi-tone dual-channel 

system. However, biasing the multiple modulators to a desired operating point can 

be a bit tricky, which can be omitted by using Automated Bias Controllers (ABC) in 

a real experiment. The performance can be further improved by using Amplified 

Spontaneous Emission (ASE) filters to reduce the noise level after the amplification 

of an optical signal. 
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Figure 3.19: SFDR performance of a proposed D-DPMZM scheme for the 

linearisation of (a) Single-Tone, (b) Two-Tone Dual RF channel. 

3.4  Summary 

In this chapter, a linearisation technique for the multi-octave AMPL has been 

discussed. The configuration emphasis on the transmission of a suppressed carrier 

double sideband signal and an additional polarisation maintained optical link is 
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fibre nonlinearities on the modulated signal. Hence a suppressed carrier and low-
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configuration retains the S/I of above 60dB for single RF channel and dual RF 
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channel. The above-presented work has been submitted for two different journal 

articles and it is in under review state. 
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Chapter 4 
 

4. Proposed Two-tone Photonic Mixer with IMD 

cancellation 

 

4.1  Introduction 

As previously discussed, the suppression and elimination of different distortion 

products in the APL, which are mainly caused by the nonlinear behaviour of the 

modulator and occasionally due to a chromatic dispersion of an optical fibre. In this 

chapter, a linearisation technique for the down-conversion of multiple input RF 

signals is discussed. When modulating more than one RF signals (Two-tones) 

simultaneously for down-conversion or up-conversion, it produces unwanted 

intermodulation distortions as well as high-order harmonics. A novel method of 

overcoming this issue will be presented and discussed thoroughly in this chapter.  

Presented is the proposed Two-tone photonic mixer with IMD cancellation. This 

model contributes to the elimination of Intermodulation Distortions produced due to 

a nonlinear mixing of multiple input RF signals (referred to as Two-tone-IMD2). It 

should also be stated that the proposed model has an additional capability of 

removing the second-order harmonics of input RF signals (2RF). However, it retains 

the Intermediate Frequencies (IF), also known as IMD2 in the APL systems, which 

are produced due to interference between the multiple inputs RF signals and a Local 

Oscillator (LO) signal. The reason for retaining the IF is to validate the down-

conversion process of a Photonic Mixer.  
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Figure 4.1: Schematic Diagram of a novel Two-tone Photonic Mixer 

A schematic diagram of the proposed linearized photonic mixer is shown in Figure 

4.1. The composition of the model includes two independent MZM modulators, 

optical splitters, optical combiners and a Balanced Photodetector (BPD). A first 

MZM is adapted to impose RF signals received through an input of the RF mixer 

onto a first optical beam and a second MZM is adapted to impose a LO signal from 

a LO signal source onto a second optical beam. Then, an optical splitter arranged to 

split the first optical beam outputted from the first MZM to provide a third optical 

beam and a fourth optical beam, as it is shown in Figure 4.1. The third optical beam 

is combined with the second optical beam by an optical combiner, then the combined 

optical beam is received by the second photodiode (PD2) of BPD, and this optical 

path is labelled as Path 2. The fourth optical beam is directly transmitted to the first 

Photodiode (PD1) of a BPD circuit, which is labelled as a Path 1. The BPD circuitry 

is arranged to provide an electrical output signal corresponding to a difference 

between the electrical responses of PD1 and PD2. Because the unwanted beat 

frequencies (IMD2s) derived from interference between received RF signals will be 

present on both inputs to the balanced photodetector circuitry they will be 

substantially eliminated by the balanced photodetector differential circuit and thus 
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absent from its output. The beat frequencies (IFs) derived from interference between 

the LO signal and received RF signals, which are only present at one input to the 

balanced photodetector circuitry will still be present in the photodetector circuit’s 

output. 

However, when implemented in a receiver system, this allows for undesired beating 

to be removed from the received signal before being passed to the DSP. In the case 

of a transmitter system arranged to transmit two RF signals simultaneously, the 

proposed model similarly allows for the removal of unwanted beat frequencies from 

the input to the antenna. In addition to providing the function mentioned above, the 

balanced photodetector can also provide its conventional function of balancing 

fluctuations in the optical power of the two beams received by the photodetector 

circuitry resulting from temporal changes in the output power of a single laser source 

from which the beams originate. 

The RF mixer may comprise one or more intensity controllers arranged to alter the 

intensity of one or more of the: first, second, third and fourth optical beams, in order 

to substantially match the optical intensity of the Path 2 (combined second and third 

beam), and a Path 1 (fourth beam) at the electro-optic transducer. 

4.2  Theoretical model of a Proposed Photonic Mixer 

In this section, a mathematical model of a novel design for the cancellation of beat 

frequencies (Two-tone-IMD2) from the input RF signals is presented. The proposed 

photonic mixer is mathematically investigated for two different scenarios. Firstly, a 

single-tone input RF signal is modulated and mixed with a LO signal to down-

convert, and at the receiver, an Intermediate Frequency of a single-tone is presented. 

Secondly, two-tone input RF signals are modulated and mixed with a LO signal to 

generate Intermediate Frequencies of the input RF tones. 
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4.2.1 Elimination of Second-order Harmonics in a Single-Tone 

Mixer 

A single-tone mixer is a mixer which down-converts or up-converts a single RF 

signal to an IF signal by mixing it with a LO signal. Here, a model is presented, 

which eliminates the second-order harmonic of input RF signals. At first, an optical 

light beam is propagated from a laser source, which is expressed as 𝐸𝑐(𝑡) = 𝐸𝑐𝑒
𝑗𝜔𝑐𝑡. 

The light beam is equally divided into two optical beams and fed to each MZMs. 

