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ABSTRACT 

 

Suppression of Intermodulation distortion in Radio-over-Fibre System  

 

 

Fibre optics communication is considered one of the most innovative methods of communication, originated 

about 40 years ago. Radio-over-fibre (RoF) was introduced for the very first time in 1990, and since then it has 

been widely used due to its high bandwidth, low losses, low power consummation, being cost-effective and other 

fibre-optic signal propagation properties [1-3]. 

 

RoF as an analogue communications system includes RF and optical fibre components such as Photodiode, filters, 

optical amplifiers, optical fibre, optical modulator, and laser. So far, the optical communication system has 

resulted to be the best solution to the modern mode of communication due to the above-stated properties. 

However, optical communication has its limitations as well, including non-linearity as a feature that produces 

Intermodulation Distortions (IMDs), losses and dispersion of signal. One of the most challenging tasks is the 

suppressing of nonlinear distortions, which strongly affects the performance of the Microwave Photonic Links 

(MPL).



In this thesis, a background review of the RoF system is presented, with a focus on Analog Photonic Links (APL) 

linearization techniques. In chapters 1 and 2 an introduction to optical communications is presented, with a focus 

on how the optical communication system has emerged and the advantages and disadvantages of the optical 

communications system in comparison to other communications systems available. Later in this chapter, a 

background study of APL has been presented - which includes optical fibre and fibre dispersion, techniques to 

compensate for fibre dispersion, nonlinearization in the APL, modulation techniques, and balance detections. 

Later, research is done in various linearization techniques to eliminate Intermodulation and Harmonics which 

happen due to modulations. 

 

 

In chapters 3, 4 and 5, different linearization methods are presented and demonstrated. A high linear analogue 

photonic link based on a Dual-drive Dual-parallel Mach-Zehnder Modulator (D-DPMZM) with two separate 

photodetectors is presented. Third-order Intermodulation Distortion and Second-Order Distortions products have 

been eliminated by controlling the phase of the input RF signal and driving voltage of D- DPMZM. Mathematical 

modelling and simulations, for the proposed configuration and the purity of the system, are developed and tested 

by introducing additional RF signals. In the proposed configuration, a high linear down-converted signal is 

transmitted by changing only the operating modulator biasing point from quadrature to maximum of free Dynamic 

Range (SFDR) of 58 dB and linearized signal and 77.84 dB down-converted signal. 

A different Microwave Photonic Link (MPL) system configuration based on two D- DPMZMs and two Balanced 

Photo-Detectors (BPDs) is reported. The Intermodulation Distortions (IMDs), as well as the harmonic distortions, 

have been eliminated. The proposed linearization of RF signal configuration is double side banded in both D- 



DPMZM. A full mathematical model has also been developed and simulations have been 

performed for the proposed configuration. The proposed MPL system configuration 

exhibits significant performance, and it will have a great impact on aerospace, radar, and 

satellite-to-ground downlink communication system applications. 

 

 

AMPL is proposed and experimentally demonstrated by unique ways of deploying 

Gallium Arsenide (GaAs), two Electro-optic Mach-Zehnder Modulators (MZMs), and 

BPD. All even and odd intermodulation distortions products are suppressed under the 

noise floor. Second-Order Harmonics (SOH) are also significantly suppressed by careful 

arrangements of microwave shifters and MZMs. We have also developed and 

implemented a full mathematical model for the proposed configuration, and linearization 

of the system is tested by introducing an additional RF signal. Our experimental 

measurements exhibit the suppression under the noise floor of all even and odd IMD and 

significant suppression of SOH. Spurious Free Dynamic Range (SFDR) of the proposed 

analogue photonic link for a linearized signal is 119.5 dB.Hz2/3. 

 

 

 

 

 

 



Contents 

List of Figures ........................................................................................................... 9 

List of Tables ........................................................................................................... 12 

Abbreviations and Acronyms .................................................................................. 12 

Chapter 1 ................................................................................................................ 15 

Introduction .................................................................................................................. 15 
Introduction to Optic Communication System ................................................................................ 15 
Optic Fibre ......................................................................................................................................... 21 
Fibre Dispersions .............................................................................................................................. 23 
Dispersion Power Penalty ................................................................................................................ 24 
Dispersion Compensation Fibres ...................................................................................................... 25 
Dispersion-Shifted Fibre ................................................................................................................... 26 
Dispersion Compensation Fibre (DCF) ............................................................................................. 27 
Fibre Bragg Grating ........................................................................................................................... 28 
Dispersion Compensation Schemes ................................................................................................. 29 
Fibre Non-linearities ......................................................................................................................... 31 
Stimulated Raman Scattering and Stimulated Brillion Scattering .................................................. 33 
Kerr Effect ......................................................................................................................................... 33 
Group velocity dispersion ................................................................................................................. 34 

Chapter 2 ................................................................................................................ 35 

Background review and methodologies .......................................................................... 35 
Radio-Over-Fibre System (RooF) background review ..................................................................... 35 
Radio-Over-Fibre System (RooF) ...................................................................................................... 35 
Modulation Concept ......................................................................................................................... 36 
Single-drive modulator ..................................................................................................................... 38 
Dual-Electrode Mach-Zehnder Modulator (DEMZM) ...................................................................... 39 
Operation points of modulators ...................................................................................................... 40 
Sideband Modulation Process .......................................................................................................... 41 
Double SideBand (DSB) modulation process ................................................................................... 42 
Single SideBand (SSB) Modulation process ..................................................................................... 44 
RF Splitter .......................................................................................................................................... 46 
Balance photodetector in APL (Analog Photonic Link) .................................................................... 46 
Nonlinearities in APL ........................................................................................................................ 47 
SFDR (Spurious-Free Dynamic Range) .............................................................................................. 50 
Self-Phase Modulation ..................................................................................................................... 53 
Cross-Phase Modulation ................................................................................................................... 54 
Wave Mixing ..................................................................................................................................... 54 
Linearized Modulation Techniques .................................................................................................. 55 

Chapter 3 ................................................................................................................ 57 

Linearization and Down-Conversion of Microwave Photonics Signal based on Dual-drive 
Dual-parallel Mach-Zehnder Modulator with Eliminated Third Order Intermodulation and 
Second Order Distortions ............................................................................................... 57 

Introduction ...................................................................................................................................... 57 
Mathematical model of the proposed system ................................................................................ 61 
Simulation results and discussions................................................................................................... 66 
Microwave photonic down-conversion using two fibre optic channels ......................................... 69 

Chapter 4 ................................................................................................................ 75 

Elimination of odd and even intermodulation distortions of analog microwave photonics 
link based on GaAs MZMs .............................................................................................. 75 

Introduction ...................................................................................................................................... 75 



Mathematical modelling .................................................................................................................. 79 
Experimental results and analysis .................................................................................................... 82 

Chapter 5 ................................................................................................................ 91 

Microwave Photonics Analog Link based on two Integrated D-DPMZM Linearized Signals 
and with Eliminated odd Harmonics and all IMD’s .......................................................... 91 

Introduction ...................................................................................................................................... 91 
Mathematical model of the proposed system ................................................................................ 93 
Simulation results and discussions................................................................................................... 99 

Chapter 6 ............................................................................................................... 104 

Conclusion ................................................................................................................... 104 

Publications ........................................................................................................... 106 

Published: .................................................................................................................... 106 

References: ............................................................................................................ 107 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 



List of Figures 

  

Figure 1. Electromagnetic Spectrum [1] 

Figure 2. A Twisted cable, B Satellite Communications, C Coaxial Cable, D 

Microwave Link. 

Figure 3: A Fibre Optic, B Typical structure for a glass multimode step index Fibre 

Figure 4: Polarization mode Dispersion in optical Fibre 

Figure. 5. Transferring the power from lower to the higher wavelength channels 

Figure 5: Dispersion power penalty graph 

Figure 6 illustration of Fibre Bragg Grating 

Figure 7 :(A) Pre-Compensation, (B) Post Compensation, (C) Symmetrical 

Compensation 

Figure 8: RoF architecture shows downlink and uplink between control and base 

section 

Figure 9: Dual Electrode Mach-Zehnder modulator 

Figure 10:  MZM Transfer Function 

Figure 11: Illustration of DSB and SSB 

Figure: 12: Modulation structure of DSB 

Figure 13: SSB modulation structure with Filter 

Figure 14: Phase shifting modulation method of SSB [46]  

Figure 15: Balanced Photodetector structure [24] 

 



Figure 16: Second-order and third-order Intermodulation Distortion products 

Figure 17: Intermodulation and Cross-modulation Distortions in a Frequency Mixer 

Figure 18: Example of Third Order Intercept point power 

Figure 19: Measurement of SFDR [57] 

Figure 20: Graph of Spurious-free Dynamic Range 

Figure 21: Linearized MPL proposed based on two MZIs 

Figure 22: Schematics of proposed D-DPMZM linearized microwave photonic 

linkwith two input frequencies. 

Figure 23: an Output Frequency from DPMZ1; b Output Frequency from DPMZ2; c 

Output field after balanced photo-detector; d Output field after modification. 

Figure 24: a shifter accuracy within 4 degrees; b shifter accuracy 5 or more degrees; c 

output signal spectrum using 1 Km Fibre optic cable for both channels; d output signal 

spectrum using 1 Km Fibre optic cable for channel 1 and 1.2 Km Fibre optic cable for 

channel 2; 

Figure 25: a down-converted frequency 0.5 GHz; b proposed down-conversion 

spectrum up to 60 GHz; c proposed down-conversion spectrum up to 100 GHz; d 

down-conversion E.S for higher frequency 

Figure 26: Schematic diagram of the proposed AMPL system configuration using 

DPMZM with two input frequencies 

Figure 27: Proposed linearization of AMPL based on two single MZMs. The 

experiment has been carried out in the Microwave Photonics and Sensors Laboratory 

at Royal Holloway University London 

Figure 28: a) Electrical spectrum analyser showing suppression of IMD3. b) 

Electrical spectrum analyser showing spectrum from 4GHz to 11GHz, c) Electrical 



spectrum analyser showing suppression of IMD2, d) Electrical spectrum analyser 

showing suppression of Third order distortion. 

Figure 29: a) Power threshold measurements for proposed configuration, b) System 

stability analyses. 

Figure 30: The gain and noise figure of the proposed system is measured. 

Figure 31: SFDR performance of a) IMDD link with quadrature biasing, b) IMDD link with 

Low biasing and c) Proposed AMPL with Dual Parallel MZMs.  

Figure 32: Schematic diagram of the proposed AMPL system configuration using 

two D-DPMZM with two input frequencies. 

Figure 33:  Electrical spectrum of the proposed structure; (A) Two single 

subcarriers from D-DPMZM1 without any intermodulation distortions, (B) Two 

single subcarriers from D-DPMZM2 without any intermodulation distortions, (C) 

Two single subcarriers after combining without any SOH, (D) shows the non-

existence of IMD2 and SOH 

Figure 34: (A) SFDR performance of proposed AMPL with Dual Parallel MZMs, 

(B) System stability analyses (C). Two single subcarriers after changing RF 

shifters for 1 degree, (D). Two single subcarriers after changing RF shifters for 1 

degree and adding Fibre between BPDs and 3dB power combiner. 

Figure 35. (A) Two single subcarriers after including 42 dB losses, (B) Two single 

subcarriers after including 42 dB losses and changing the input of laser to 15dB. 

 

 

 

 



List of Tables  
 

Table 1. Comparison table between satellite transmission and Fibre optic 

transmission 

Table 2: List of 2nd and 3rd distortion products 

Table.3 MZMS Parameters used in our simulation 

Table.4 MZMS Parameters used in our simulation 

Abbreviations and Acronyms 

 
• A.U Arbitrary Unit 

• APL Analog Photonic Link 

• AMPL Analog Microwave Photonic Link 

• ASE Amplified Spontaneous Emission 

• BNL Background Noise level 

• BER Bit Error Rate 

• BPD Balanced Photodetector 

• CIR Carrier to Interference Ratio 

• CW Continuous Wave 

• DSF Dispersion Shifted Fibre 

• DCF Dispersion Compensation Fibre 

• DCM Dispersion Compensation Method 

• DC Direct Current 

• DEMZM Dual-Electrode Mach Zehnder Modulator 

• DDMZM Dual-Drive Mach Zehnder Modulator 

• DPMZM Dual-Parallel Mach Zehnder Modulator 

• D-DPMZM Double-Dual Parallel Mach Zehnder Modulator 

• DSB Double Sideband 

• DSBSC Double Sideband Suppressed Carrier 

• DSBFC Double Sideband Full Carrier 

• DFB Distributed Feedback 

• DEMUX De-Multiplexer 

• EDFA Erbium Doped Fibre Amplifiers 



• ER Extinction Ratio 

• EO Electro-Optic 

• FBG Fibre Bragg Grating 

• FWM Four Wave Mixing 

• GVD Group Velocity Division 

• IF Intermediate Frequency 

• IMD Intermodulation Distortion 

• IMD3 Third-order Intermodulation Distortion 

• IMD2 Second-order Intermodulation Distortion 

• IP3 Third-order Intercept Point 

• ISNL Input System Noise Level 

• ISI Intersymbol Interference 

• LD Laser Diode 

• LO Local Oscillator 

• LSB Lower Sideband 

• MWP Microwave Photonic 

• MMF Multimode Fibre 

• MZM Mach Zehnder Modulator 

• MZI Mach-Zehnder Interferometer 

• MDS Minimum Detectable Signal 

• MOS Minimum Operational Sensitivity 

• MUX Multiplexer 

• MPM Microwave Photonic Mixer 

• NRZ Non-Return to Zero 

• NZDSF Non-zero Dispersion Shifter Fibre 

• NF Noise Figure/Factor 

• NLCFBG Nonlinearity group-delay Chirped Fibre Bragg Grating 

• OIP3 Third-order Output Intercept Point 

• OSNL Output System Noise Level 

• OC Optical Coupler 

• OCS Optical Carrier Suppression 

• OEO Opto-Electric Oscillator 

• OPC Optical Phase Conjugator 

• RF Radio Frequency 

• RoF Radio Over Fibre 



• PON Passive Optical Network 

• PMF Polarisation Maintaining Fibre 

• SMF Single-Mode Fibre 

• SPM Self-Phase Modulation 

• SDMZM Single-Drive Mach Zehnder Modulator 

• SSB Single Sideband 

• SSBSC Single Sideband Suppressed Carrier 

• SFDR Spurious-Free Dynamic Range 

• SNR Signal to Noise Ratio  

• SHD Second-order Harmonic Distortion 

• S/I Signal to Interference Ratio 

• PMD Polarisation Mode Dispersion 

• XPM Cross-phase Modulation 

• XMD Cross-Modulation Distortion 

• WDM Wavelength-Division Multiplexing 

• USB Upper Sideband 

• QF Quality Factor 

• RIN Relative Intensity Noise 

• RZ Return to Zer



 15 

 

Chapter 1 
 

Introduction  
 

Introduction to Optic Communication System  
 

Fibre Optic Communication is one of the most sophisticated modes of communication 

originating 40 to 50years ago. In search of a wide-band medium for communication, those 

in the field of science explored the optical window, which then gave birth to what today 

is called fibre optic communication. If we take a look at the history of communication, 

starting from Graham Bell’s time, the first revolution took place back when the audio 

signal was converted to electrical form, which was transmitted to electrical cables and 

then converted back to audio form. The main goal of communication at that time was to 

carry voice from one point to the other. As time went by, there was seen more demand 

for communication henceforth larger bandwidth was required. If we look at the 

Electromagnetic Spectrum Fig.1 [1], we can see all frequencies going from 10m wave 

to 0.1 µ m, corresponding to frequencies 30 Mhz to 300T. 

 

 

 

 

 

 

Fig 1: Electromagnetic Spectrum [1] 
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Formerly communication began in low frequencies, few Megahertz and in the last 100 

years the frequencies of operation for communication constantly increased towards the 

higher end. 

While understanding fundamentals required for reliable communication, there are two of 

them that have been discovered, which share great significance whenever it is required 

high-quality reliable communication. 

1) Signal to noise ratio (ratio of the power of the signal to the power of noise). 

2) Bandwidth (proportional to users). 

 

To have reliable communication where many people can send information from one point to 

the other, we must have a medium with the lowest loss possible and the largest bandwidth 

possible. The quality factor and bandwidth are related through this relationship [1]  

0fBW
Q

=   (1) 

 

For a given bandwidth (BW) quality factor (Q) is proportional to frequency (𝑓𝑓0) or for a given 

quality factor (Q), the bandwidth (BW) is proportional to frequency (𝑓𝑓0) and since the quality 

factor is independent of the given frequency, what we find is that the bandwidth required is 

proportional to the operating frequency. This is a very interesting phenomenon, depending on 

the amount of information we want to send, we require a larger bandwidth. This is the reason 

why communication started in low frequency and when the demand increased, the frequency 

increased – which in turn required a larger bandwidth. As we can see from Fig. 1.1, the 

bandwidth can increase by a factor of 10, which would not be enough to cope with the demand 

required. We must develop new technology to meet our current demands. If this low bandwidth 

(BW) is proportional to the operating frequency (fₒ), it still stands. 
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This was in use around the 1960s by a physicist. To use the optical frequency as the medium 

for transporting information from one point to the other, we need to know if we 

 have a medium to transport light with low loss and have enough sources of light 

 

that can carry information. Looking at whether we have a medium that can carry light, we can 

say yes - as light comes from the Sun to Earth. However, for instance a light bulb can be seen 

from a short distance but will not be visible from a long distance. Therefore, if we want a 

medium that can carry the light for long distances, then the air would not be as good as a 

medium. 

Exploring the medium which can transport the light for very long distances and with this idea 

in mind, the next medium to look at was glass, since it is very transparent. Physicists have been 

using glass for guiding light and focusing light on the form of prisms and lenses, therefore glass 

seemed to be a very promising medium for transporting light. However, the use of glass at the 

time was for very small distances, and the question was: will glass be a medium that can carry 

light in long distances with low loss? Experiments conducted at the time showed that the losses 

were thousand dB per kilometer, so it was not a good enough medium. 

 

Scientists believed that the loss of light in the glass was not intrinsic but due to the impurity  

of the glass itself. Scientists then tried to purify the glass as much as possible at the time, and 

in the first purity of the glass they managed to reduce the losses from 1000 dB per kilometer to 

20 dB per kilometer, which was comparable to other communication options. However, they 

needed to consider whether they had the light that could carry information from one point to 

another. For instance, could the light bulb carry information? Light bulbs can carry information 

if they have some variation in their characteristics, either in frequency or in time. Meaning that, 
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if we consider a light source whose either amplitude or frequency does not change as a function 

of time, then this source does not carry any information. 

 

Using a light bulb as a source to send information by switching it on and off would not be a 

suitable method, as the light bulb would not be able to send a lot of information at a very high 

rate. The rate in which signal can be sent through a switch turning on and off depends on the 

spectral width of the light. Having a light which has a spectral width (like white light) as a 

source cannot be switched on and off at a very high rate. We, therefore, need a different kind 

of light, which is a very narrow laser kind of source. Luckily, around the time where fibre 

sources were being explored, the laser was invented. We have sources that can be switched on 

and off or can be modulated at very high rates and we have a medium that can carry light in 

long distances, so this combination made fibre communication possible. 

 

The typical optical link consists of three components: 

• Transmitter 

• Medium (optical Fibre) 

• Receiver (optical detector) 
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Cooperative statement between optical Fibre communication and other technologies 

which are available [2]. 

 

Figure 2: A Twisted cable, B Satellite Communications, C Coaxial Cable, D Microwave 

Link 

Twister Pair Fig. 2 shows point-to-point communication. This medium has high 

electromagnetic interference (EMI) and it has a very high loss. With the rise of frequency, 

a twister pair is a good medium for carrying signals which are at low frequencies and are 

mainly used for telephone lines. Moreover, with the rise of frequency, a more suitable 

medium is Co-axial Cable (Fig. 2.C), as point-to-point communication. Such structure 

does not have an exposed electromagnetic field, consequently having low EMI. This cable 

is used for local area network (LAN), whereas the data rates are higher than the twisted 

pair structure; this cable is capable of supporting the data rates of a few megabits per 

second. However, if we want to go to the higher frequency side, we have Microwave Link 

(Fig. 2.D). It is still point to point communication, but it is a wireless communication and 

is different from the other two medium communication, which are categorised as wired 

communication. In this case, the signal is transmitted by using a highly directed antenna 

whereas the signal is received by the other side from another antenna – without having 

any cables. This mode can be used for long distances since now the frequency is in the 
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microwave range. In such medium, bandwidths are much larger than co-axial, which 

typically are capable of supporting bandwidth with fewer than a hundred megabits per 

second. The only problem with this type of communication is that this is a straight-line 

communication because of its antennas’ direction, and it has a high transmission losses 

rate because of the free-space propagation. 

The next option, if we want to communicate in high frequency and wireless, is Satellite 

Communication (Fig. 2. B). It is point to multi-point communication, which can be used 

not only in point-to-point communication but also for broadcasting applications. This 

medium of communication has a station on Earth that transmits signals to satellites, then 

satellites reflect the signal in different frequencies and are received on different Earth 

antennas. The signal is in microwave frequencies and as a result, it has a large BW. Such 

signal scatters from the satellites with Data-monitoring properties has not been available 

in other communications. However, it has large delays due to the travelling signal. 

Satellite Communication has advantages in its Mobile Environment and moderate 

lifetime. 

Looking at the media and broadband, which is now available to us, it is fair to say that 

we probably have two technologies which may compete with each other: one is a satellite 

technology which has a bandwidth of the order of about 3.7 to 4.2 downlink and 5.9 to 

6.4 uplink gigahertz, and the other technology is Fibre optic technology When comparing 

these two technologies we find that medium of transmission is essentially complementary 

to one another.  

Here we have a comparison table between satellite transmission and fibre optic 

transmission: 
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SATELLITE FIBRE OPTICS 

Point to Multi point Point to point 

Bandwidth in GHz Bandwidth in THz 

Maintenance free Need maintenance 

Short life (7-8 years) Long life 

No upgradeability Upgradeable 

Mobile, air, sea On ground only 

Table 1: Comparison table between satellite transmission and Fibre optic transmission 

 

Optic Fibre 
 
Optical fibre is a solid glass rod with a core through which light propagates. This solid glass 

rod is surrounded by a shell made of glass, called “cladding”. This glass rod is made from core 

and cladding (Fig. 3A), and light propagates through this by what is called total internal 

reflection. 

Fibre is made with silica and plastic, which is a perfect medium for light waves to propagate 

from one point to the other because of its properties, and it is the basis for optical 

communications systems [2]. In today’s world, fibre has replaced coaxial cable mainly due to 

its properties, and because as a medium it is more reliable, it is safer, it has a larger capacity 

and has low loss rates compared to coaxial cable. Transmission loss in fibre depends mainly 

on the material of fibre its purifications, and its measures in dB per kilometer (dB/km). 
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Figure 3: A Fibre Optic, B Typical structure for a glass multimode step index Fibre 

 

The tip of the fibre (cross-section) is of great significance as it is the only way to launch light 

inside the fibre. Non-linearity depends mainly in the intensity of the light and the power 

distribution in the cross section of fibre. Therefore, it is very important to take into 

consideration the cross-sectional area (𝐴𝑒𝑓𝑓) when implementing an optical communication 

system 𝐴𝑒𝑓𝑓 . (Cross-sectional area) is given as follows (3) where R and 𝜃 are polar coordinates. 

Aeff =
∫ ∫ rdrdθI(r,θ)

0
θ

0
r

∫ ∫ rdrdθI2(r,θ)
0

θ
0

r

    (2) 

Fibre’s are available in 2 types  

• Step index 

• Gradient index 

Step index fibre has a refractive index constant throughout the fibre, therefore when light 

propagates through, Step Index and Gradient Index travel at different speeds. Light rays 

(which travel through the middle of the core) travel with higher speed than light which 

travels near the axis of the fibre. Step index fibre is used in both single and multi-mode 

fibre. 
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Gradient index fibre has a different refractive index. The Refractive index near the core is much 

higher than the one near clouding, which makes it possible for light rays to travel with the same 

speed throughout the fibre medium Fig.4 B. This is only possible because the light that travels 

a longer distance has a greater refractive index, therefore, it travels with a speed higher than 

the light rays, which travel in a shorter distance. Gradient index fibre is only used in multi-

mode fibre. Losses in fibre are called attenuation, which reduces the power of signal travelling 

in the fibre medium. This loss is given by. 

Pout
Loss

Pin
=   (3) 

Where Pin is power input and Pout is power output in fibre. 

  10logd

Pout
Loss

Pin
 =  (4) 

 

Fibre Dispersions 
 

When light rays travel in fibre, they travel at different speeds. As a result of this, the signal will 

broaden. This creates a phenomenon which is called dispersion. Signal broadening also 

happens because of non-linearity. This dispersion can be composited by using dispersion 

composited fibre (DCF), dispersion-shifted fibre and fibre Bragg grating (FBG). 

 

Lightwaves in fibre will travel at different velocities even when launched at the same time. 

This phenomenon in an optic is called Intermodal dispersion. Intermodal dispersion is given 

by [4];  

2 2

i m  = +  (5) 

Where 𝜏𝑖 ∧ 𝜏𝑚are due to intermodal and martial dispersion. Intermodal dispersion is managed 

by using Bragg grating (FBG). Fibre is made from silica and plastic. During purification of 

material, there can be small dots with a different refractive index which causes 
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light scattering. This results in non-linearity of signal and errors in bits. Signal broadening due 

to material non-linearity is called “chromatic dispersion”. 

 

When lightwaves propagate in fibre medium at a different speed, it means that they have two 

orthogonal polarizations modes. That is called Polarization Mode Dispersion (PMD). 

Polarization modes travel at different speeds due to non-linearity and the purification of 

material. As a result, these modes arrive on the other side of fibre at different times Fig.4 [5]. 

This time difference is called Differential Group Delay. PMD is also caused by bi-reference 

which is natural in fibre, bend in fibre, mechanical stress, and temperature change. 

 

 

 

 

 

 

Figure 4: Polarization mode Dispersion in optical Fibre 

 

Dispersion Power Penalty 
 

To maintain a Bit Error Rate (BER) for optical fibre, power is calculated to be of order 10^(-

9). Signal loss of power is due to dispersion. To maintain this power throughout, signal 

propagation over optical fibre power needs to be increased. This extra power is called power 

communication system penalty. Power penalty is the ratio between BER, and power received. 
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Figure 5: Dispersion power penalty graph 

Therefore, it is important to have the required BE. Plotting BER for Fibre with no dispersion 

and BER for Fibre with dispersion two of the same curves can be achieved Fig.5 [3], 

difference between these two curves is dispersion power penalty. This is given by the 

equation.  

( )

( )

E t
BER

N t
=     (6) 

Where E(t) is the number of bits received in error and N(t) is the total number of bits 

transmitted. 

 

Dispersion Compensation Fibres 
 

Non-linearity and all dispersion that have been discussed above will affect the quality of signal 

and limit signal transition lengths. By using single-mode fibre and improving fibre quality, 

only a few dispersions can be improved: for instance, waveguide and modal dispersion. There 

is still a need for new and improved techniques to better fibres’ quality which improves the 

overall dispersion in fibre. Some of these techniques are discussed in this paper [6,7]. 
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Dispersion-Shifted Fibre 
 

In earlier years, the communication over fibre took place in an 800 nm window, later the 

communication shifted to 1310 and 1550 nm windows because of low loss. Today most fibre 

communications take place around the 1550 nm window. Fibre communication is shifted to a 

1550nm window because of very low loss compared to 800nm and large bandwidth. 

 

Fibre communication in the 1310 nm window has very low dispersion and supports very high 

data rate. That look like the perfect medium to transport data from one point to another, but in 

1310nm window only one mode can propagate which makes perfect medium to transport data 

in long range because of the low dispersion and high data rate. In today’s world, the demand 

for data is exceptionally increasing, which is why 1550nm window is widely used since it 

supports a large bandwidth. For example, 1550nm is currently being used in laser devices. 

 

In the 1550nm window, a large number of modes can propagate where dispersion starts 

playing a role, but this dispersion can be compensated using dispersion-shifting fibre (DSF) 

[8]. Dispersion-shifting fibre worked better in a single-channel compared to WDM, but this 

limitation has been overcome by using a combination of zero dispersion-shifted fibre and 

standard single-mode fibre in the same link [6]. 
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Dispersion Compensation Fibre (DCF) 
 

Dispersion-compensated fibre is a technique that is used in recent years to compensate 

dispersion. This fibre has a negative dispersion which cancels the chromatic dispersion. 

Dispersion-compensating fibre is more suitable for single-channel transmission as supposed to 

multi-channels because the channel, which is further away from the center, receives less 

dispersion compensation effect [6]. DCF depends on the diameter of the fibre, a smaller 

diameter will mean higher negative dispersion. Because of a small effective OR affected area, 

it is difficult for dispersion-compensated fibre to handle the high optic power. 

 

In a system where DCF is used, it is very important to calculate the CVD-limited transmission 

distance for a given bit rate (B). This length is calculated using equations 7 and 8. [3] 

1

4
L

D 
=


 (7) 

2 2

2

16

C
L

D B


=  (8) 

    

Where B represent bit rate, 𝜆𝜆 wavelength, D is dispersion parameter. 

 

Standard dispersion parameter in standard Fibre is 16ps/nm/km for single wavelength in 

1550nm as in DCF dispersion parameter is -80ps/nm/km or -100ps/nm/km depending on 

system configuration. 
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Fibre Bragg Grating  
 

Fibre brag or Bragg grating is another important fibre for dispersion compensation in fibre. 

Fibre Bragg Grating fibre is a fibre were, inside, some section refractive changes periodically. 

The idea of having a grating region in fibre is changing the refractive index for beams with 

selected wavelengths, as result, all waves add up in phase [6]. Changes in the refractive index 

in fibre brag OR Bragg grating is represented as; 

2 eff GB n =   (9) 

Where neff is refractive index, ∧𝐺  is period of refractive index modulation. 

 

The graded region in fibre Bragg grading fibre is made by photo-imprinting a hologram, the 

material used for photo-imprinting is Germanium. Germanium is a material that is highly 

sensitive to high intensity of light, which increases refractive index as result refractive index 

is changing Fig. 6 [9]. 