First MZM modulates a single-tone signal (𝜔1), whereas the second MZM 

modulates a LO signal (𝜔𝐿𝑂). The output electric field of first and second MZM can 

be represented as 𝐸𝑜𝑢𝑡1(𝑡) and 𝐸𝑜𝑢𝑡2(𝑡), respectively, which is expressed as below; 

1 2( ) ( )
( ) [ ]C i ij t jV t jV t

outi CE t E e e e
 −

= + , (where i =1, 2)   (4.1) 

Each MZM has upper and lower electrodes, which generates the electric field around 

the waveguide to modulate the optical carrier with an input electrical signal. The 

voltages produced on each electrode are expressed as below; 

11 1

12 1

21

22

( ) [cos( )]

( ) [cos( )]

( ) [cos( )]

( ) [cos( )]

LO

LO

V t m t

V t m t

V t m t

V t m t

 



 



= + 


= 


= + 
= 

    (4.2) 

In equation (4.2), 𝑉11(𝑡) and 𝑉12(𝑡) represent the voltages applied on upper and 

lower arms of the first MZM, correspondingly. Whereas, 𝑉21(𝑡) and 𝑉22(𝑡) 

represents the voltages for second MZM. However, the DC bias voltages for 𝑉11(𝑡) 

and 𝑉21(𝑡) are represented by π, because MZM is being operated at a NULL 

operating point, which essentially suppresses the optical carrier. The modulation 

index of the modulating signal is the ratio of RF voltage (𝑉𝑅𝐹) and half-wave 

voltage(𝑉𝜋). Assuming the input RF and LO signals have the same amplitude, then 

it can be expressed as 𝑚 = 𝜋
𝑉𝑅𝐹

𝑉𝜋
⁄ . By substituting the equation (4.2) into equation 
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(4.1), and then applying Taylor series, the output electric field of first MZM and 

second MZM can be expressed as below; 

( ) ( ) ( )3 1 1
1 1

cos cos3
( ) 2 cos

12 4
out CE t jE m mt

 


  
= − + +  

  
  (4.3) 

( ) ( ) ( )3

2

cos 3 cos
( ) 2 cos

12 4

LO LO
out C LOE t jE m t m

 


  
= − + +  

  
 (4.4) 

A combined optical beam from the second and third optical beams can be 

mathematically expressed by using equations (4.3) and (4.4). The output field is 

stated in equation (4.5). 

( ) ( )

( ) ( )

( ) ( )( )

1

3

112

1

cos 3cos 3

12 12

coscos( )

4 4

2cos 2cos

LO

LOout C

LO

tt

m
ttE t jE

m tt







  
+  

  
  =

+ +  
  

 − + 

   (4.5) 

The fourth optical beam (as shown in Figure 4.1) propagates to the PD1 of the BPD 

circuit and gets demodulated to a photocurrent of 𝐼𝑃𝐷1(𝑡). The combined optical 

beam from second and third beams is travelled to the PD2 of the BPD, and the 

photocurrent 𝐼𝑃𝐷2(𝑡) is generated. Both the photocurrents can be expressed as below; 

( )2

1 1 1
( ) 2 cos 1PD CI t m P t=  +      (4.6) 

( ) ( )

( ) ( )

1 12

2 2

1

2cos cos 2
( ) 2

cos 2 2cos 2

LO

PD C

LO LO

t t
I t m P

t t

  

  

− + 
=   

+ + + +  
  (4.7) 

From equation (4.6) and (4.7), ℜ1 and ℜ2 are the responsivities of PD1 and PD2 of 

the BPD circuitry, respectively. 𝑃𝐶  is the optical power fed to the inputs of MZM1 

and MZM2. Considering the circuitry of BPD, both diodes are oppositely biased to 

realise a differential configuration. It can be stated as below; 
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1 2( ) ( ) ( )out PD PDI t I t I t= −    (4.8) 

By substituting equations (4.6) and (4.7) into equation (4.8), the final output of the 

mixer can be achieved. The resultant electrical signal includes the IFs and 2LO only 

as the other frequencies gets eliminated as it is shown in equation (4.9). 

( ) ( )

( )

12

1 2

1

2cos cos 2
( ) 2

2cos 1

LO LO

out C

LO

t t
I t m P

t

  

 

− + 
= −    

+ + +  

  (4.9) 

 

4.2.2  Elimination of Intermodulation Distortion in a Two-Tone 

Mixer 

The proposed model is primarily designed for the down-conversion or up-conversion 

of two-tone RF signals as it is shown in Figure 4.1. Although the model has been 

tested for single-tone RF signal in section 4.2.1, the advantages of down-converting 

two-tones using this model are far greater than single-tone mixing. Modulating 

multiple frequencies means there will be more distortion products, and it will make 

the system difficult to filter out the unwanted distortion products from the required 

frequencies. In this section, a mathematical model is presented, which illustrates the 

electric fields of the optical signals and the photocurrent received at the output of the 

BPD. The two-tone input signals used in the system are symbolised as (𝜔1) and 

(𝜔2), whereas the LO signal is represented as (𝜔𝐿𝑂). It is to be noted that the upper 

electrode of first MZM and second MZM are DC biased with a “π” so that an optical 

carrier can be suppressed in each MZM. 

11 1 2
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The output field of the MZM can be investigated by substituting equation (4.10) into 

equation (4.1) and then a Taylor series is applied to express the output of first MZM 

and second MZM as below;  

( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( )( )

1 2 1 2

3 1 2 1 2

1

1 2 1 2

1 2

cos cos2 2
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cos cos cos2 3 3
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−  
+ + +  
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    (4.11) 
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LO LO
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= − + +  

  
 (4.12) 

As discussed earlier, that second optical beam and third optical beam are combined 

to generate a mixed optical beam so that a LO signal can down-convert two-tones. 

The transfer function of the combined optical output is expressed as below; 
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 − + + 

 (4.13) 

Equation (4.13) depicts the theoretical representation of an actual combined signal, 

which includes the fundamental signals and the third-order signals expressed as 𝑚 

and 𝑚3, respectively. The optical electric field is then converted into a photocurrent 

by squaring the field. Hence, the photocurrent of the PD1 and PD2 is expressed 

below as 1( )PDI t  and 2( )PDI t , respectively. 
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  (4.15) 

As we know, the BPD circuitry is configured to execute a differential function at the 

final output of the BPD. Thus, the photocurrents of both photodiodes are subtracted 

as shown below; 

1 2( ) ( ) ( )out PD PDI t I t I t= −    (4.16) 

By substituting equations (4.14) and (4.15) into equation (4.16), the outcome can be 

achieved. It can be noticed from the equation (4.17) that the beat frequencies of Two-

Tone signals (𝜔1 ± 𝜔2) are eliminated, and only the beat frequencies of input Two-

Tones and LO signal (𝜔1 ±𝜔𝐿𝑂 ;  𝜔2 ±𝜔𝐿𝑂) remain. 
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+ + 

 (4.17) 