Figure 6: illustration of Fibre Bragg Grating 

 

From figure 6 we can see that the input signal travels through FBG fibre. Some of the 

spectrum will be reflected with different wavelengths and the signal received on the other side 

of the fibre is less dispersive. 
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Dispersion Compensation Schemes 
 

In this section, some compensation techniques for dispersion will be discussed. Chromatic 

dispersion is one of the main problems in optical communication systems. So far there have 

been many developed techniques to compensate chromatic dispersion like pre-post-pay, 

symmetrical pay plans utilizing Dispersion Compensating Fibres (DCF). 

 

In [10] some new techniques to deal with chromatic dispersion have been proposed based on 

Distributed Feedback laser. Chromatic dispersion is compensated using newly designed non-

linear group delay chirp fibre with single-mode fibre and tunable laser. This way group delay 

is composited in the upper and lower side of RF signal by reducing the wavelength of the 

optical carrier. Other techniques used in this paper are single-sideband modulation where ratio 

optical to sideband is controlled using DFB (ultra-strong optical injection-locked distributed 

feedback) laser. This ratio of DFB Laser is controlled to reach wanted locked mode. When this 

signal is combined with base signal only locked-mode, signal will be modulated, and the rest 

of signal will be unchanged. OPS (Optical Phase Conjugator) technique is a successful 

technique for composition of dispersion in Fibre. 

 

Three common dispersion composition techniques presented in this report have been compared 

with each other for NRZ (Non-return-to-zero) format. From this, the analysis can be observed 

that the symmetrical compensation method works better than the pre and post compensation 

method at 10 Gbit/s. Dispersion compensation techniques vary for different bit rates; therefore, 

the performance of these compensation techniques is limited to the fixed data rates. 
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In [11, 12] it can be observed that symmetrical compensation and post-compensation 

techniques have minimum penalties compared to pre-compensation.  This compensation 

techniques are used Dispersion Compensation Fibre (DCF) which have negative dispersion. 

This helps fibre to compensate for positive dispersion in single-mode fibre. The main 

disadvantages of this compensation technique are the large attenuation of signal power which 

results in using more optical amplifiers, hence the system is more complicated and expensive 

[13]. 

 

 

Figure 7: (A) Pre-Compensation, (B) Post Compensation, (C) Symmetrical Compensation 

 

Pre-compensation is achieved by using DCF before the single-mode fibre span Fig 7 A, 

whereas post-compensation is achieved by using DCF after SMF Fig 7 B, and symmetrical 

(A) Pre-Compensation 

(B) Post-Compensation 

(C) Symmetrical-Compensation 
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compensation is achieved by using a mixture of both Pre-compensation and Post-compensation 

techniques Fig 7 C. 

Fibre Non-linearities 
 

In this section, we are discussing non-linear fibre optics – when the light intensity increases, 

the higher-order vulnerability terms in the induced polarization of dielectric material must be 

taken into consideration. In a material like glass, the second-order susceptibility contribution 

is negligible, so the non-linearity primarily is because of the third-order weakness, which leads 

to what is called the Kerr non-linearity. 

 

The refractive index of the material has a term that is proportional to the square of the electric 

field or the power density in the material so essentially, we are considering the pulse 

propagation inside an optical fibre in the presence of this non-linearity.   

 

In optical Fibre the nonlinear effect is enhanced by almost a factor of billions compared to the 

non-linear effect in a bulk material for the simple reason that once the power is confined to the 

core of the optical Fibre, the non-linear interaction keeps taking place over the effective length 

inside the optical Fibre. Due to very low loss on the Fibre, this length turns out to be few 

kilometers and therefore the overall effect of non-linearity observed inside the optical Fibre is 

much stronger compared to what you see inside a bulk material.  

Power levels which are normally dealt in the optical communication are small, even for those 

power levels which are a few milli-watts of power the nonlinear effects become significant in 

the optical Fibre. 

 

From non-linear Schrodinger after certain estimation and certain linearization we can consider 

different cases depending upon what is the pulse width and what power is in the pulse. Different 
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effects may dominate at different situations. Therefore, these two different lengths on the 

optical Fibre, one is dispersion length (L_D) the other one is non-linearity length (L_NL). 

Depending on the physical length of the optical Fibre, sometimes the non-linearity length may 

be smaller than the physical length, so the non-linear effects dominate. Sometimes the 

dispersion length would be less than the physical length of the optical Fibre, so the dispersion 

effects would dominate, and when both the lengths are smaller than the effective lengths of the 

optical Fibre, then both effects would start contributing and that would give the evolution of 

the pulse. 

Based on these two different lengths we can consider three different situations.   

 

  

 

 

 

If the length of fibre is much greater than the dispersion length and the length of fibre is much 

less than the non-linearity length (11), then the dispersion effects are not dominant but the non-

linearity effects are dominant. What will happen if you have large power inside the optical 

pulse, then we get a phenomenon which is called self-phase modulation. If the length of fibre 

is much greater than the dispersion length and the length of fibre is much greater than non-

linearity length (12), both the effects are present, then we get a pulse that is called a soliton. 
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Stimulated Raman Scattering and Stimulated Brillion Scattering 

 

The effect of the SRS can be achieved by transferring the power from lower wavelength 

channels to the higher wavelength channels, Fig. 5, [22][40]. Stimulated Brillion Scattering 

(SBS) is the conversion of the signal power into a backward frequency-shifted wave [23][41]. 

 

 

 

 

 

 

Figure 8: Transferring the power from lower to the higher wavelength channels 

 

In a short pulse experiment, the SBS reflectivity levels were found to be high, while a go 

under SI-relevant intensifies. Due to the non-linearity and sensitivity conditions, the laser 

plasma instability deepens. Exploring the parameters of space and understanding plasma 

instabilities are very important. Instability is very important. SBS and SRS can be convective 

in low density of the corona, their level of saturation depends on convective gain and seed 

levels. 

 

Kerr Effect  
 
Kerr effect – happens when varying DC electric field is functional to the non-linear optic fibre, 

follow-on in the changing of the refractive index of the material. As a result, the material acts 

as a waveplate that polarizes light in a desired direction. Kerr effects happen because of change 
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in refractive index as a result of a self-induced effect, this phenomenon is very common in 

optical fibre. This can be represented as [2]. 

2

n KE =  (13) 

Where λ is wavelength of the light, K is the Kerr constant and E is the strength of electrical 

field. 

 

 Group velocity dispersion  
 
Non-linear fibre optics is when the pulse has high intensity then refractive index of the material 

gets modified because of the pulse and that leads to the modification in the pulse propagation. 

 

In this section, we are looking at the phenomena which are called ‘group velocity dispersion’ 

and assume that the non-linearity is not playing a role, but the dispersion is there. Solving the 

non-linear Schrodinger equation only for dispersion expecting something interesting will 

happen. If we have a Gaussian pulse then the shape of the pulse remains Gaussian as it travels 

on the optical fibre, but it goes on broadening also internally, the pulse gets frequency 

modulated and the chirp has a different nature depending upon whether we are in the normal 

dispersion regime or the anomalous dispersion regime. 

 

In the normal dispersion regime, frequency chirp is positive as a function of time, whereas, in 

an anomalous dispersion regime for a wavelength greater than 1300 nanometer then we have 

the negative chirp which means the frequency decreases as time inside the pulse. 
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Chapter 2 
 

Background review and methodologies  
 

Radio-Over-Fibre System (RooF) background review 
 

This section gives a basic understanding of the radio-over-fibre system and explains the basic 

theories behind the design of the system. Considering this research fundamental investigation 

on optical fibre, fibre desperation, non-linearities, modulation techniques, noise and the IMD, 

are discussed and clarified in this part. 

Radio-Over-Fibre System (RooF) 
 
Transmission of radiofrequency signal over fibre is a technique that is widely used these days. 

This technique is an analogue communication scheme, as an analogue optical link laser 

modulation depth should always be small. In digital optical links, modulation depth is nearly 

100% or the laser is switched on and off depending on the modulation technique [7]. 

 

Radio-over-Fibre communications system includes RF and optical fibre components such as 

Photodiode, filters, optical amplifiers, optical fibre, optical modulator, and laser. 

Radio-Over-Fibre System structure is displayed in Fig.9. 

Figure 9: RooF architecture shows downlink and uplink between control and base section 
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In the transmitter, the RF signal is modulated with light coming from Laser (LD) transmitted 

over fibre and converted back to RF at the receiver side. RoF has a range of applications such 

as mobile radio transmutation which includes 3G, 4G, 5G and WIFI, RF L-Band transmission 

in earth stations for satellite communication and cable television signal transmission. 

The advantage of the RoF system is attenuation of the signal transmitted is much less than any 

other metal cable or WIFI and can hold long distances in transmission reducing the need of 

using too many amplifiers and repeaters. 

 

Modulation Concept  
 

Modulation is a concept that involves transferring data from the electrical to the optical domain. 

There are two main modulation concepts: Direct modulation and External modulation. Direct 

modulation is when light from light sources is directly modulated with an RF signal whereas 

external modulation uses a continuous wave (CW) and uses an Optical modulator to modulate 

continuous light from a light source with an RF signal. 

 

The advantage of using direct modulation is a simple system and is easy to implement with low 

cost but it has limited frequency and response time. External modulation due to having an 

external device called optical modulator to modulate light source with RF signal allow using 

high frequency and have high performance. External modulation due to these advantages is 

highly used today in the RoF system. Mach-Zehnder Modulator (MZM) is mostly used as an 

optical modulator in external modulation in the RoF systems. 
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External modulation uses two types of optical modulators:  

 

• Electro-Absorption Modulator (EAM) 

• Electro-Optic Modulator (EOM) 

 

EAM is a modulator that modulates the absorbed photons in the optical waveguide 

semiconductor by applying different electrical power throughout the waveguide. Electro-Optic 

Modulator (EOM) is mostly used as an optical modulator in an external modulation. The 

modulation performed by applying different voltages in each arm of MZM is called Phase 

Modulation. This modulation procedure in this process is performed by applying the voltage 

in each arm of the MZ by modifying the phase of the electrical field. Modulating the signal in 

both arms of MZM by applying different voltage and combining the signal from both arms; the 

signal is then converted into intensity modulations. 

 

Applying the same voltage to both arms of MZM means both arms have the same electrical 

fields which imply the same phase modulation but different signals. This method is known as 

the push-pull method [14]. MZM comes as a single drive or dual drive. Dual-drive MZM is 

used to generate intensity modulation by using inverse data and data on both branches of MZM. 

For a high-speed communication system, it is essential to use external modulation as it is very 

difficult to directly modulate the signals at high speed. 
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Single-drive modulator 
 
The signal-drive modulators can be x, y and z cut whereas dual-drive modulators can only be 

z-cut [15]. The material used to build an electro-optic modulator should be chosen carefully to 

consider the environment and for a given wavelength as some materials are unsuitable for peak 

in the frequency and response. When designing this modulator half-wave voltage is the most 

important to be achieved for the required degree of modulation, VPI should be low for good 

quality modulation and Vpi L half-wavelength product is a very important factor. L is the 

modulator electrode length which is defined as product voltage of phase-difference of two arms 

of the optic modulator at 180 degrees and the length [16] which can be expressed as: 

 

                                           0VL V =                                    (14) 

1 0   = −  (15) 

Where 𝛽1 and 𝛽0 are propagation constant of MZM branches and V0 is applied voltage [15]. 
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Dual-Electrode Mach-Zehnder Modulator (DEMZM) 
 

 

The most common external modulator used in microwave photonics is Dual-Electrode Mach- 

Zehnder Modulator (DEMZM) due to the properties it holds. DEMZM delivers different 

efficient optical signals it is also used in different ways such as stable and unstable dual-drive 

and single drive. Dual-drive system uses signal with opposed phase to create an intensity 

modulation. Also chirp cam be removed by applying same voltage in both arms of the 

modulator. The dual-drive modulator is formed from upper and lower electrodes where the 

optical signal passes through which is strengthened by DC voltage and RF signal Fig.9. 

 

 

 

 

 

 

Figure 10: Dual Electrode Mach-Zehnder modulator 

 

Optical signal in dual-drive modulator is modulated in the waveguide by the electrical field 

generated from these electrodes according to baseband signal required. By controlling DC 

voltage in the upper and lower arm we can change the phase of the signal to achieve different 

modulation, for example sideband modulation or to reduce nonlinearity in the system. RF and 

DC can be applied to upper and lower electrodes in this modulator. 
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Operation points of modulators 
 

MZM operating point can be changed by changing the bias voltage. By applying voltage in 

electrodes of modulation the electric field changes the optical path length meaning signal has 

been phase modulated in each branch of the modulator. The performance of the modulator can 

be seen by changing the bias voltage. Based on half-wave voltage and bias voltage we can 

identify the operating point of the modulator fig () illustrates the transfer function used in this 

regard. A pick point of the transfer function is achieved when the phase difference is a 

multiplication of 2π or 360 degrees, otherwise known as constructive interference. 

Figure 11:  MZM Transfer Function 

 

As it can be seen from Fig.10 pick point or maximum is achieved at 0V. A null point or 

minimum of the transfer function is achieved when the phase difference is an odd 

multiplication of π or 180 degrees in other words this state is achieved when applying voltage 

is Vpi or -Vpi. The transfer function can be mathematically expressed as: 

0 0

( )
( ) cos 2( )

2

V t
E t bE

V




=  (16) 

Where 𝐸0(t) is transmitted intensity; b is insertion loss; 𝐸0  is laser input power; V(t) is applied 

voltage and Vπ is driving voltage. 
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A normalised 𝛾 bias voltage, normalised amplitude 𝜂 and operating point are used to configure 

modulators in different ways.  Normalized 𝛾 bias voltage is presented as 𝛾 =𝑉𝑑𝑐⁄𝑉𝜋 where 𝑉𝑑𝑐 

is DC biased voltage whereas normalised amplitude 𝜂 is represented as 𝜂 = 𝑉𝑚⁄𝑉𝜋 where   𝑉𝑚 

is the voltage of modulator and 𝑉𝜋 is modulator switching voltage. A product of normalised 

bias voltage and normalised amplitude represent RF signal modulation index which 

mathematically can be written as 𝑚 = 𝜋𝜂 or:  

𝑚 = 𝜋
𝑉𝑚

𝑉𝜋
   (17) 

 

Dual-drive MZM electrodes for upper and lower arms can be modulated separately, the output 

of electrical field for DD-MZM mathematically can be expressed as [18]: 

 020( ) exp( [ cos(2 )]) exp( [ cos(2 )]
2

j f

out m m

E
E t b e j f t j f t

      = + + +    (18) 

Where 
exp( [ cos(2 )]) exp( [ cos(2 )]m mj f t j f t     + + +

express the field of electrodes 

for upper and lower arms of DD-MZM. 

 

Sideband Modulation Process  
 

During the process of modulation expect carrier in the spectrum, we have frequencies in the 

upper and lower side of the carrier these frequencies are called sideband frequencies which 

contains all Fourier components of the modulation signal. Similar to AM signal it contains 

sidebands frequencies and carrier which have data transporting to the end receiver. Carrier in 

this modulation technically only transport data and don’t carry any information, however, 

carrier uses about 50% of the power hence most of the systems suppress the carrier during 

transmission and recover back the receiver to recover data information. Two techniques are 
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used to do sideband modulation: Double Sideband (DSB) modulation and Single Sideband 

(SSB) modulation. Sideband modulation is demonstrated in Fig.11 including DSB and SSB. 

 

 

 

 

 

 

 

Figure 12: Illustration of DSB and SSB 

 

From Fig.11 can be seen that the baseband modulation signal is modulated with the carrier as 

a result of two sidebands being created known as DSB, by adjusting the bias voltage we can 

eliminate one sideband to achieve SSB. 

 

Double SideBand modulation process 
 

Double sideband modulation is when one signal is modulated in the optical modulator as 

result two sidebands are generated on the upper and lower sides of the carrier this process is 

called double sideband modulation. During this process, we can suppress the carrier, or we 

can leave as it is the carrier during propagation hence there are two ways of using DSB, one 

with carrier suppressed during propagation one without suppressing carrier, this process is 

called DSB-SC and DSB-FC respectively. Modulation process using DSB can be represented 

using mathematical model, suppose waveform of carrier is mc(t) and baseband signal is m(t) 

then mathematically it can be written as [19]: 
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( ) cosmc t Ac ct=  (19) 

Modulating baseband signal with carrier than modulation signal s(t) will be: 

𝑠(𝑡) = 𝐴𝑐𝑚(𝑡) cos 𝜔𝑐𝑡  (20) 

Using Fourier series on baseband signal M(𝜔) than signal modulation mathematically can be 

represented [19, 20]: 

𝑆(𝜔) = 0.5𝐴𝑐𝑀(𝜔 − 𝜔𝑐) + 0.5𝐴𝑐𝑀(𝜔 + 𝜔𝑐)  (21) 

Modulation system using double sideband modulation is shown in Fig.12. 

Figure 13: Modulation structure of DSB 

 

From this can be observed that the product of signal and carrier produce DSB spectrum. 

Frequency range is spectrum range filled with signal message known as baseband signal. 

Baseband signal ‘’𝜔’’ in communication system have limited range most of the time however 

carrier has high frequency ‘’ 𝜔𝑐 ‘’. Upper SideBand (USB) signal in DSB is known as positive 

sideband and is written as 𝜔𝑐 + 𝜔 where Lower SideBand (LSB) is known as negative sideband 

and can be written as 𝜔𝑐 – 𝜔 hence bandwidth required for transmission using DSB is two 

times baseband frequency [45] therefore bandwidth required can mathematically written as: 

 2BT =   (22) 

Where, 𝜔 is baseband frequency and 𝐵𝑇 is the bandwidth transmission required. 

Amplitude in DSB has periodic flux during transmission for whole length of Fibre in RoF 

system therefore using SSB modulation will end the periodic fluctuations. 
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Single SideBand (SSB) Modulation process 
 

When the signal is modulated with the carrier it does produce two sidebands as explained above 

upper sideband and lower sideband, the process of eliminating one of the other sidebands upper 

or lower sideband is called single-sideband modulation. The benefit of using SSB is that stops 

the periodic fluctuation created during modulation and reduces the bandwidth required for 

signal propagation hence less energy is required as is shown in Fig.13 [21]. Same as in DSB 

we can suppress carrier during SSB knowing that carrier uses 50% of the energy required for 

propagation of signal and retrieve carrier with information at receiver or we can have carrier 

during this process. Therefore, suppressing carrier uses 50% less energy required for signal 

propagation and reducing bandwidth during SSB will result in improvement in the Signal-to-

noise ratio. SSB with carrier suppressed is called SSBSC and with a carrier not suppressed is 

called SSBFC. Another benefit of using SSB is reduction of fibre dispersion. Few methods are 

used to achieve SSB, the most common method is the phase-shifting or discrimination method. 

The process of using a bandpass filter to eliminate the sidebands is called the discrimination 

method is easy to implement but is more expensive than using the phase-shifting method. The 

discrimination method uses high pass to eliminate LSB and lowpass USB as shown in Fig. 13. 

 

 

 

 

 

 

Figure 14: SSB modulation structure with Filter 

 



 45 

Mathematical representation of SSB is like DSB, the baseband signal is modulated with the 

carrier as result signal a(t) is obtained which can be written as [21]: 

 ( ) ( )cosc ca t A m t t=   (23) 

Fourier transformation of eq. (23) is the same as Fourier transformation of eq. (20) when DSB 

has gone through LSB or USB filter where both filters have zero-valued spectrum for |𝜔| > 𝜔𝑐 

and |𝜔| < 𝜔𝑐 respectively. SSB can be obtained by using formula [46]: 

 

 ˆ( ) 0.5 ( ) ( )cs t A m t jm t=    (24)   

 ˆ( ) 0.5 ( )cos ( )sinc c cs t A m t t m t t =    (25) 

   

Where 𝑚 ̂ (𝑡) is Hilbert Transformation of the sideband signal m(t). For LSB is used positive 

sing as for USB is used negative sing in eq. (25). 

Phase shifting method for SSB is shown in Fig.14 explain how this method is implemented 

[21]. 

 

Figure 15: Phase shifting modulation method of SSB [46] 
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RF Splitter  
 

This Module is commonly used to connect a single output port to more than one input port. 

When using the graphical interface, it will be automatically inserted when more than one input 

is connected to the same output, this is also done when the “node-connect” command is used 

 in the interpreter. On the other hand, there are occasions when the automatic insertion of the 

Fork module is not desirable. For example, when there is a delay on one of the arcs, to avoid 

ambiguity about the locations of the delay, the Fork module must be inserted by the user. 

Furthermore, auto forking can cause problems when multiport holes are used. In this case, one 

may get two outputs and several inputs on the same net. At the moment, there is no way to 

automatically decipher what the user intends. Thus, why the Fork module should be inserted 

explicitly. 

 

Balance photodetector in APL (Analog Photonic Link) 
 

Domination of high order distortion product is not as dominant in multi-octave bandwidth APL 

compared to sub-octave APL. By changing the operating point of the modulator, it can be 

controlled, or linearization techniques can be used to deal with distorting products as a result 

of nonlinearity behaviour. Quadrature operating point has an advantage over second-order 

intermodulation (IMD2) product and enhances SFDR2 whereas biasing modulator at high 

operating point result in high system noise hence in some system using low biasing is preferable 

[22]. It’s true biasing at low voltage reduces noise to the system however produces IMD2 which 

limits the bandwidth of the APL system. Balance photodetector can be used to remove noise 

from EDFA produced by laser RIN and Amplified Spontaneous Emission (ASE) [23]. Balance 

photodetector is formed by two paired photodiodes to form the differential structure shown in 

Fig.15. Photodiode one is written as ℜ1 and photodiode two is written as ℜ2.  
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Figure 16: Balanced Photodetector structure [24] 

 

In ideal conditions both photodiodes ℜ1 and ℜ2 have same responsivity and have opposite 

bias charge, therefore, common-mode signal will be eliminated this is called Common-Mode 

Rejection Ratio (CMRR). Mathematical representation of Balance photodetector is [24]: 

IBPD=IPD1+IPD2  

Where IPD1 is photocurrent in first photodiode and IPD2 is photocurrent receiver in second 

photodiode. 

 

Nonlinearities in APL 
 

The modulation process in APL incurs limitations due to the Intermodulation distortion product 

and cross-modulation when using more than one signal as a result of nonlinearities in the 

system produced by the Electro-optic Modulator [26, 27]. Limitations of the APL system is 

mainly due to intensity modulators. Spurious-Free Dynamic Range (SFDR) is mostly limited 

by intermodulation products close to signal which are Second-order Intermodulation distortion 

and Third-order Intermodulation distortion (IMD2 and IMD3) also by Second-order harmonics 

and Third-order Harmonics (SHD and THD). 

For the linearity of APL Intermodulation distortions (IMDs) are important frequencies that 

measure the linearity of the system [28, 29]. Modulation of two or more frequencies produces 
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amplitude modulation as a result of e nonlinearity this modulation frequency is called IMD 

whereas harmonics are sum and difference of fundamental frequencies they also can be 

multiple addition and subtraction of that sum and difference of frequencies as shown in Table 

(2) [30]. 

Second order Distortion Third Order Distortion 

2f1 3f1 

2f2 3f2 

f1 - f2 2f1 - f2 , 2f2 - f1 

f1 + f2 2f1 + f2 , 2f2 + f1 

Table 2: List of 2nd and 3rd distortion products 

 

From the table can be seen that second-order harmonics are twice frequency one 2f1 and twice 

frequency two 2f2 similarly third-order harmonics are three-time frequency one 3f1 and tree 

times frequency two 3f2. When two signals interact with each other drives second-order 

products which are the sum or difference of each other as shown in Fig. 16.  

Figure 17: Second-order and third-order Intermodulation Distortion products 
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IMD3 and Second-Order Distortions (SOD) are the main distortion product cousin nonlinearity 

of APL system due to being too close to fundamental frequencies and limiting SFDR hence 

why my main focus was eliminating IMD3 and Second-Order Disortations as explained in 

chapter (). As explained above nonlinearity in APL is caused also by cross-modulation when 

two or more frequencies are modulated, in Fig.17. is shown a mixer frequency spectrum with 

cross-modulation distortion and intermodulation distortion. The signal can be down-converted 

or up-converted to Intermediate Frequencies (IFs) using these mixer frequencies. When 

frequencies interact with each other and local oscillator (flo) frequency therefore distortion 

products are generated as shown in Fig.17 in green colour. When self-beating two-tone RF 

frequencies produce distortion product in green colour Fig.17. 

Figure 18: Intermodulation and Cross-modulation Distortions in a Frequency Mixer 

 

In any RoF system, any extra frequency created as a result of nonlinearity will limit bandwidth 

therefore these extra frequencies created should be removed in ideal conditions (green colour 

frequencies) whereas frequencies in blue should be suppressed whenever is possible to enhance 

dynamic range. 

 

 



 50 

SFDR (Spurious-Free Dynamic Range) 
 

For any system in APL, the main concern distortion product is IMD2 for wider bandwidth and 

IMD3 for narrow bandwidth as they limit the SFDR. The greater concerns are IMD3 as they 

are very close to fundamental frequency [29, 30]. Power input of fundamental frequencies is 

in direct proportion with IMDs which can be measured by third-order Intercepted Point (IP3) 

[29]. When the power level of IMD3 is equal to the power of fundamental frequencies defines 

IP3 as shown in Fig.18. Mathematically IP3 can be written as: 

2

2

4
3

MZ

V
IP

R




=    (26) 

         

Where Vπ is half wave voltage. 

 

Figure 19: Example of Third Order Intercept point power 

 

In a communication system for signal processing in APL SFDR is very important to be as big 

as possible [29, 30]. SFDR is a ratio between the highest distortion products and fundamental 

frequency as shown in Fig.19 [32]. 



 51 

Figure 20: Measurement of SFDR  

 

Signals cannot be measured under noise level which is a noise floor. The ratio between IMD3 

and the fundamental signal is also described as SFDR (2f1-f2 and 2f2-f1). 

 

Essential factor to be consider when measuring SFDR are: 

• Output System Noise Level (OSNL)  

• Input System Noise Level (ISNL) 

• Background Noise Level (BNL) 

• Noise Figure (NF) which difference of ISNL and BNL 

OSNL is output noise power measured in 1 Hz, ISNL is a difference of output noise power 

from system gain, BNL depends on thermal noise figure which is usually -174dBm/Hz in 

room temperature. Third-order intercepted point should be considered when measuring SFDR 

for a high-end bit as shown in eq. 25. 
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Figure 21: Graph of Spurious-free Dynamic Range 

By subtracting   BNL and NF in dB from IP3 with bandwidth 1Hz we can measure 

SFDR as is shown in Fig.20. The minimum power signal detected at receiver to 

give good output is called MDS. Mathematical representation of SFDR and MDS 

is: 

 

𝑀𝐷𝑆  = 𝑁𝐹𝑑𝐵  + 10 log(𝐵𝑊) + 𝐵𝑁𝐿 

𝑆𝐹𝐷𝑅  =2/3 [𝐼𝑃3 − 𝑀𝐷𝑆] 

𝑆𝐹𝐷𝑅 =2/3[−𝐵𝑁𝐿 + 𝐼𝑃3𝑑𝐵𝑚 − 𝑁𝐹𝑑𝐵 − 10 log(𝐵𝑊)]  (25.1) 
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Self-Phase Modulation 
 

If we consider the non-linear effect of pulse propagation, it means we are assuming for the time 

being that the dispersion is not playing a role. Choosing a parameter for the pulse in such a way 

that the dispersion effects are negligible, but the non-linear effects are present. This will happen 

if the pulse width is large, then the dispersion length is much larger than the physical length of 

optical fibre. Therefore, the dispersion effects can be neglected but the power in the optical 

pulse is large enough to have a non-linearity length which is smaller than the optical fibre 

length. In this instance, the refractive index with the pulse seeds is different at different 

locations within the pulse, having a refractive index which is a function of the intensity of light. 

  

In the centre of the optical pulse, there is a large refractive index as on either side of the peak 

of the pulse the refractive index decreases so we have some variation of a refractive index of 

material inside the pulse itself. Since this pulse is moving inside the optical fibre, this refractive 

index profile also moves along the pulse inside the optical fibre. But since the refractive index 

is changing at different locations inside the pulse, the velocity changes and because of that, the 

phase changes inside the pulse. This change in phases is created because of the pulse itself. 

Such a phenomenon is called self-phase modulation. 
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Cross-Phase Modulation  
 

When the other signal is present in optical fibre, changes in refractive index are going to be 

because of the signal plus itself and contribution coming from another signal which is co-

existing along with this signal. The non-linear effect of another signal is twice stronger 

compared to the signal itself. Refractive index change is going to take place not only because 

of the signal itself but it is also due to another signal which is propagating. This phenomenon 

is called cross-phase modulation [14]. 

 

Wave Mixing  
 

In the self-phase modulation case phase of a signal gets modified by the neighbouring signal 

and that phenomenon is called cross-phase modulation. The same phenomenon can also create 

new frequencies and that is called the four-wave mixing phenomenon. The four-wave mixing 

phenomena creates cross-talk between the neighbouring channels and its vector can be 

neglected or reduced by using the fibre, which is having some dispersion so that these signals 

can keep propagating through with each other. Because of this, the efficiency of non-linear 

interaction weakens too, so to avoid the cross-phase modulation as well as the four-wave 

mixing phenomena, we use the fibre that has some dispersion and not a zero dispersion. 
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Linearized Modulation Techniques 
 

When the non-linear effects are present in the optical fibre, continuous signal propagation is 

unstable, which means that even if we try and send a continuous signal in the optical fibre, any 

small perturbation will break this signal into pulses. This means that without taking into 

consideration the pulse nature of the signal, the non-linear propagation will not be very 

effective. Microwave photonic links are wildly used in today’s communication systems, like 

antenna remoted, radars and wireless communication. MPL have low loss, wide bandwidth, 

and low weight. The security data and immunity to electromagnetic interferences compared to 

coaxial cable [15, 16]. There are two types of modulation techniques to launch signals in optical 

fibre, direct modulation, and external modulation. Direct modulation uses DFB (Distributed 

Feedback) laser, external modulation uses intensity modulator, phase modulator or polarization 

modulator, which are widely used in increasing SFRD and eliminating or suppressing IMD’s 

[17,18]. In Fig.21 a proposed configuration of linearized modulation based on two MZM is 

shown. 