4.3  Simulation Modelling and Results Analysis 

Initially, the proposed novel model is mathematically developed to validate the 

distortion frequency cancellations in the system. Later, the model is simulated in a 

VPI Photonic simulation software, to visualise the implementation of the proposed 

photonic mixer. VPI software provides an image of the proposed model closest to 

the reality, and it helps to identify the real-life implications on the system. We shall 

discuss the VPI implemented design in this section and the results recorded from this 

software. 
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As shown in Figure 4.1, two RF signals are combined and modulated on a first 

independent Mach Zehnder modulator (MZM), and a LO signal is modulated on a 

second MZM. The parameters used in the simulation model for the MZM are based 

on a real GaAs device which is listed in Table 4.1. The half-wave voltage for the RF 

electrode and DC electrodes are represented as RF Vπ and DC Vπ, respectively. Both 

MZMs have slightly different parameters, which is usually due to a fabrication 

default. A Continuous Wave (CW) laser is set to a wavelength of 1550nm with a 

linewidth of 170kHz, relative intensity noise (RIN) of -155dB/Hz, and the output 

power of 100mW (20dBm). The laser parameters are taken from the Gooch & 

Housego laser module, EM650-193400-100-PM900-FCA-NA. The laser beam is 

equally divided into two paths by using an optical 50:50 polarisation-maintained 

coupler, and each path is traversed to each MZM link. The output of the first MZM 

is similarly split by another 50:50 optical coupler, where the one output beam travels 

toward the PD1 (PD1) via a variable optical attenuator (VOA). The second output 

beam from split coupler is combined with the output optical beam from the second 

MZM. An optical coupler combines both fields. This combined beam is transmitted 

to the PD2 of a BPD. The optical input of the PD1 is attenuated by a VOA to adjust 

the optical intensity because by equalising the optical intensity, the oppositely 

phased distortion products get cancelled out by a BPD. The parameters of balanced 

Table 4.1: Parameters of GaAs Mach Zehnder Modulator 

Parameters MZM1 MZM2 

RF Vπ (V) 3.1 3 

DC Vπ (V) 10.3 10.4 

Extinction Ratio (dB) 29.9 36.1 

Insertion loss (dB) 9.2 9.3 
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photodetector (BPD) used in the simulation model are taken from a BPD 

manufactured by Finisar (BPDV2120R-VM-FP). 

4.3.1 Analysis of IMD cancellation in a Two-Tone Mixer 

The results achieved from the proposed photonic mixer are analysed and compared 

with the results obtained without linearisation technique. In the proposed photonic 

mixer, the distortion of interest is the Intermodulation Distortion (IMD) produced 

due to an interference of the input two-tone radio frequencies, which are being 

addressed as Two-Tone IMD2 and SHD of the Two-Tone signal. The input Two-

Tones used in the simulation model are 9GHz and 9.2GHz, whereas the Local 

Oscillator signal used is 11GHz. The amplitude of both input tones is set to 10dBm, 

and that of LO is set to 24dBm.  

 

Figure 4.2: Electrical Spectrum at the output of BPD; (a) Mixer without 

Linearisation; (b) Mixer with Linearisation 
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Figure 4.2 illustrates the existence of Intermediate Frequencies and the Two-Tone 

IMDs at the output of the BPD. Two-Tones 9GHz and 9.2GHz are down-converted 

to produce 1.8GHz and 2GHz, which are the beating between LO and RF, as shown 

in Figure 4.2. An ideal mixer should only down-convert or up-convert the input RF 

signals with respect to a LO signal, and no other beat frequencies should exist in the 

spectrum. However, the beat frequencies between the input RF signals are also 

nonlinearly generated at a frequency of 0.2GHz (200MHz), as are shown in Figure 

4.2(a), and at 18.2GHz as shown in Figure 4.3(a). These frequencies can limit the 

mixer performance and can interfere with the required signal in the ADC circuit. 

Therefore, the proposed method eliminates these beat frequencies (Two-Tone-

IMD2) and makes the system highly efficient by down-converting multiple RF 

signals simultaneously, as shown in Figure 4.2(b). 

 

Figure 4.3: Full RF spectrum at the BPD; (a) without Linearisation technique; (b) 

with Linearisation technique 
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From Figure 4.3, the upper side of the electrical spectrum can be observed, and the 

second-order distortion products generated from the interference of Two-Tones are 

eliminated by the proposed method. In Figure 4.3 (a), dual parallel MZM structure 

is used with two input RF signals and one LO signal [101]. However, the beat 

between the input RF signals is eliminated; also, the second-order of the input RF 

signals have been removed simultaneously. 

4.3.2 Adjustment of Optical Intensity in Path 1 

The cancellation of distortion products at the BPD is sensitive to optical intensity 

mismatch between the fourth optical beam path and the combined beam path of the 

second and third optical beam. A variable optical attenuator is used to adjust the 

intensity in path 1 by ∆α slightly. In Figure 4.4, the effect on the amplitude of output 

frequencies is noticed by varying the optical attenuation.  In the simulation model, 

maximum suppression of Two-Tone-IMD was achieved at an attenuation in each 

optical path of 3.2dB. By shifting the attenuation away from the set point that causes 

an increase in the amplitude of the Two-Tone-IMD as can be seen from Figure 4.4. 

 

Figure 4.4: Elimination of Two-Tone IMDs with reference to optical path intensity 
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4.3.3 Spurious-free Dynamic Range Analysis  

The spurious-free dynamic range is the primary measuring technique for the 

linearisation of an optical link. By plotting this graph, the performance of the 

intermodulation distortions can be predicted at various RF power ranges that are 

sometimes not physically possible. In the proposed model, the intermodulation 

distortion is being suppressed, which are labelled as Two-Tone-IMD2 and IMD3-IF 

in the Figure. 4.5. The Two-Tone-IMD2 is the second-order intermodulation 

distortion produced by nonlinear interaction of Two-Tone input RF signals (f1, f2), 

and this can interfere with the actual IF signals (fIF1 = fLO - f1, fIF2 = fLO - f2). IMD3-IF 

is the third-order intermodulation distortion, which is generated by the input RF 

signals and the LO signal. They generally lie close to the IF signals and they are 

represented as 2f2-f1-fLO and 2f1-f2-fLO. 

Figure 4.5 presents the performance of IMD3-IF and Two-Tone-IMD2, and at a 

noise floor of -170dBm/Hz, IMD3-IF and Two-Tone-IMD2 of 114.2dB.Hz2/3 and 

89dB.Hz1/2 are achieved, respectively. However, the noise floor level is generally 

higher than -170dBm/Hz, which is because EDFAs and high-power input RF signals 

are used. As we know, to get a high conversion efficiency, the EDFA amplification 

may be compensated by high input RF signal power. It should also be stated that 

increasing input RF power also has complications on the system, as it may over-

modulate the signal and nonlinearities become active. So, the solution to these 

bottlenecks is to use an amplified spontaneous emission (ASE) filter with an EDFA, 

and this way the need for high input RF power can be obviated and the noise floor 

can be reduced.  It is to be noted that the slope for each entity changed linearly with 

a change of input RF power. The output power of fundamental signal changes with 

a factor of one, and that of third-order and second-order changes by a factor of three 

and two, respectively. 



 

 107 

 

 

Figure 4.5: The SFDR performance of a Two-Tone photonic mixer 

 

4.4  Summary 

In this chapter, a novel method of linearising a Two-Tone photonic mixer has been 

demonstrated. It was shown that the beat frequencies, which are generated due to 
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were achieved, respectively. The above-presented work has been filed for Patent by 

the Leonardo UK Ltd, under an IP agreement, with a patent application number of 

GB1900552.9. 
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Chapter 5 

5. Proposed Two-Tone Photonic Mixer with 

Additional Control Over Second-order 

Harmonics of LO Signal 
 

5.1  Introduction 

The linearisation of a Two-Tone photonic mixer was discussed in Chapter 4, and it 

was noted that Second-order Intermodulation Distortion of Two-Tone Signals (Two-

Tone IMD2) could be eliminated by precisely balancing the optical path intensities. 

However, the model is incapable of eliminating the second-order harmonics 

Distortion (SHD) of a Local Oscillator signal (2LO), which consumes system 

bandwidth, and it can be problematic in an up-conversion process, as it lies close to 

the Intermediate Frequencies. In this chapter, a new design will be discussed for the 

elimination of Two-Tone IMD2 as well as SHD of the LO signal. Considering the 

applications of a mixer in aerospace or electronic warfare (EW) systems, where the 

incoming frequencies are usually unknown. So, a mixer must be capable of handling 

multiple incoming frequencies, and the interference generated from incoming 

frequencies must be minimised or removed to process the down-converted signal by 

the electronic devices. 

A newly proposed method of eliminating Two-Tone IMD2 and 2LO, in the photonic 

mixer is mainly influenced by the design of a novel photonic mixer discussed in the 

previous chapter. However, this model holds an additional advantage of cancelling 

out 2LO from the output RF spectrum. This novelty is achieved by incorporating an 

additional laser beam of wavelength 1540nm and multiplexed with the laser beam of 

wavelength (1550nm). The multiplexed optical beam is only processed through the 

second MZM, where a LO signal is being modulated over both optical carrier 
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wavelengths (1550nm and 1540nm). The output from the second MZM is referred 

to as a second optical beam comprises two optical wavelengths, as shown in Figure 

5.1. A first MZM is adapted to modulate the input Two-Tone signals over a laser 

wavelength of 1550nm, and the output beam of first MZM is referred to as a first 

optical beam. An optical splitter is then arranged to split the first optical beam to 

third and fourth optical beams. The fourth optical beam is sent to the first photodiode 

(PD1) of a BPD via a variable optical attenuator (VOA), which adjusts the optical 

intensity of the optical path, named as Path 1. A third optical beam is combined with 

a second optical beam, and then the combined beam faces a demultiplexer (De-

MUX), which splits the two optical wavelengths apart into two optical paths, named 

as Path 2 and Path 3. Path 2 comprises of a combined second optical beam and third 

optical beam over an optical wavelength of 1550nm. The second photodiode (PD2) 

of a BPD is arranged to receive the optical beam from Path 2. The differential 

circuitry of the BPD combines the received beams at both PD1 and PD2 to form a 

final electrical signal.  

After demultiplexing of the optical signal, path 3 receives an optical beam of 

wavelength 1540nm, which has been modulated by a LO signal. An additional 

photodetector (PD3) is arranged to form an opto-electric conversion of an optical 

signal received from path 3. The output electrical signal representative of the LO 

signal becomes the first input of subtractor circuitry e.g. implemented by a 

differential amplifier, the output of the balanced photodetector (BPD) forms a second 

input of the subtractor circuitry. It is to be noted that the subtractor circuitry must 

include an additional 180º phase shifter at either input to form an additional function. 

The subtractor circuitry or a differential amplifier is arranged to provide an electrical 

signal at its output, corresponding to the addition between the signals received at its 

inputs. The output of the subtractor circuitry may form an input to the ADC. 
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The advantage of using the second laser wavelength (1540nm) is to modulate the LO 

signal in a second MZM, which as a result generates a SHD of LO (2LO) at the first 

input of subtractor circuitry. Identical SHD of LO (2LO) exists in the second input 

of subtractor circuitry, which gets eliminated as a result of the subtraction process. 

It is to be noted that the second modulator is arranged to modulate the LO signal 

over both transmitted wavelengths (1550nm and 1540nm) simultaneously. 

 

Figure 5.1: Schematic Diagram of a novel Two-Tone Photonic Mixer with 2LO 

suppression. 

5.2 Analysis of a Two-Tone Mixer 

In this section, the proposed model is theoretically explained, and the cancellation of 

Two-Tone IMD2 and SHD of LO (2LO) are mathematically validated. In the model, 

two laser sources of different wavelengths are used, and the electric field of laser 

with 1550nm wavelength is represented as  𝐸𝑐(𝑡) = 𝐸𝑐𝑒
𝑗𝜔𝑐𝑡, whereas the second 

laser of 1540nm wavelength is mathematically expressed as 𝐸𝑐
′(𝑡) = 𝐸𝑐

′𝑒𝑗𝜔′𝑐𝑡.   The 

light beam from the first laser is split equally to feed the first half to the first MZM 

(MZM1) and the other half to the second MZM (MZM2) through a multiplexer 

(MUX). A MUX also receives the laser beam from second laser, and then a 

combined output from the MUX is processed by the MZM2. The Two-Tone input 
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RF signals (represented as 𝜔1 and 𝜔2) are used to modulate the 𝐸𝑐(𝑡) at MZM1. In 

a second MZM (MZM2), the LO signal of frequency 𝜔𝐿𝑂 is modulated over the two 

multiplexed wavelengths (𝜔𝑐 and 𝜔′𝑐). The modulated signals in each MZM are 

further optimised by applying an appropriate DC bias voltage to achieve maximum 

suppression of the optical carrier. The bias conditions of the first and second MZM 

are set to NULL, which is equivalent to a half-wave voltage (𝑉𝜋) of the DC electrode. 