 

 

 

 

 

 

Figure 22: Linearized MPL proposed based on two MZIs 

 

It is already known that second and third-order Intermodulation and Harmonics eliminations 

are paramount for any analogue communication system. There is much-reported research 
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papers that have been proposed and investigated various systems, such as a new system 

configuration of the analogue photonic link is proposed in Ref. [19] where optical polarizer, 

optic filter and phase modulator are deployed to improve the system performance. In this paper 

[19], 25.4 dB cancellation of third-order intermodulation distortion has been achieved by 

adjusting the state of polarization and sending the signal to the phase modulator across the 

polarizer. 
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Chapter 3 

 
Linearization and Down-Conversion of Microwave Photonics Signal based on Dual-
drive Dual-parallel Mach-Zehnder Modulator with Eliminated Third Order 
Intermodulation and Second Order Distortions  
 

Introduction 
 
Optical fibre communication systems offer significant benefits for current and future 

broadband wired and wireless communication systems, due to low losses, high data rate, low 

electromagnetic interference, and potential high security [20-23]. These communication 

systems have enormous potential interest for researchers in commercial and defence 

applications, such as Radio over Fibre (RoF) which is also an important part of optical 

communication systems, which transmit microwave signals over fibre optics domains. RoF, in 

particular, is a low cost, a flexible and promising technique for radio access systems [24]. Due 

to a great demand for high data rate and security in the current transmission systems, and their 

foreseeable prerequisite in the future, RoF systems have been wildly exploited. Nevertheless, 

RoF has its limitations, which need to be explored further to handle the significant increase of 

data capacity demands. These limitations are due to nonlinearity materials, losses due to 

conversion from electrical to optical, optical to electrical, and other associated signal 

scatterings. To overcome these limitations, in the literature key performance parameters are 

explored such as noise figure, gain and dynamic range [25], [26] and [27]. Dual- Electrode 

Mach-Zehnder Modulator (DE-MZM), which are key devices for such transmission systems, 

are used for elimination and suppression of IMD3 and suppression of one side to gain a single-

sideband. By using DE-MZM, it is possible to increase dynamic range and eliminate or 

suppress Intermodulation Distortions (IMD’s) and higher harmonics, which are essential to 

improving the signal to noise ratio at the Photo-Detector (PD). However, complex radio-

frequency arrangements and synchronizations are required. 
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It is widely known that the second and third-order IMD’s and harmonics eliminations are 

paramount for any analogue communication system. Many research papers have been written 

where various systems, such as a new system configuration of analogue photonic link, have 

been proposed and investigated [8]. Proposals where optical polarizer, optic filter and phase 

modulator are deployed to improve the system performance. In this report [28], 25.4 dB 

cancellation of IMD3 has been achieved by adjusting the state of polarization and sending the 

signal to the phase modulator across the polarizer. In [29], a new system configuration for the 

analogue photonic link with the digital signal is demonstrated. The proposed structure in Ref. 

[9] is based on an optical phase modulator and I/Q demodulator where a 30 dB dynamic range 

has been achieved. Furthermore, in [30], an analogue link with the digital signal is reported 

based on optical intensity modulator and I/Q demodulator, where a 26.8 dB dynamic range has 

been achieved. In both papers [29] and [30] reported systems, they require a high coherent part, 

which is not easy to implement. 

 

An analogue photonic link linearization system is proposed in the paper [31] by setting Mach- 

Zehnder Modulator (MZM) at the minimum biasing point with a low modulation depth, which 

decreases nonlinearity without compromising the ratio between Carrier-to-Sideband Ratio 

(CSR), nonlinearity terms and carrier increases dynamic range. When the modulation depth of 

RF is higher than the IMD3, is introduced by high order sidebands, which leads to low RF 

conversion. In Ref. [32] a system configuration of dual parallel Interferometer is proposed 

using Dual Parallel Mach–Zehnder modulator (DPMZM) based on optical single-sideband 

modulation technique. Different differential delay is achieved by balancing two parallel 

interferometers, whereas a result IMD3 is balanced, and limited link response has been limited 

from fifth-order distortion. However, differential delay and other parameters in the link need 

to be very accurate, which is a very difficult task to achieve. In [33], an analogue photo link 
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system is demonstrated based on double sideband suppressed carrier and coherent BPD using 

D-DPMZM where a 46 dB IMD3 suppression has been achieved. Therefore, an accurate 

polarization is required for such systems. 

 

A system configuration to achieve a low distortion analogue photo link system is proposed and 

analysed using DPMZM in paper Ref. [34]. The electrical driver signal ratio in Mach-Zehnder 

modulator is adjusted for linearization. This configuration enhanced linearization, at the cost 

of increased power and essential driving voltage. This system first started using DPMZM and 

contributed a great deal a lot in linearization techniques. In Ref. [35] an RoF system is being 

demonstrated using single-drive DPMZM. Changing the operating point of the modulator is 

achieved an opposite phase and equal intensity in sub-MZM. As a result, the Third Order 

Distortion (TOD) is suppressed. When the modulation depth of the RF signal is high, then the 

high order optical sideband increases. Hence, the TOD will be introduced. 

 

In [36] a linearized system configuration for analogue photo link based on DPMZM and 

coherent detection is proposed by simultaneously adjusting ratios between input optical powers 

split, output optical power split and electrical signal power, whereas a result IMD3 has been 

theoretically eliminated. A new configuration system for analogue photo link based on 

DPMZM with electro-optic polymer material is demonstrated [37] by using two MZM in 

parallel with different lengths and with a phase shifter in one arm. By changing the input and 

output optical power splitting ratio in the optical field and optimizing modulation depth at the 

 same time. The IMD3 has been suppressed below the noise floor. However, in these two 

reports [36] and [37], they require combinations of special electric and optical splitting ratios, 

which are challenging to achieve. In Ref. [38] a photo link for microwave signal is proposed 

based on symmetric single-sideband modulation using two subs MZM and three electrical 
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phase shifters. The phase of the electrical signal is controlled by using these three electrical 

phase shifters where IMD3 is suppressed by 30 dB. However, it is not easy to balance a 

symmetrical symmetric single-sideband modulation. 

 

An ultra-wideband microwave photonic frequency down converter based on carrier suppressed 

is reported in [39]. Two radio frequency signals are combined to drive D-DPMZM through the 

electrical 90° hybrid coupler. The experimental results demonstrate that the proposed 

frequency downconverter can generate from 2 to 40 GHz. However, mixing spurs are 

suppressed under the noise floor in the electrical spectrum and if the modulation index 

increases, mixing spurs would arise, which will not be the case in our current proposed model 

reported in this study. An analogue photonic link with improved SOD and IMD3 based on two 

D-DPMZM and BPD is demonstrated [40] where the Spurious-Free Dynamic Range (SFDR) 

of second and third order with frequency 6 to 40 GHz are 91 dB𝐻𝑧
2

3 and 116 dB 𝐻𝑧
2

3 are 

achieved. However, the second and third-order IMD’s have not been eliminated and if the 

modulation index increases, the IMD’s will appear. Whereas in our proposed model shown 

below IMD’s have been eliminated. In this proposed report I report a high linearized 

microwave photonic link. The IMD3 and SOD have been cancelled by symmetrically single 

sideband modulation. Moreover, by controlling the phase of the input signal and driving 

voltage of D-DPMZM, higher-order harmonics distortion also has been suppressed. 
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Mathematical model of the proposed system 
 

The schematic diagram of the proposed linearized microwave photonic link and down-

conversion using two D-DPMZM and BHD is illustrated in Fig.22. Two D-DPMZM consists 

of two DPMZM. Each DPMZM consists of two sub MZMs with two-tone microwave 

frequency used as input RF to the DPMZM1 and DPMZM2 respectively, labelled as ω1 and 

ω2, correspondingly.   

Figure 23: Schematics of proposed D-DPMZM linearized microwave photonic linkwith two 

input frequencies. 

 

The input RF frequencies of upper and lower sub MZMs of each D-DPMZM are shifted, as 

shown in Fig.21. External DC bias is applied to adjust the power ratio for system linearization. 

The recovered signal from BPD shows IMD3 and SOD are cancelled. The other IMD’s are 

suppressed simultaneously. Only fundamental frequencies and high order harmonics are 

present. 

The drive voltage with DC biases of DPMZM1 mathematically can be expressed as [40]: 
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 11 1 2( ) cos( ) cos( )
2 2 2

m

V
t V t t  

  = + + + +   (27) 

 12 1 2( ) cos( ) cos( )mt V t t  = +   (28) 

 21 1 2( ) cos( ) cos( )
2 2 2

m

V
t V t t

  
  = − + + +     (29)

 22 1 2( ) cos( ) cos( )mt V t t   = + +       (30) 

 

Where ∅𝟏𝟏(t) and ∅𝟏𝟐(t) are drive voltages on two MZM1 (DPMZM1) electrodes; 

∅𝟐𝟏(t) and ∅𝟏𝟐(t)are drive voltages on two MZM2 (DPMZM1) electrodes,Vm is the electrical 

amplitude of input RF signal. The optical power distributed by laser can be expressed as 

Ein(t) = Ecejωct,  where Ec is the input power and 𝜔c is angular frequency of the laser. The 

output optical power driven by RF message signal in MZM1 (DPMZM1) can be expressed as: 
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 (31)  

The output optical field driven by RF message signal in MZM2 (DPMZM1) can be expressed 

as: 
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  (32) 

If equation 27 and 28 is substituted in to equation 31, then: 
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Where m =
πVm

Vπ
; 

By applying a Jacobi-Anger Expansion in equation 33 will lead to: 
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Similarly, by substituting equation 29 and 30 in to equation 32 then the output from MZM1 

(DPMZM1) is; 
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By applying a Jacobi-Anger Expansion in equation 35; 
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Biasing the sub MZM3 to zero-point, the output of DPMZM1 can be expressed as: 
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The photocurrent I(t) after the photodetector of DPMZM1,mathematically can be obtained by 

following equation:    

1

2

1( ) ( )PD outDPMZMI t E t=   (39) 

Where ℛ  is responsivity of photodetector. By deploying the Taylor series expansion into the 

third order in m, the following expression of IPD1(t) can be derived: 
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 (40) 

Similarly, the drive voltage with DC biases of DPMZM2 can be expressed as: 
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The output optical field driven by RF message signal in MZM1 (DPMZM2) can be expressed 

as: 
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The output optical field driven by RF message signal in MZM2 (DPMZM2) can be expressed 

as: 
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If equation 41 and 42 is substituted in to 45 then: 
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Where m =
πVm

Vπ
 ; 

By applying the Jacobi-Anger Expansion in equation 47; 
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Similarly, by substituting equation 43 and 45 into the equation 46, the output optical field in 

MZM2 (DPMZM2) is:  
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Also, by applying a Jacobi-Anger Expansion in equation 49; 
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When biasing the sub MZM3 to zero-point, then the output of DPMZM2 can be expressed as: 
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The photocurrent I(t) after photodetector of DPMZM2 can be obtained by following equation: 

   

2

2

2 ( ) ( )PD outDPMZMI t E t=   (53) 

Where ℛ  is responsivity of photodetector. By using the Taylor series expansion to the third 

order in m, the following expression can be derived. 
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 (54) 

Recovered signal after BPD IPD1(t) + IPD2(t) we will be obtained: 
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 (55) 

Equation 54 illustrates that the microwave photonic link based on two D-DPMZ and BPD can 

be used to linearize signals, resulting in the elimination of the IMD3 of frequency  2ω2−ω1 

and 2ω1 − ω2 and the SOD of frequency  2ω2,  ω2 − ω1,  ω1 + ω2   and 2ω1. SOD and IMD3 

are the main contribution of the non-linearity. We have used the Taylor series for higher order 

(up to the ninth order) and the IMD3 and SOD still does not exist, which means that when the 

modulation index increases, the IMD3 and SOD will not exist in the proposed system 

configuration. 

 

Simulation results and discussions 
 

In our proposed configurations and developed corresponding mathematical model, we have 

deployed the VPI commercial software to simulate the system illustrated in Fig.22.  

In this structure, we have used two D-DPMZM. A laser with an optical power of 20 dBm is 

used, two sinusoid signals with frequencies of 17 GHz and 17.5 GHz are also used. The signal 

is split in equal ratio and modulated in DPMZM1 and DPMZM2 

The phase shifting has been performed as follows; In DPMZM1 RF signal ω1 and ω2 in MZM1 

upper branch have been shifted by 
𝜋

2
 and in MZM2 signal ω1 has been shifted by −

𝜋

2
 ; ω2 
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signal has been shifted by 
𝜋

2
 in upper branch whereas in the lower branch the signal ω2 has 

been shifted by 𝜋. In DPMZM2 signal ω1 and ω2 have been shifted by 𝜋 in upper branch of 

MZM1, RF signal ω1 and ω2 has been shifted by 
𝜋

2
 in lower branch of MZM1, in MZM2 signal 

ω2 has been shifted by 𝜋 in upper branch as in lower branch of MZM2; ω1 has been shifted by 

𝜋

2
 and ω2has been shifted by −

𝜋

2
 . 

The generated signal from DPMZM1 is transmitted through channel 1 as shown in Fig.23 a, 

and the generated signal from DPMZM2 is transmitted through channel 2 as shown in Fig.23 

b. The recovered signal from BPD is shown in Fig.23 c.  

Figure 24: A Output Frequency from 𝐷𝑃𝑀𝑍1; b Output Frequency from 𝐷𝑃𝑀𝑍2; c Output 

field after balanced photo-detector; d Output field after modification. 

 

From Fig.23 we can see the elimination of IMD3, whereas the SOH is still present. Similarly, 

Fig 23 b shows similar behaviour as in Fig. 23 a, however, with opposite SOH fields which 

enables the elimination of the SOH after BPD. From Fig.23 c it can be observed the SOH has 

been eliminated. However, higher distortion still exists. We have tested our system purity by 

changing the parameters of the modulator (Table 3) to match with our lab modulator, where 
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we obtained the same results as before. Furthermore, by using the same parameters for IMD3 

and SOH to be suppressed under the noise floor shifters accuracy should be within four degrees, 

Fig.24 a. We can only start seeing SOH when shifters accuracy is 5 degrees or more Fig.24 b. 

By adding a universal fibre optic cable with a length of 1 kilometre for both channels, we find 

out that the results do not change Fig.24 c. However, if the length of fibre optic cable is not the 

same, then SOH starts coming up the noise floor. We have used 1 Km fibre optic cable for 

channel one and 1.2 Km fibre optic cable for channel two and the SOH can barely be seen, 

Fig.24 d.

 

Table 3: MZMS Parameters used in our simulation 

Figure 25: a shifter accuracy within 4 degrees; b shifter accuracy 5 or more degrees; c 

output signal spectrum using 1 Km fibre optic cable for both channels; d output signal 
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spectrum using 1 Km fibre optic cable for channel 1 and 1.2 Km fibre optic cable for channel 

2; 

Microwave photonic down-conversion using two fibre optic channels 
 

The schematic diagram of the down-conversion linearized microwave photo link deploying 

two D-DPMZM and two fibre-optic channels is illustrated in Fig.21. We have investigated the 

down-conversion of the same system configuration. As illustrated in section 3.1.1, we have 

only modified the operating biased point from quadrature to maximum, where we have 

achieved a high linearized down-conversion signal. In the same model, as in the above section 

3.1.1, we can derive the following mathematic modelling for the down-conversion of the 

proposed microwave photonic link.  