The modulation index of the modulating signal is the ratio of RF voltage (𝑉𝑅𝐹) and 

half-wave voltage (𝑉𝜋). Assuming the input RF and LO signals have the same 

amplitude, then it can be expressed as 𝑚 = 𝜋
𝑉𝑅𝐹

𝑉𝜋
⁄ . The applied voltages on each 

electrode of the MZM1 and MZM2 are expressed below; 

11 1 2

12 1 2

21

22

( ) [cos( ) cos( )]

( ) [cos( ) cos( )]

( ) [cos( )]

( ) [cos( )]

LO

LO

V t m t t

V t m t t

V t m t

V t m t

  

 

 



= + + 


= + 


= + 
= 

   (5.1) 

In equation (5.1), 𝑉11(𝑡) and 𝑉12(𝑡) represents the voltages applied on upper and 

lower arms of the MZM1, correspondingly. Whereas, 𝑉21(𝑡) and 𝑉22(𝑡) represents 

the voltages for MZM2. However, the DC bias voltages for 𝑉11(𝑡) and 𝑉21(𝑡) are set 

to π, which represents the phase difference between the MZM electrodes, occurred 

by applying a DC voltage equivalent to Vπ. The output field of MZMi (i = 1, 2) are 

generally expressed as  𝐸𝑜𝑢𝑡 𝑖(𝑡) = 𝐸𝑐𝑒
𝑗𝜔𝑐𝑡[𝑒−𝑗𝑉𝑖1𝑡 + 𝑒−𝑗𝑉𝑖2𝑡]; (𝑖 = 1, 2), whereas 

for the second laser of wavelength  𝜔′𝑐, the output beam from the MZM2 can be 

expressed as  𝐸′𝑜𝑢𝑡 2(𝑡) = 𝐸′𝑐(𝑡)[𝑒
−𝑗𝑉21𝑡 + 𝑒−𝑗𝑉22𝑡]. These electric fields can be 

further simplified by substituting equation (5.1), and after applying the Taylor series, 

the transfer function for each MZM can be expressed as below; 



 

 113 

 

( ) ( )

( ) ( )

( ) ( )

( ) ( )

( ) ( )( )

1 2 1 2

1 2 1

3

2 1 21

1 2

1 2

cos cos2 2

4 4

cos cos2 3

4 12

cos cos3 2( )

12 4

3cos 3cos

4 4

2cos 2cos

out C

t t

t t

m
t tE t jE

t t

m t t

   

  

  

 

 

 − + 
+  

  
 + 

+ +  
  

−  =
+ +  

  
  

+ +  
 

 
 − + 

  (5.2) 

Equation (5.2) shows the output electric field of MZM1, where the Two-Tone signals 

and their third-order intermodulation distortions (IMD3) and third-order harmonic 

(THD) can be observed. Even-order products have been eliminated due to the DC 

bias condition being at Vπ. However, in a case of MZM2, two different wavelengths 

are being modulated with the LO signal, and the output electric field is being 

expressed based on different carrier wavelength, as below; 

( )( )

( ) ( )2 3

2

( ) cos 3 cos

12 4

LO

out C
LO LO

m cos t

E t jE t t
m



 

 −
 

=   
+ +  

  

   (5.3) 

( )( )

( ) ( )2 3

2

' ( ) ' cos 3 cos

12 4

LO

out C
LO LO

m cos t

E t jE t t
m



 

 −
 

=   
+ +  

  

    (5.4) 

Similarly, in equation (5.3) and equation (5.4), the modulation of the LO signal can 

be seen. Equation (5.3) depicts the modulation of LO signal over an optical carrier 

of function ( )CE t , whereas the equation (5.4) shows the modulation of LO over a 

second wavelength of a transfer function ' ( )CE t . From equation (5.2, (5.3) and 

(5.4), it can be observed that a NULL condition has eliminated the optical carrier 

and even-order distortions. A combined second optical beam and the third optical 
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beam is propagated through the Path 2, and the transfer function can be expressed 

as; 

( ) ( )

( ) ( )
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( ) ( )
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  (5.5) 

From equation (5.5), the intermodulation of Two-Tones with the LO signal can be 

achieved. This electric field is then received by the PD2 of the BPD, and a 

photocurrent of 𝐼𝑃𝐷2(𝑡) is produced. Similarly, the electric field of MZM1 is detected 

by the PD1 of the BPD, and a photocurrent 𝐼𝑃𝐷1(𝑡) is generated, which can be 

expressed as below; 

( ) ( )

( ) ( )

1 2 12

1 1

2 1 2

2cos cos 2
( ) 2
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t t
I t m P

tt

  

  

+− 
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+ + ++  
  (5.6) 

ℜ1is the responsivity of the PD1 of BPD circuitry. 𝑃𝐶  is the optical power from the 

first laser input to the MZM1 and MZM2. The photocurrent at the PD2 of BPD is 

expressed as; 

( ) ( )
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ℜ2 is the responsivity of the PD2 of BPD circuitry The BPD adapts a differential 

functionality to subtract the photocurrents received at PD1 and PD2.  Equation (5.6) 

and (5.7) are substituted into the following equation to form a differential 

photocurrent at the output of the BPD. 

12 1 2( ) ( ) ( )PD PD PDI t I t I t= −     (5.8) 

( ) ( )

( ) ( )

( )

1 2

2

12 1 2 1

2

2cos 2cos

( ) 2 cos 2 2cos

2cos 1

LO LO

PD C LO LO

LO

t t

I t m P t t

t

   

  

 

− + − 
 

= −   + + + 
 
+ + + 

 (5.9) 

As it was discussed in the previous chapter that the output of the BPD includes IF1, 

IF2 and 2LO, and it eliminates the Two-Tone IMD2 and second-order of Two-Tones. 

Similarly, it can also be achieved in this model as expressed in equation (5.9). The 

optical Path 3 comprising an optical field  𝐸′𝑐(𝑡) and the LO signal 𝜔𝐿𝑂, which is 

detected by an independent single diode PD3. The photocurrent produced can be 

expressed as; 

( )2

3 3( ) 2 ' cos 2 1PD C LOI t m P t=  +      (5.10) 

ℜ3 is the responsivity of a separate PD3 used for the LO signal detection. 𝑃𝐶
′  is the 

optical power from second laser input to the MZM2. The photocurrent from a PD3 

is combined with the resultant output photocurrent of the BPD. The summation is 

expressed in equation (5.11). 

12 3( ) ( ) ( )out PD PDI t I t I t= +    (5.11) 

Equation (5.9) and (5.10) are substituting into equation (5.11) to express the resultant 

photocurrent as below; 

( ) ( )

( ) ( )

1 22

1 2 3

1 2

2cos 2cos
( ) 2 '

2cos 2cos

LO LO

out C C

LO LO

t t
I t m P P

t t

   

   

− + − 
= −     

+ + + +  
       (5.12) 



 

 116 

 

The combined photocurrent 𝐼𝑜𝑢𝑡(𝑡) from equation (5.12) shows that the second-

order harmonic of the LO signal cos(2𝜔𝐿𝑂𝑡) has been eliminated, and only the 

downconverted or upconverted signals are left behind in the electrical spectrum. 

5.3  Simulation Results and Analysis  

As shown in Figure 5.1, two different laser sources of different wavelengths are used 

to form a dual multiplexed channel link. The sole purpose of the dual multiplexed 

channel is to optimise the system for the additional functionality of eliminating 2LO 

at the receiver. As theoretically discussed in the previous section, the model was then 

designed in a VPI simulation software to visualise the performance of the proposed 

model. The results produced from the VPI simulation modelling are known to be 

close to reality, as demonstrated in the previous chapters. The components used for 

the implementation of a simulation model are listed in Table 5.1 with their 

parameters. These parameters are taken from the real devices to envisage the results 

as it would have taken from an experiment. The components used, other than those 

listed in Table. 5.1 are Variable Optical Attenuator (VOA), optical 

splitter/combiners, MUX and De-MUX. The model includes laser λ1 and λ2, which 

has a set RIN of -155dBm/Hz. The modulator MZM1 is driven by RF signals f1 and 

f2 over a wavelength λ1, whereas MZM2 is driven by the LO signal over two 

wavelengths λ1 and λ2. Both modulators are DC biased at Vπ to achieve an optical 

phase variation of π. The optical couplers used in the simulation model has a 50:50 

coupling ratio, however, these may be adjusted to optimise the optical intensity 

match for a perfect distortion cancellation. The optical paths received by the 

photodiodes are intensity-controlled, which means that the Path 1, Path 2, and Path3 

may need to be adjusted by varying attenuation ∆α to achieve maximum suppression 

of the desired frequency components. 
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5.3.1 Analysis of 2LO and IMD2 cancellation in a Two-Tone 

Mixer 

Here the results achieved in Chapter 4 for the cancellation of beat frequencies of 

input RF signals are further investigated. It was noticed in the previous results that 

2LO cannot be eliminated, which led to an optimisation in the configuration of a 

Two-Tone photonic mixer. In the proposed photonic mixer, the distortion of interest 

is the Intermodulation Distortion (IMD) produced due to an interference of the input 

Table 5.1: Parameters of a Simulation Model 

First Laser wavelength λ1 1550 nm 

Second Laser wavelength λ2 1540 nm 

Optical Power of both lasers Po 20 dBm 

RF1 frequency f1 9 GHz 

RF2 frequency f2 9.2 GHz 

LO frequency fLO 11 GHz 

MZM1 RF Half-wave voltage  Vπ-RF 3.1V 

DC Half-wave voltage Vπ-DC 10.3V 

Extinction Ratio  ER1 29.9dB 

Insertion loss η1 9.2dB 

MZM2 RF Half-wave voltage Vπ-LO 3.2V 

DC Half-wave voltage  Vπ-DC 10.4V 

Extinction Ratio  ER2 36.1dB 

Insertion loss  η2 9.3dB 

Balanced 

Photodetector 

Responsivity of first photodiode  ℜ1 0.6A/W 

Responsivity of second photodiode  ℜ2 0.63A/W 

Responsivity of a single Photodetector ℜ3 0.7A/W 
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Two-Tone radio frequencies, which are being addressed as Two-Tone-IMD2, SHD 

of the input Two-Tone signal and SHD of the LO signal. The input Two-Tones used 

in the simulation model are 9GHz and 9.2GHz, whereas the Local Oscillator signal 

is 11GHz. The amplitude of both RF input tones is set to 10dBm, and that of LO is 

set to 24dBm. 

 

Figure 5.2: Output Electrical Spectrum; (a) Mixer without Linearisation; (b) Mixer 

with Linearisation technique 

Figure 5.2 presents an electrical spectrum of the proposed photonic mixer and a 

comparison with a conventional photonic mixer based on a Dual-Parallel Mach 

Zehnder modulator (DPMZM) structure. The input RF signals 9GHz and 9.2GHz 

are down-converted to 1.8GHz and 2GHz, respectively. However, these input tones 

produce high-order intermodulation distortion, such as, 0.2GHz (200MHz) and 

18.2GHz, which are referred to as Two-Tone IMD2. Furthermore, third-order 
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intermodulation distortion IMD3 (2f2-f1, 2f1-f2) also interfere with the LO signal (fLO), 

and consequently, further IMD3-IF (2f2-f1-fLO, 2f1-f2-fLO) are produced. The IMD3-

IF are significantly suppressed, but the model does not eliminate them. The results 

from the conventional photonic mixer are shown in Figure 5.2 (a). In Figure 5.2 (b), 

the result is achieved from the proposed method, which illustrates the elimination of 

0.2GHz (Two-Tone IMD2).  