The drive voltage with down-conversion biases of DPMZM1 can be expressed as: 

11 1 2( ) cos cos
2 2

mt V t t V

 
  

    
= + + +    

    
      (56) 

( ) ( ) 12 1 2( ) cos cosmt V t t  = +     (57) 

21 1 2( ) cos cos
2 2

mt V t t V

 
  

    
= − + + +    

    
  (58) 

( ) ( ) 22 1 2( ) cos cosmt V t t   = + +    (59) 

      

Where ∅𝟏𝟏(t) and ∅𝟏𝟐(t) are drive voltages on two MZM’s (DPMZM1) electrodes; 

∅𝟏𝟏(t) and ∅𝟏𝟐(t) are drive voltages on two MZM’s (DPMZM2) electrodes,Vm is the electrical 

amplitude of RF input signal which is the same for each input signal. The optical power 

distributed by laser can be expressed as; Ein(t) = Ecejwct, where  Ec is the input power and ωc 

is the angular frequency of the laser source. The output optical field driven by RF signal 

message in MZM1 (DPMZM1) can be expressed as: 
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1

11 12
1

( ) ( )
( ) ( ) exp expout MZM in

t t
E t E t j j

V V 

 
 

     
= +    

     
   (60) 

The output optical field driven by RF signal message in MZM2 (DPMZM1) can be expressed 

as:  

2

21 22
1

( ) ( )
( ) ( ) exp expout MZM in

t t
E t E t j j

V V 

 
 

     
= +    

     
   (61) 

Where m =
πVm

Vπ
 ; than by substituting equation 56 and 57 into equation 60 then: 

( ) ( ) ( )

( ) ( ) ( )1

1 2

1

1 2

exp sin sin
( ) ( )

exp cos cos
out MZM in

jm t t j
E t E t

jm t t

  

 

 − − + 
=  

+ +  

   (62) 

By applying a Jacobi-Anger Expansion in equation 62. 

( ) ( ) ( )1 2

1

2 2
1

,
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out MZM in
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    (63) 

Similarly, by substituting equation 58 and 59 into equation 61, we can find the output optical 

field driven by RF signal message in MZM2 (DPMZM1) 

( ) ( ) ( )

( ) ( ) ( )2

1 2

1

1 2

exp sin sin
( ) ( )

exp cos _ cos
out MZM in

jm t t j
E t E t
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=  

+  

   (64) 

By applying a Jacobi-Anger Expansion in equation 64; 
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2

2
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    (65) 

Optical field from DPMZM1 can be expressed as: 

1 2
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 (67) 

The photocurrent I(t) after the photodetector, can be obtained by substituting output fields of 
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DPMZM1 into the following equation: 

1

2

1( ) ( )PD outDPMZMI t E t=         (68) 

 

Where ℛ  is responsivity of photodetector. Using Taylor series expansion to the third order in 

m, the following expression can be derived  

( ) ( )( )  ( )
2 42

1 1 2

1
( ) 4 ( cos sin

2
PD inI t P m J j o m =  −   +  +   (69) 

Similarly, the drive voltage of DPMZM2 can be expressed as: 

( ) ( ) 11 1 2( ) cos cosmt V t t V    = + + + +   (70) 

12 1 2( ) cos cos
2 2

mt V t t
 

  
    

= + + +    
    

  (71) 

( )21 1 2( ) cos cos
2

mt V t t V


  

  
= + + +  

  
      (72) 

22 1 2( ) cos cos
2 2

mt V t t
 

  
    

= + + −    
    

   (73) 

 

Where ∅𝟏𝟏(t) and ∅𝟏𝟐(t) are drive voltages on two MZM1 (DPMZM2) electrodes; 

∅𝟏𝟏(t) and ∅𝟏𝟐(t) are drive voltages on two MZM2 (DPMZM2) electrodes, Vm is the electrical 

amplitude of input RF signal. The optical power distributed by the laser can be expressed 

as;Ein(t) = Ecejωct, where Ec is the input power and ωc is angular frequency of the laser. Then 

the output optical field driven by RF signal message in MZM1 (DPMZM2) can be expressed 

as: 

1

11 12
2

( ) ( )
( ) ( ) exp expout MZM in

t t
E t E t j j

V V 

 
 

     
= +    

     
  (74) 

 
The output optical field driven by RF signal message in MZM2 (DPMZM2) can be expressed 

as: 
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2
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   (75) 

Where m =
πVm

Vπ
 ; Then by substituting equation 70 and 71 into equation 74; 

( ) ( ) ( )
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1 2

2

1 2

exp cos cos
( ) ( )
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E t E t
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   (76) 

By applying the Jacobi-Anger Expansion in equation 61; 
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   (77) 

Similarly, by substituting equation 72 and 73 in to equation 75, we can derive the output optical 

field in MZM2 (DPMZM2); 

( ) ( ) ( )

( ) ( ) ( )2

1 2
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1 2

exp cos cos
( ) ( )
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  (78) 

 

By applying the Jacobi-Anger Expansion in equation 78; 

( ) ( )

( )

1 2

2

2

( )

2 ,

2

( ) ( ) ( ) ( )

1

jn m

j n t t

out MZM in n m
jn

j j e
E t E t Jn m Jm m e

e



 



 +

=−
−

 
− + 

=  
 − 

    (79) 

Combining output power from two MZMs will represent the optical field of DPMZM2 and it 

can be expressed as; 

1 2

2

2 2( ) ( )
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out MZM out MZM
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 (81) 
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The photocurrent I(t) after photodetector, can be obtained by substituting the output fields of 

DPMZM2 into the following equation:  

2

2

2 ( ) ( )PD outDPMZMI t E t=    (82) 

 

Where ℛ  is the responsivity of photodetector Using Taylor series expansion into the third order 

in m, following expression can be shown as:  

( ) ( )( )( )  ( )
2 4

2 1 2

1
( ) 2 2 cos 2 2 sin

2
PD inI t P m j t j o m =  − + +   (83) 

Combining the output fields of DPMZM1 and DPMZM2 after BPD IPD(t) = IPD1(t) + IPD2(t) 

we will obtain: 

  ( )
42

1 2

1
( ) (8 8(sin( ))

2
PD inI t P m o m =   − − +   (84) 

From equation 84, we can clearly see that the only existing frequency is the sideband Second 

Order Intermodulation of frequency ω1−ω2. Furthermore, SOH and Second-Order sideband 

Intermodulation products do not exist. We have used the VPI commercial software to simulate 

the system configuration, as in section 2.1.1. From Fig.25 we can see that the signal has been 

Down-converted from high frequency to low frequency. Frequencies used in this configuration 

are 17 GHz and 17.5 GHz; therefore, the difference between these two frequencies is 0.5 GHz 

(ω1 − ω2). From the spectrum analyser, we can see that all nonlinear distortions that are close 

to down-converted signals are eliminated, resulting in a clear and highly linearized signal. In 

our proposed configuration, we have managed to eliminate IMD3 and SOH simultaneously, 

and suppress higher order harmonics as illustrated in Fig.25 b. If we expand the electrical 

spectrum Fig.25 c, we can see that down converted-electrical spectrum is clear up to 65 GHz, 

which means the SOD, frequency ω1 + ω2 and TOD are eliminated in a very broad 

spectrum. However, higher order harmonics still exists. In Fig.25 d we have to investigate 
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systems by using higher frequencies to see how the proposed system behaves and as can be 

seen in Fig.25 c, results are the same as in the previous case. 

 

Figure 26: a down-converted frequency 0.5 GHz; b proposed down-conversion spectrum up 

to 60 GHz; c proposed down-conversion spectrum up to 100 GHz; d down-conversion E.S for 

higher frequency 

 

In this proposed and developed model for both cases, we have assumed that frequencies are 

split equally. Due to the 9 phase shifters used, we are aware that there will be losses. However, 

these minor limitations can be overcome by deploying the RF structure as an integrated circuit 

and the physical length between RF and the shifters are minimum. The accuracy of shifting 

should be within one degree to achieve the elimination. Frequencies can be sent in the same 

fibre in two different channels using a polarizer, this way the signal travels in the same physical 

length of the fibre, and hence this will lead to eliminating the SOH. 
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Chapter 4 
 

Elimination of odd and even intermodulation distortions of analogue microwave 
photonics link based on GaAs MZMs 
 

Introduction 
 

Optical communication systems show great potential for the next generation of wireless 

communication systems due to the properties of fibre-optic signal propagation, high 

bandwidth, low propagation loss, low power consumption, and low cost [41–43]. As part of 

optical communication systems, Radio over Fibre (RoF) has been the centre of intensive 

research over the last 30 years and is considered a promising technology for various 

applications, such as defence systems, telecommunications, networking, commercial, and 

broadcast systems etc. However, RoF systems contain certain limitations as well due to factors 

like nonlinearity, losses from an electrical to optical signal conversion and vice versa, scattering 

of light and dispersion of signal [44]. There are a few key system parameters used to overawe 

some of the stated limitations; like noise figure, gain and dynamic range. One of the most 

challenging difficulties in such systems is the understanding of the Electro-optic (EO) 

modulators for suppressing nonlinear distortions, which strongly affects the overall 

performance of microwave photonic links. Dual-drive Dual-Parallel Mach-Zehnder Modulator 

(D-DPMZM) is most commonly used to overcome these nonlinear distortions, such as 

eliminations or suppression of Intermodulation Distortion (IMDs). By using D-DPMZM, it is 

possible to increase dynamic range, which is defined as the ratio between maximum signal and 

detectable distortion to the minimum signal. Nonetheless, the required complex radio-

frequency arrangement and synchronization cannot be realized [45,46]. In many reported 

research papers, IMD3 is considered to be the most severe distortion, and therefore, different 

linearization techniques have been developed to suppress the IMD3 and improve the SFDR 

[47-60]  
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An analogue photonic link is proposed and experimentally demonstrated in [47], based on 

an integrated EO dual-parallel polarization modulator. Theoretical analysis shows that the 

IMD3 is eliminated, and suppression of the third-order intermodulation has been demonstrated 

experimentally by 40 dB. 

An AMPL with improved SFDR is proposed and experimentally demonstrated in [48]. In 

this paper, IMD3 is counteracted by optical power and modulation depth relationships between 

the two wavelengths. The experimental results show that IMD3 is reduced by 28.6 dB. 

Dynamic-range improvement in Microwave Photonic Link (MPL) based on single sideband 

phase modulation (PM) is proposed and demonstrated in [49]. Simulations results show that 

IMD3 is eliminated and SFDR is improved by 22.9 dB. Nevertheless, with phase modulation, 

high linearity can be achieved. High linearity on the receiver’s side is a complicated process 

and costly [47,48,49]. In [50], a phase-modulated link with IMD3 elimination is proposed and 

demonstrated. By manipulating the ratios of RF and optical powers, improvements of 25.35 dB 

in Carrier to Interference Ratio (CIR) and 12.85 dB are reported. However, maintaining the 

ratio between RF and optical power is not practical. Elimination of IMD3 based on a single-

phase modulator is proposed and experimentally demonstrated in [51], where the used 

technique in this configuration allows suppressing IMD3 in a coherent phase-modulated RF 

optical link, which requires no external bias or control. The resulting dynamic range is limited 

by fifth order IMD instead of third-order IMD. However, practical implementation of a 

coherent phase- modulation is a difficult task. 

Intermodulation distortion suppression has been proposed and experimentally demonstrated 

in [52] based on MZM. SFDR is linearized using mixed polarization. Intermodulation induced 

power fading and crosstalk via fibre chromatic dispersion for a given RF carrier is reduced 

compared to using the conventional OSSB MZM and improvements of 13 dB in SDFR has 

been reported and demonstrated experimentally. An analogue photonic link has been proposed 
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and experimentally demonstrated in [53] based on a Phase Modulator (PM), a polarizer and an 

optical filter. Such structure could simultaneously compensate for the chromatic dispersion and 

the nonlinearity of the modulator. The proposed scheme could also be reconfigured to suppress 

IMD2 by adjusting the states of polarization. Experimental results show suppressions of the 

IMD2 and IMD3 by 14-dB and 25.4-dB, respectively. In [54], and MPL using a polarization 

modulator is proposed and experimentally demonstrated. The proposed approach suppresses 

the IMD3 and improves the modulation efficiency via partial carrier suppression by producing 

two channels of intensity-modulated signal. In [55] it has been demonstrated that SFDR is 

123.48 dB Hz2/3, from a noise floor of -166 dBm/Hz. An MPL with suppression of IMD3 is 

proposed and analysed in [55] based on an MZM. Simulation results show a reduction of 40 

dB in the IMD3 and an improvement of 21.1 dB in the SFDR. Nevertheless, in [52,53,54] 

suppressions of IMDs have been reported theoretically, confirming that when the modulation 

index is increasing, the IMDs will appear, limiting the SDFR. 

A linearization technique to improve the dynamic range of an analogue photonic link is 

proposed and demonstrated in [56] Based on a signal interferometer IMD3 components have 

been destructively combined in the photodiode, leading to 10.3 dB improvement in dynamic 

range. These are some of the techniques used to eliminate IMD3. However, in the study above, 

none of the papers reported elimination of all odd and even IMDs. The need for an advanced 

interferometer, with a significant number of kilowatts of laser power at the beam splitter, means 

that it would be difficult to build using existing technology. 

The performance analysis of microwave photonic frequency conversion, using double-

sideband suppressed-carrier and balance detection, based on DPMZM, has been reported and 

demonstrated [57]. The Double-sideband technique has been used to suppress high harmonics 

and high Intermodulation’s distortions and achieved frequency conversion signal. Dual 

wavelength linearization of analogue photonic link based on PM-IM conversion has been 
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proposed and demonstrated [58]. A phase modulator, which exhibits different electro-optic 

modulation indexes, is used. This paper reports and experimentally demonstrate the 

suppression of IMD3 by 14.54 dB, based on two different channels with opposite fields, 

permitting a suppression of IMD3. Multi-octave linearised analogue photonic link based on a 

polarization DPMZM is proposed in [59,60]. An elimination of IMD2 and suppression of 

IMD3 is reported in this paper, based on integrated polarization-multiplexing D-DPMZM with 

a free dynamic range of 82 dB. However, in this report, IMD3 is only suppressed theoretically, 

wherein in our proposed structure all IMDs are experimentally eliminated, and SOH is 

suppressed under noise floor. A method to realize a highly linear microwave photonics link is 

proposed based on the dual-drive dual-parallel Mach-Zehnder modulator (MZM). In [61] 

eliminates IMD3 and suppression of approximately 30 dB is experimentally demonstrated. 

SFDR improved by 12 dB Hz2/3. However, in this report, IMD2 and higher harmonic 

distortion have not been considered. Thus, in this research work, we report and experimentally 

demonstrate suppression under noise floor of all IMDs, TOH and significant suppression of the 

SOH. In our proposed system, we have used GaAs modulators, as they are known for their 

thermal stability. The long interferometer used in the Electro-optic (EO) modulator is very 

sensitive to any imbalance and commercially used lithium niobate (LiNbO3) modulators are 

particularly prone to bias-point drift due to charge migration. However, this does not occur 

with GaAs EO modulators, which are highly suitable for harsh environments, such as radiation 

resistance, the longevity of aerospace, and satellite to ground downlink communication 

systems [62,63]. 
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Mathematical modelling 
 

The schematic diagram of the proposed Analog Microwave Photonic Link linearization with 

the suppression under the noise floor of all even and odd IMDs based on two MZMs is shown 

in Fig.26. In the proposed configuration, two-tone microwave frequencies, RF1 (5 GHz) and 

RF2 (5.005 GHz) are shifted by 90° and 270° using RF shifters. Such input microwave 

frequencies (RF1 and RF2) have been reported in [20,21], however with different 

configurations and much lower system performance. 