 

Figure 5.3: Full RF spectrum at the output; (a) without Linearisation technique; (b) 

with Linearisation technique 

As it is well known that a photonic mixer usually produces down-converted IF (fLO-

f1, fLO-f2) and upconverted IF (fLO+f1, fLO+f2) simultaneously. Up-converted IF 

appears at the higher frequency range, and it is generally surrounded by high-order 

distortion products as it can be seen from Figure 5.3 (a). In contrast to Figure 5.2, an 

expanded spectrum is shown in Figure 5.3 to illustrate the upper side of the frequency 

0 107.5 15 2520

Frequency  [GHz]

52.5 12.5 17.5 22.5

(b)
0

-100

-80

-60

-40

-20

P
o
w

er
 [

d
B

m
]

 Intermediate Frequencies 

(  fIF1 = fLO -  f1 , 

 fIF2 =  fLO -  f2 )

 Intermediate Frequencies 

(   fIF1 = fLO +  f1 , 

 fIF2 =  fLO +  f2 )

-100
0 107.5 15 2520

Frequency  [GHz]

52.5 12.5 17.5 22.5

(a)
0

-80

-60

-40

-20

P
o
w

er
 [

d
B

m
]

Two-tone 

IMD ( f1 - f2)

Two-tone IMD 

( f1 + f2)

2 f1

2 fLO

2 f2



 

 120 

 

band. SHD of Two-Tone signals (18GHz, 18.4GHz) along with the Two-Tone IMD2 

(200MHz, 18GHz) are eliminated in Figure 5.3 (b). Additionally, SHD of the LO 

signal (22GHz) has also been eliminated with the proposed method of a linearised 

photonic mixer. 

5.3.2 Adjustment of Optical Intensity 

The above results have been further explored to present the limitation of the model. 

The model is comprised of three optical paths (Path 1, Path 2, Path 3). Since the 

model involves the splitting and combining of the optical beams at various points. 

Therefore, it can imply a mismatch in the intensity of optical signals, and 

consequently, the perfect elimination of the desired distortion products would not be 

possible. To overcome this issue, optical attenuators have been placed in the Optical 

Path 1 and Optical Path 3. The changes in attenuation ∆α in each path is applied to 

observe the cancellation of Two-Tone IMD2 and 2LO, as shown in Figure 5.4. It 

should be noted that ∆α in Path 3 has an impact on the suppression of 2LO because 

it adjusts the optical intensity of the sidebands in the Path 3 and potentially matches 

it with the intensity of 2LO in Path 2. In the simulation model, it was recorded that 

∆α in Path 3 needs to be ~0.67dB for the cancellation of 2LO harmonic. Similarly, 

∆α in Path 1 is optimised to alter the intensity of the sidebands of Two-Tone signals 

(f1, f2). In order to achieve the cancellation of beat frequencies of the Two-Tone 

signals (f1, f2), the intensity of sidebands should match with sidebands falling in Path 

2. It was observed that ∆α in Path 1 needs to be ~6.33dB to suppress the Two-Tone 

IMDs as shown in Figure 5.4. 
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Figure 5.4: Optical Path adjustment 

5.3.3 Spurious-free Dynamic Range Analysis 

The Spurious-free Dynamic Range (SFDR) performance of the proposed system has 

been presented. It demonstrates a linearisation of the system, and it presents the 

dynamic range of Two-Tone IMD2 and IMD3-IF with respect to the noise floor of -

170dBm/Hz. In the proposed link, the noise power is mainly limited by shot noise, 

and the other noise like RIN and ASE (caused by high optical power) are suppressed 

due to the BPD. In order to maintain the signal to noise ratio, the shot noise must be 

greater than the RIN and Intensity noise. Due to these reasons, the Noise floor is kept 

at -170dBm/Hz for the SFDR measurements. SFDR is measured by varying the input 

power of Two-Tone signals, and the power of the LO signal is kept constant for all 

measurements. Consequently, the power of the output signals is changed; the change 

in IF signal was by a factor of 1, whereas, the change in Two-Tone IMD2 and IMD3-

IF is by a factor of 2 and 3, respectively. The SFDR of Two-Tone IMD2 is recorded 

at 106dB.Hz1/2 and that of IMD3-IF is 119.5dB.Hz2/3, as shown in Figure 5.5. 
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Figure 5.5: SFDR Performance of a linearized Two-Tone Photonic Mixer 

 

5.4  Summary 

In this chapter, a further investigation of a method presented in Chapter 4 has been 

carried out. Previously, the nonlinear distortion in a Two-Tone photonic mixer were 

eliminated, but the SHD of LO signal was not suppressed. Therefore, the proposed 

method in this chapter focused on eliminating SHD of the LO signal at the same time 

as the elimination of Two-Tone-IMD2. Initially, a mathematically model was 

presented, and then a simulation model was designed. The results achieved from the 

simulation were suitably analysed and discussed. Additional components used in the 

proposed model compared to the method in Chapter 4 were an extra laser source of 

wavelength 1540nm, MUX and De-MUX, and a photodetector PD3. These 

components were integrated into the proposed Two-Tone Photonic Mixer to 

specifically eliminate the SHD of LO signal along with Two-Tone IMD2. This 

integration created an extra optical path (Path 3), which led to a single photodetector 

PD3. The intensity in Path 3 and Path 1 was adjusted to achieve an optimal  
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cancellation of nonlinear distortions. Moreover, a slight disturbance in the optical 

intensity of each path was tested, and it was noted that ∆α required in Path 1 and 

Path 3 must be ~6.3dB and ~0.66dB, respectively. Finally, SFDR performance for 

the nonlinear intermodulation distortions such as Two-Tone IMD2 and IMD3-IF of 

106dB.Hz1/2 and 119.5dB.Hz2/3 were achieved, respectively. The work presented in 

this chapter has been filed for Patent rights by Leonardo UK Ltd, under an IP 

agreement, with a patent application number of GB1900552.9. 
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Chapter 6 
 

6. Conclusion and Future Work 

6.1  Conclusion 

In order to fulfil the growing demand of transmitting high speed data, the 

conventional electrical links need to be replaced by radio over fibre RoF systems. 

RoF systems provides a unique way of transmitting signals, it uses a light source as 

a carrier to transmit electrical signals from one end to another. Conventionally, 

coaxial cables have been used between central unit and base stations, but these links 

incur huge losses and it is impossible for a signal to transmit over a long distance. In 

contrast, RoF possess a large number of benefits due to its natural properties like 

large bandwidth of light (in terahertz), low losses, and immunity to an interference 

from the electromagnetic waves. Due to these benefits, RoF systems are desirable 

for digital transmission as well as analogue transmission. However, the focus of this 

research is mainly on analogue transmission links, as it has a great importance in the 

radar systems, aircraft or debris detection systems, satellite communication links, 

and many other defence and aerospace applications.  

In this thesis, the problems in the Analogue Photonic Link have been identified, and 

new improved configurations have been proposed to tackle such issues. At first, an 

in-depth study was undertaken to understand the system weaknesses. It was noticed 

that RoF system faces an inevitable dispersion from an optical fibre, which can only 

be compensated by including different dispersion compensation techniques. These 

fibre dispersion techniques have been reviewed and discussed in Chapter 2. Another 

important component of the APL is an electro-optic (EO) modulator, and it was 

understood that EO modulators incur a nonlinear transfer function. Due to this 

nonlinear behaviour, the modulated signal generates harmonics and high-order 
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intermodulation distortions, which reduces the dynamic range and limit the 

bandwidth of the link.  

Based on the previously reported techniques an improved configuration of APL was 

proposed in Chapter 3. The model was initially developed in a VPI simulation 

software and then it was validated by implementing a mathematical and experimental 

model. The configuration involves two DPMZMs and a balanced photodetector. The 

principle used for the linearisation of APL was to suppress the optical carrier at the 

modulator and transmit the low biased modulated signal through an optical fibre 

toward the receiver. Both DPMZMs were set to operate at a minimum operating 

point so that an optical carrier can be eliminated. Another optical link was used to 

transmit the optical carrier signal directly from the laser source to the receiver. 

Consequently, IMD3 was suppressed and S/I ratio was increased. Additionally, the 

even-order distortion products (SHD, IMD2) were eliminated by using a BPD at the 

receiver. Hence, a multi-octave APL system was achieved. A single RF channel 

demonstrate a significant increase of Second-order Spurious-free Dynamic Range 

(SFDR2) and Third-order Spurious-free Dynamic Range (SFDR3) at 115dB.Hz1/2 

and 127dB.Hz2/3, respectively. Same configuration was optimised for dual RF 

channels, and a mathematical model and experimental model was presented in 

Chapter 3. Therefore, the SFDR2 and SFDR3 for dual RF channel was measured at 

108.5dB.Hz1/2 and 110dB.Hz2/3, respectively. 

Microwave photonic mixers were investigated, and it was noticed that existing 

MPMs are vulnerable to the distortion products generated by multiple input RF 

signals. Conversion of multiple microwave signals simultaneously has serious 

consequences on the performance of a mixer, which is limited by not only IMDs but 

also the cross-modulation distortions. The self-beating between the input RF signals 

were successfully eliminated by a proposed novel technique presented in Chapter 4. 

This model was implemented in a VPI simulation software and the results were 
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analysed. Later, a mathematical model was created to realise the cancellation of 

distortion products. This technique involves two single MZM, where one was used 

to modulate input multiple RF signals and the other MZM was used for modulating 

the LO signal. The output of first MZM was split into two optical paths; one gets 

detected by a first photodiode of BPD, and second path combined with the output of 

second MZM to form a mixed signal. The combined signals were detected by the 

second photodiode. Hence the common distortion products were eliminated. As a 

result, the electrical spectrum was linearised, and the bandwidth of ADC was 

improved. Nevertheless, the proposed configuration could not eliminate the 

distortions related to the LO signal and the SFDR2 and SFDR3 of 89dB.Hz1/2 and 

114.5dB.Hz2/3 was achieved, respectively. 

To overcome the reported issue in a technique proposed in Chapter 4, a further 

investigation was undertaken to eliminate the distortion products related to the LO 

signal. A similar configuration was implemented in VPI simulation software, but an 

additional optical channel was created to modulate the LO signal at a second 

wavelength (1540nm). Due to an additional channel wavelength, an additional 

photodetector was used to detect the same distortion as they existed in previously 

mentioned configuration (Chapter 4). On combining the two electrical outcomes 

from both optical channels, the self-beating between input multiple signals and 

harmonics of the LO signals were eliminated. The mathematical model has been 

shown in the Chapter 5. The results achieved from the simulation model were 

analysed and the SFDR2 and SFDR3 of 106dB.Hz1/2 and 119.5dB.Hz2/3 was 

reported, respectively. 

The outcome from the Chapter 3 has been sent for publication in two different 

journals and currently awaiting a decision. The proposed structures reported in the 

Chapter 4 and Chapter 5 have been submitted for patent grant, which is in a process 

of being published. 
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6.2  Future Work 

The undertaken research has a great potential for further investigation in order to 

improve the performance and optimise the system for different applications. The 

prime focus of the proposed research in this thesis was to eliminate the distortion 

products in an Analogue Photonic Link (APL). However, the implementation of this 

system can be achieved by applying digital signals such as Quadrature Amplitude 

Modulation (QAM). 

A linearisation model proposed in the Chapter 3 uses a short haul fibre, which needs 

to be tested for long haul transmission. Ideally, the APL was configured to make it 

viable for the applications that does not require long fibre links such as APL links 

deployed in an aircraft or a space station, and the short (few 100 metres apart) links 

between antennas and base stations. The practicality of this model will need to be 

tested for long haul applications like links between the central stations and base 

stations. The model will also need to be optimised for the digital signal transmission. 

Besides, the dual parallel modulation links will also need to be optimised in order to 

achieve a perfect balance in its optical arms. A further investigation may be required 

to match the extinction ratio of each arm or sub MZM. 

A novel design was implemented for the linearisation of a multi-tone Microwave 

Photonic Mixer (MPM), which will need an experimental validation. The 

implication of optical intensity mismatch in the optical paths would be addressed. It 

was discovered that adjusting the optical attenuation in optical paths requires an 

automated system. This brings about another opportunity to design and develop an 

automated/adaptive attenuator, which will adjust the attenuation desirable for the 

IMD cancellation. Two independent MZMs used in the proposed configuration 

would be further investigated for the integration of both chips onto a single chip. The 

fabrication process of an MZM will be explored, which will potentially include two 

optical outputs; one output from an integrated optical splitter at first MZM output, 
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and second output from an integrated optical combiner at the output of second MZM 

and first MZM. At the receiver end, an in-depth study will need to be carried out. 

Currently, only balanced photodetector based on two photodiodes are available, 

however, further research would be done to investigate the integration of three 

photodiodes in a singular circuitry. Additionally, in a down-conversion or up-

conversion process, an image frequency of Intermediate Frequency appears at the 

output, which is usually filtered out by bandpass filters. It would be appropriate to 

eliminate the image frequency by innovating the design of the MPM. 
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