 

Figure 27: Schematic diagram of the proposed AMPL system configuration using 

DPMZM with two input frequencies 

 

A microwave signal of two frequencies is combined with an RF combiner and then shifted by 

90 degrees for the upper and lower arm of MZM1. Whereas frequency one is shifted by 270 

degrees and frequency two is shifted by 90 degrees for the upper and lower arm of MZM2. 

External DC bias is set to minimum for MZM1 and quadrature for MZM2. Modulated 

frequencies are combined by the 3dB power combiner and detected by the balanced 

photodetector. The drive voltage with DC biases of MZMs for the schematic configuration 

illustrated in Fig.27 can be expressed as: 

11 1 2( ) cos cos
2 2

mt V t t V

 
 

    
 = + + + +    

    
  (85) 
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where 11 12 ) an) d ( (t t   are MZM1 two electrode drive voltages; ( ) ( )21 22t  and  t   are 

MZM2 two electrode drive voltages; Vm represents the amplitude of the RF input signals.             

The laser optical field can be expressed as; ( ) cjω t

in cE t E e=
  where the Ec is the input optical 

field and ωc is the angular frequency of the laser, consequently, the output optical field in 

MZM1 can be expressed as: 
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   (89) 

Similarly, the output optical field in MZM2  can be expressed as: 

( ) ( )
( ) ( )21 22

out2 in

π π

t t
E t E t exp jπ exp jπ
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= + −    
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Where m πm πV V=    is the modulation index of MZM, by substituting 85 and 86 into 89 

hence: 
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Applying a Jacobi-Anger Expansion in 91 we get: 
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Similarly, by substituting 87 and 88 into 90 we can derive the output optical field in MZM2: 
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Applying a Jacobi-Anger expansion in 93 we obtain: 
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The optical field of the two MZMs after 3 dB optical combiner can be expressed as: 
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The generated photocurrent IPD(t) after the balance-photo detector is: 

( ) ( ) ( ) ( ) ( )PD 1 1 2 2I t E t ·E t E t ·E t = −
 

å å
     (97) 

where ℛ  is responsivity of the balance-photo detector. Using Tayler series expansion in “m”, 

the following expression can be derived as;  
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      (98)                    

It should be noted that we have used MATLAB software for Tayler series expansion. From 

equation 98, it can be observed that the IMD3 of frequency 2ω2−ω1 and 2ω1 − ω2 is 

eliminated mathematically, IMD2 of frequency  ω2−ω1 and ω1 − ω2  and all other IMDs are 
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eliminated. We have used the Tayler series to higher order and IMDs still do not exist, which 

confirms that when the modulation index increases, the IMDs will not exist in the proposed 

model. 

 

Experimental results and analysis 
 

The experimental setup for the proposed AMPL is shown in Fig.27. This experiment is based 

on the schematic diagram illustrated in Fig.26. The optical carrier operating at a wavelength of 

1550nm and a power of 20 dBm is generated from an optical laser (G&H EM650). An optical 

beam splitter (50/50) is used to equally divide the optical carrier, which is then fed into two 

MZMs. Two MZMs are driven by two single-tone radio signals (ω1 and ω2) generated from 

two analogue Radio Frequency signal generators (ROHDE&SCHWARZ, SMF100A), 

respectively. The optical spectrum is also analysed by using an Optical Spectrum Analyser 

(OSA) (ID Photonics, ID-OSA-MPD-00). The optical combiner used in the experiment was a 

Polarization Maintained (PM) with the PM fibre pigtails and all the polarization-maintained 

links are aligned along the propagation axis of the PM fibre such as fast axis and slow axis. 

Likewise, the input signal to the combiner is polarization maintained. Therefore, the need for 

a polarization controller was overcome by using PM fibre. We understand that not maintaining 

the polarization will make the system vulnerable to environmental conditions like mechanical 

stress or fibre bend. Moreover, the polarization-maintaining fibre in contrast to polarization 

controllers, are more robust and reliable. 



 83 

 

Figure 28: Proposed linearization of AMPL based on two single MZMs. The 

experiment has been carried out in the Microwave Photonics and Sensors 

Laboratory at Royal Holloway University London 

 

The upper and lower branches of the MZM1(aXMD2030-GM-FPS) is fed by 5 GHz and 

5.005 GHz signals, which are combined by the RF combiner and shifted by a 90-degree RF 

shifter (QH0226 2-26 5 GHz). The MZM1 is set at the minimum operating point. MZM2 

(aXMD2030) is set to a quadrature operating point, and in the upper branch, a single-tone signal 

ω1 is shifted by the 90-degree shifter (QH0226 2-26 5 GHz) and in a lower branch, single-tone 

signal ω2 is shifted by 270 degrees. 

We have combined one 90-degree and 180-degree shifter to make 270-degree shifting, as 

shown in Fig.27. The output modulated signal from MZM1 and MZM2 are combined by a 3dB 

power combiner and then detected at BPD. In our proposed system, we have precisely 

measured the fibre lengths used in each optical path and also used the polarization maintain 

fibres to keep the system stability intact. Our system does not in-cooperate long fibre cables, 

so by using a short patch cable, the system is implemented. We also found that the time delay 
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is not required to match each optical path length to achieve cancellation of unwanted distortions 

such as IMD2 and IMD3. The BPD (BPDV2120R) has a bandwidth of 70 GHz and a 

responsivity of 0.45 A/W. A signal analyser (R&S FSV-18, ESA) is used to measure the 

electrical spectra. The electrical spectra at the output of the BPD are shown in Fig. 28 a), b), c) 

and d). As shown in Fig.28 a), the fundamental frequencies are located at 5 GHz and 5.005 

GHz with -20dBm and -21dBm power levels, respectively. As revealed in equation (83), we 

can observe suppression of IMD3 frequencies at 5.01 and 4.995 GHz under the noise floor. 

Nevertheless, as we increase input power, the IMD3 appears in our experiment due to the RF 

equipment (combiner, phase shifters) phase imbalance, fibre nonlinearities and BPD. It is worth 

stating that the RF phase shifter and combiners used in this experiment have a phase variation 

of 2° to 5°, which have caused some small fluctuations to completely satisfy the equation (14). 

The measured noise floor from the spectrum analyser is -128.9dBm/Hz. However, in Fig. 30, 

the noise floor is measured at an RBW of 10 kHz, and the average measured noise floor is 

-88.9dBm. For the SFDR measurements, an assumed noise floor of -170dBm/Hz is used, which 

is mainly due to the system being limited to the shot noise. 
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Figure 29: a) Electrical spectrum analyser showing suppression of IMD3. b) Electrical 

spectrum analyser showing spectrum from 4GHz to 11GHz, c) Electrical spectrum 

analyser showing suppression of IMD2, d) Electrical spectrum analyser showing 

suppression of Third order distortion. 

 

In the proposed scheme, we have utilized a balanced photodetector BPD. It is well known that 

BPD with controlled optical inputs can suppress the laser RIN and ASE noise from EDFA. The 

common-mode functionality of the BPD removes the RIN noise and doubles the shot noise 

[44]. With the elimination of RIN and ASE, the system only becomes limited to shot noise 

[45]. Based on the principle of our developed mathematical model shown in part III, we can 

verify the claim of the suppression of odd and even IMDs. The SOH is located at 10 and 10.01 

GHz frequencies for 5GHz and 5.005GHz input signals, respectively. These SOHs are 

significantly suppressed to -78dBm, as shown in Fig. 28 c). Furthermore, the IMD2 

(10.005GHz and 0.005 GHz) are suppressed under the noise floor for low input power. 

Nevertheless, they appear, as the input RF power is increased due to the phase variation of the 
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 RF Equipment. Due to nonlinearities in conventional analogue photo links, these two 

frequencies, described as IMD2, have rather significant power. However, it is suppressed under 

the noise floor. From Fig.28 d), we can conclude clearly that TOH is suppressed under the 

noise floor. The obtained experiment measurement results are based and proven by the 

mathematical modelling shown in equation (83), which confirms the elimination of IMDs, 

third-order distortion and suppression of SOH. The measured gain and noise figure of the 

proposed link is -41.6dB and 21.76dB, respectively. 

IMD3 and IMD2 will increase as input RF power increases, therefore in Fig.29 a) we have 

illustrated CIR for IMD3, IMD2 and SOH against the input RF power to find the power 

threshold. From Fig.29 a), the CIR for IMD3 increases with an increasing RF input power, and 

then CIR starts to decrease when RF power increases more than 14dBm. 

 

 

 

 

 

 

Figure 30: a) Power threshold measurements for proposed configuration, b) 

System stability analyses. 

Therefore, it can be said that the power threshold for IMD3 is around 14dBm as it limits the 

CIR. Likewise, the CIR for IMD2 increases up to an input RF power of 0 dBm, and beyond 

this RF power, the CIR starts to deteriorate. Hence the power threshold for the IMD2 is around 

0dBm. 

To demonstrate the performance of our proposed configuration concerning the bias drift, we 

have plotted a graph, which shows the CIR for IMD3, IMD2 and SOH Fig.29 b) As it can be 
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seen from the results, the CIR for IMD3 and IMD2 is almost constant at a bias drift of up to 

±0.5V. However, the SOH to the fundamental frequency ratio deteriorates drastically. The 

results are achieved by manually altering the bias voltages by a step of 0.1V and the impact on 

the CIR was observed. From Fig.29 b) w can see that the system performance decreases as 

operating points voltage increases regarding SOH this is due to fact that SOH is present in this 

system. Based on this analysis we can say our proposed system stability is limited only by SOH 

regarding bias point drift. Due to fact that IMD3 and IMD2 are significantly suppressed our 

proposed system performance stay constant as the operating point’s voltage changes. 

In [66] linearization system has been reported and theoretically demonstrated. This paper was 

mainly concentrated on IMD3 suppression using a simulation system and backed by 

mathematic modelling. This paper has been reported an SFDR of 124.4 dB compared to 102dB 

conventional, However, as before this work was based on theoretical work and even then only 

IMD3 has been suppressed. Contrarily, in our proposed system we have experimentally 

demonstrated a 119.5 dB. Hz2/3 SFDR, also we have suppressed all even and odd-order 

Intermodulation distortion. Furthermore, another linearization technique was reviewed to 

analyze the elimination of even and odd order IMD. In [67] linearization of photonic link has 

been proposed and theoretically demonstrated. In this paper OptiSystem software has been used 

to simulate the proposal structure. 

Figure 31: The gain and noise figure of the proposed system is measured. 
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Figure 32: SFDR performance of a) IMDD link with quadrature biasing, b) IMDD link with 

Low biasing and c) Proposed AMPL with Dual Parallel MZMs. 

 

Where the authors have managed to suppress IMD3 and eliminate even-order products.  They 

also have backed the simulation with mathematic modelling. However, there is no experimental 

work and there are question marks how this system will behave in real life. Besides, in this 

proposal, IMD3 has been suppressed theoretically and even-order distortion has been 

eliminated, whereas in our proposal we have theoretically and experimentally demonstrated 

the elimination of even- and odd-order intermodulation distortion. Similarly, we develop a full 

mathematical model for the proposed system. 

The proposed link is analysed and compared with the conventional Intensity Modulation Direct 

Detection (IMDD) link. Therefore, a sheer comparison between them is shown in Fig.30. It is 

observed from the analysis that the gain and noise figure of our proposed system is measured 

to be at -41.6dB and 21.76dB, respectively as opposed to that of -39.5dB and 20.68dB for the 
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IMDD link. The measured results show that the gain of our system is slightly lower as 

compared to the IMDD system. It can also be observed that the noise figure of the system is 

higher at a low photocurrent, and it is almost constant at a higher photocurrent. It is also 

observed that the NF of the conventional IMDD link based on quadrature biasing is slightly 

less than our proposed NF. It should be stated that the extra cost and slightly low gain of our 

proposed can be justified from this comparison, as the suppression of IMD in conventional 

IMDD links is poorer. In the experimental demonstration, an optical carrier signal is generated 

at a power of 20dBm from a DFB Laser source. The losses that occurred in the proposed 

configuration were from PM 50:50 optical couplers and insertion loss from the modulators. 

The laser power of 20dBm is split up into two equal paths incurring a 3dB loss. Therefore, the 

output power at the optical coupler is measured to be around 16.5dBm, which includes 3dB 

coupling loss as well as insertion loss. Similarly, the optical output power of each MZM is 

coupled and a 3dB loss is measured. Furthermore, each MZM device had an insertion loss of 

6dB. So, the overall measured optical loss is approximately 18dB. On the other side, the losses 

from the RF Phase shifters and combiner are accumulated to be around 21dB. However, it is 

noticed that the losses in the link can be compensated by using a high-power Laser and Erbium-

Doped Fibre Amplifier (EDFA). Contrarily, the losses on the conventional IMDD link are 

measured to be less than the proposed configuration. This is because the link comprises a single 

standard Intensity modulator, which is operating a quadrature bias point, polarization 

controller, and a single photodetector. The overall optical and RF losses were around 9dB and 

3dB, respectively. 

 

In Fig.31, we present the SFDR performance analysis of our proposed system and a comparison 

with the conventional IMDD links based on quadrature biasing and low biasing. The analysis 

of a conventional IMDD link based on quadrature biasing is shown in Fig.31 a). The measured 
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SFDR2 and SFDR3 for this link are 79dB.Hz1/2 and 94dB. Hz2/3, respectively. For this 

measurement, the link gain and noise figure are -44dB and 20.8dB, respectively. However, this 

performance is further enhanced by optimizing the biasing conditions of the MZ modulator to 

low. The measured SFDR for this configuration is shown in Fig.31 b). Both configurations 

were identical, but the operation of the modulator was different. One was operated at a 

quadrature biasing point and the other at a low-biasing point. The comparison shows that at 

low biasing the SFDR performance was improved by 4dB, and the gain was improved by 2dB. 

The architecture of both links comprises laser sources, an intensity modulator, a polarization 

controller, and a single photodetector. The cost of this system was assumed to be around 

£15000. Contrarily, the cost of our proposed system is £22000, which has been justified by the 

extreme improvement in the performance of the link. In Fig.31 c), we illustrate the variation of 

the output power for fundamental signal, IMD3 and IMD2 as a function of the input power. 

The density of the noise power is measured as -130dBm/Hz from the Electrical Spectrum 

Analyser. However, the calculated noise floor of -170dBm/Hz for both shot noise and thermal 

noise is also used to demonstrate the SFDR performance. The SFDR is measured to be 

101dB.Hz1/2 for IMD2 and 119dB.Hz2/3 for IMD3. When we compare our measurement 

results with the benchmark paper in [20], which demonstrates suppression of IMD3 only, we 

can confirm theoretically and experimentally that our proposed AMPL demonstrates 

suppression of odd and even IMDs, TOH and SOH at -78dBm. 
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Chapter 5 

 

Microwave Photonics Analog Link based on two Integrated D-DPMZM Linearized 
Signals and with Eliminated odd Harmonics and all IMD’s 
 

Introduction 
 

Dual-parallel Mach-Zehnder modulator (DMZM) is the most commonly used modulator for 

elimination or suppression of IMDs and possibly for dynamic increase range which requires 

complex radio-frequency arrangement and linearization [72, 73]. Whereas Third 

Intermodulation Distortion (IMD3) is the most rigorous in signal linearization, down to being 

very close to the transmitted signal and limiting free dynamic range. Conversely, when signals 

are very close to each other, the Second Intermodulation Distortions (IMD2) along with Second 

Order Harmonics (SOH) will experience severe distortions, subsequently, many linearization 

techniques have been developed to suppress IMDs and improving Spurious-Free Dynamic 

Range (SFDR) [74-80] 

 

In [81] improved linearized Analog Microwave Photonic Link (AMPL) with a double dual-

parallel Mach-Zehnder modulator and a differential balanced photodetector is reported. In this 

paper, polarization maintained (PM) based optical components are used for better system 

stability. The developed theoretical model of the proposed system illustrates the elimination of 

even-order distortions and a high suppression to the IMD3 at the BPD. Consequently, the 

fundamental Signal to Interference ratio (S/I) of 60dB was experimentally achieved. 

Experimental results, simultaneously, demonstrate a significant increase of Second-order 

Spurious Free Dynamic Range (SFDR2) and Third-order Spurious-free Dynamic Range 

(SFDR3) by 19.5dB and 3.1dB, respectively. The performance analysis of microwave photonic 

frequency conversion has been recorded to use a double-sideband suppressed carrier and 
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balance based on DPMZM [82]. The double-sideband technique has been used to suppress high 

harmonics and high Intermodulation’s, as well as achieve frequency conversion signals. 

However, as suggested from the title, in [82], only manage to suppress theoretically IMDs and 

high harmonics. 

 

Based on the Dual-parallel Mach-Zehnder modulator (DPMZM), a linearization AMPL with 

IMD3 elimination is proposed and experimentally demonstrated [83]. Using symmetrical 

sideband modulation, in this paper, the authors have managed to eliminate IMD3, in theory, by 

using two shifters and 3 dB power combiners. It has also been demonstrated experimentally 

the 45 dB suppression of the IMD3. Nevertheless, this paper only reports the elimination of 

IMD3 with all the other Harmonics and IMD’s that have been left; consequently, in our paper 

 we have used a similar technique, whereas, we have managed to remove all IMD’s. A dual-

wavelength linearization of analogue photonic link, based on PM-IM conversion, has been 

proposed and demonstrated in [84]. Furthermore, a phase modulator that exhibits different 

electro-optic modulation indexes were used. Primarily, this paper reports and experimentally 

demonstrate suppression of IMD3 by 14.54 dB based on two different channels with an 

opposite field which then fabricate a possible suppression of IMD3. 

 

Multi-octave linearized analogue photonic link based on a polarization DPMZM is proposed 

in [85]. An elimination of IMD2 and suppression of IMD3 is reported in this research which is 

profoundly based on the integrated polarization-multiplexing DPMZM with a free dynamic 

range of 82dB. However, in this paper IMD2 has been eliminated whereas IMD3 has only been 

suppressed, while in our proposed structure all IMD’s are eliminated. 
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In [86] is proposed and demonstrated a high linear analogue photonic link, based on a D- 

DPMZM with BPD. Moreover, third IMD3 and SOD products have been eliminated. However, 

our system uses fewer RF shifters, and it is much easier to be implemented in practice as also 

shown in [19] whereas parts of the system have already been experimentally demonstrated. 

 

Mathematical model of the proposed system 
 
The schematic diagram of the proposed photonic link where all IMDs along with Harmonics 

Distortions which are based on two D-DPMZM – have been eliminated by using balanced-

photo-detectors, shown in Fig.32. In this configuration, we have used a two-tone microwave 

frequency of 17 GHz and 17.5 GHz using RF shifters by 90 degrees and 270 degrees, 

respectively. The two D-DPMZM consist of two sub-dual electrode MZMs and two balance 

photo-detector combined by using a 3dB power combiner. 

 

 

 

 

 

 

 

Figure 33: Schematic diagram of the proposed AMPL system configuration using two 

D-DPMZM with two input frequencies. 
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Two RF signals are combined by RF combiner and then are shifted by 90 degrees for the upper 

and lower arm of MZM1 (D-DPMZM1) while frequency one is shifted by 270 degrees whereas 

frequency two is shifted by 90 degrees for the upper and lower arm of MZM2   (D-DPMZM1). 

In D-DPMZM2 the RF frequencies are combined and then shifted by 270 degrees for upper 

and lower arm of MZM1 (D-DPMZM2), frequency one is shifted by 90 degrees and frequency 

two is shifted by 270 degrees for the upper and lower arm of MZM2 (D-DPMZM2). External 

DC bias is set to maximum for MZM1 and quadrature for MZM2 for both D-DPMZMs. In 

addition, frequencies are combined by a 3dB power combiner and detected by a balanced 

photodetector. Results show that the proposed configuration allows the elimination of all IMDs 

and all even harmonic distortions. The drive voltage with DC biases of the D-DPMZM1 for 

the schematic configuration illustrated in Fig.32 can be expressed as: 
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Where 𝑄𝟏𝟏(t) and 𝑄𝟏𝟐(t) are drive voltages on two electrodes of MZM1 (D-DPMZM1); 

𝑄𝟐𝟏(t) and 𝑄𝟏𝟐(t) are drive voltages on two electrodes of MZM2 (D-DPMZM1); Vm represent 

the amplitude of the RF input signals. The laser power is expressed as: 𝐸in(𝑡) = 𝐸𝑐ej𝜔c𝑡  where 

the Ec is the input power and ωc is the angular frequency of the laser, consequently the output 

optical power in MZM1 (D-DPMZM1) can be expressed as: 
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The output optical power in MZM2 (D-DPMZM1) can be expressed as: 
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If 𝑚 =
𝜋𝑉𝑚

𝑉𝜋
  than by substituting equation 99 and 100 into equation 103 we obtain: 
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Applying a Jacobi-Anger Expansion in equation 105, we obtain: 
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Similarly, by substituting equation 101 and 102 into equation 104, we can derive the output 

optical power in MZM2 (D-DPMZM1): 
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Applying a Jacobi-Anger Expansion in equation 107, we find: 
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Combined power of the two MZMs will represent the optical power for D-DPMZM1. The signal 

after 3dB power combiner can be expressed as: 
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The generated photocurrent I(t) after the balance-photodetector is: 
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Where ℛ  is responsivity of the photodetector. By deploying Tayler series expansion to the third 

order in m, the following expression can be derived. 
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Similarly, we can derive equations for D-DPMZM2 as follows: 
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Where 𝑄𝟏𝟏(𝑡) and 𝑄𝟏𝟐(𝑡) are drive voltages on two electrodes of MZM1 (D-DPMZM2); 

𝑄𝟐𝟏(t) and 𝑄𝟏𝟐(t) are drive voltages on two electrodes of MZM2 (D-DPMZM2); Vm represent 

the amplitude of the RF input signals. The laser power is expressed as: 𝐸in(𝑡) = 𝐸cej𝜔ct  where 

the Ec is the input power and ωc is the angular frequency of the laser, consequently the output 

optical in MZM1 (D-DPMZM2) can be expressed as: 
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And the output optical power in MZM2 (D-DPMZM2) can be expressed as: 

 

If 𝑚 =
𝜋𝑉𝑚
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  than by substituting equation 113 and 114 into equation 117, we obtain: 
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Applying a Jacobi-Anger Expansion in equation 118 we get: 
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Similarly, by substituting equations 115 and 116 into equation 117, we can derive the output 

optical power in MZM2 (D-DPMZM2): 
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Applying a Jacobi-Anger Expansion in equation120, we obtain: 
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The combined power of the two MZMs will represent the optical power for D-DPMZM1. The 

signal after 3dB power combiner can be expressed as: 
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The generated photocurrent IPD_D−DPMZM2
(t) after the balance-photodetector is: 
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Where ℛ  is responsivity of photodetector. By using Tayler series expansion to the third order in 

m, the following expression can be derived: 
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Combining power after two balance-photodetectors 
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Then we obtain:  
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From results in equation 127, it can be seen that the third order Intermodulation Distortion of 

frequency  2𝜔2−𝜔1 and 2𝜔1 − 𝜔2 is eliminated. Second order harmonic and intermodulation 

of frequency is  ω2−ω1 , ω1 − ω2, and 2ω2−2ω1 , 2ω1 − 2ω2. We have used the Tayler 

series to higher order (up to ninth order) and to all intermodulation distortions and even 

harmonic distortions does not exist which means that the modulation index increases the IMDs 

and even harmonic distortions will not exist in this model. 
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Simulation results and discussions 
 

Simulation results are undertaken based on the developed mathematical model representing 

the novel RF system configuration Fig.32. As stated above, the schematic configuration of the 

proposed microwave photonic signal linearization includes laser, two-tone microwave 

frequencies, six shifters four of which are 90-degrees and two 270-degree, 3dB power 

combiners, two D-DPMZM and two balance-photodetector. Laser optical power of 20dBm are 

used, and two signals with frequencies of 17 GHz and 17.5 GHz are investigated. The input 

laser light is split into four equal paths and modulated at four sub-MZMs. 

In the D-DPMZM1 lower and upper branch of MZM1, the RF signal ω1 and ω2 are shifted by 

90 degrees, while in MZM2  RF signal ω1 is shifted by 
𝜋

2
 and ω2 is shifted by - 

𝜋

2
 , frequencies 

are than combined by RF combiner and modulated in upper and lower branch. Output 

modulated signal from MZM1 and MZM2 are combined by 3dB power combiner than detected 

by balanced-photodetector. In D-DPMZM2 RF signal are shifted and combined same as in D-

DPMZ1 but with opposite phase, output modulated signal from MZM1 and MZM2 are 

combined and detected by balanced-photodetector two. Electrical signal from both balanced-

photodetector is combined, obtained results are shown in Fig. 33. 

 

Figure 34:  Electrical spectrum of the proposed structure; (A) Two single subcarriers from 

D-DPMZM1 without any intermodulation distortions, (B) Two single subcarriers from D-
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DPMZM2 without any intermodulation distortions, (C) Two single subcarriers after 

combining without any SOH, (D) shows the non-existence of IMD2 and SOH 

 

Fig.33 (A) shows the signal output from D-DPMZM1, which shows the elimination of IMDs, 

however, SOH is present as shown in equation (112). Similarly, Fig.33 (B) illustrates the output 

from D- DMZM2 with the opposite SOH field shown in equation (125) which enables the 

elimination of SOH. Therefore, SFDR in this system is limited only by Third Order Harmonics 

(TOH). The TOH are quite far from fundamental signal and can be easily filtered by using low 

power electrical filter. 

By comparing our obtained results with our previous experimental results of similar RF 

systems publish recently in [85], it can be confirmed that we have managed to improve signal 

linearization significantly. In the published paper [18], we have demonstrated suppression of 

IMDs and SOH experimentally and benchmarked by the developed mathematic model, 

however, in [85] only IMD’s and SOH are suppressed, shown in equation (14) section 2 

Mathematics Modelling, wherein this proposed RF system configuration, we have eliminated 

SOH Fig.33 (D) and all other IMD’s Fig.33 (C). Obtained simulations shown in Fig.33 (C) 

have been backed up by the developed mathematical modelling equation (127), showing Tayler 

series up to fourth-order which confirms that the IMD’s and SOH do not exist. To verify 

simulation results, we have used the Tayler series up to 9th order and still evidence the clear 

the match. 
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Figure 35: (A) SFDR performance of proposed AMPL with Dual Parallel MZMs, (B) 

System stability analyses (C). Two single subcarriers after changing RF shifters for 1 

degree, (D). Two single subcarriers after changing RF shifters for 1 degree and 

adding Fibre between BPDs and 3dB power combiner. 

 

 

Table 4: MZMS Parameters used in our simulation 

In Fig.34 (A), we present the SFDR performance analysis of the proposed system. As we have 

mathematically presented, the proposed system in an ideal condition, it will not produce any 

IMD3, IMD2 or SOH, however in real life it is almost impossible to have an ideal condition, 
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therefore we have changed the modulator parameter to match with our practical laboratory 

components (shown in Table 4); modulators and RF shifters for 1 degree to measure the 

SFDR3. Fig.34 (A) shows SFDR3 for the proposed link is 120.5 dB. Hz1/2 from -170 noise 

floor. 

To demonstrate the performance of the proposed RF system configuration concerning the bias 

drift, we have investigated the following CNR for IMD3, IMD2 and SOH, shown in Fig.34 

(B). As it can be seen from the results, the CIR for IMD3, IMD2 and SOH are almost constant 

at a bias drift of up to ±0.5V, therefore the system is stable. Due to fact that IMDs and SOH 

are eliminated, the proposed system performance is stable as the operating points voltage 

changes. 

Next, we have tested the system purity by varying the parameters of the modulator (shown in 

Table. 4) to match with practical modulators and by changing RF shifters for one degree. As 

can be seen, the obtained results are similar to those in Fig.33 (C). Furthermore, by using the 

same parameters for modulators and RF shifters, we have tested the system further by adding 

different fibre lengths between 3dB combiner and BPDs (20-meter fibre between 3dB 

combiner and BPD1 and 19-meter fibre between 3 dB combiner and BPD2) results are shown 

in Fig. 34 (D). Simulation from Fig. 34 (D) shows confirms that there is no SOH, however, if 

the length of fibre optic cable is not the same, then IMD3 starts coming up the noise floor. 

 

Figure 36: (A) Two single subcarriers after including 42 dB losses, (B) Two single 

subcarriers after including 42 dB losses and changing the input of laser to 15dB. 
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The proposed model consists of 6 RF shifters, 4 splitters and 4 combiners, therefore, it is known 

there will be losses. In this regard, in the simulation model, we have included all potential losses 

which might occur in practice. Attenuates on each connection have been considered to present 

the losses for each shifter, splitter, and combiner; obtained results are shown in Fig. 35 (A). 

Losses added to the system is 42dB, hence the dynamic range is not as shown in an ideal case in 

Fig.34 (A), however, the obtained results demonstrate that the dynamic range has not been 

decreased regarding TOH and TOH which have been suppressed under the noise floor. 

Furthermore, the system performance has been tested by changing the input of the laser to 15 dB, 

which includes losses as mentioned above to investigate the effects on SFDR, obtained results 

are shown in Fig. 35 (B). 
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Chapter 6 
 

Conclusion 
 

In chapter 3, has been developed and demonstrated a high linear analogue photonic link with 

IMD3, SOH, second-order distortion product eliminated, and with other higher-order distortion 

products suppressed. It is demonstrated that by deploying two D-DPMZMs and inserting 

frequencies in two different channels, then by combining the power through the BPD IMD3, 

SOH, and second-order distortion can be eliminated, and other higher-order harmonics can be 

suppressed completely. The approach has led to a highly linearized signal with a clean spectrum 

near the fundamental frequencies. The proposed configuration is suitable for application in 

short distances and long distances transmission systems. It is also managed to obtain a dynamic 

range of 58 dB with IMD3, SOHs eliminated, and other harmonics suppressed under the noise 

floor. To the best of our knowledge, this is the first demonstrated work in literature where 

IMD3, SOHs and second-order distortion produces have been eliminated. Furthermore, we 

have also demonstrated that this configuration can be used for a down-conversion only by 

varying the operating biasing point of the modulator from quadrature to maximum. The 

optimized linearized proposed configuration, with the above stated high performances, has 

been used to down-converted signals at a broad spectrum with a high dynamic range of 77.84 

dBm. Our developed Mathematical models have been also simulated using commercial 

software where the obtained results seem to match well. 

 

In chapter 4, we have developed and experimentally demonstrated a high linear analogue 

photonic link with IMD3, third-order distortion suppressed under noise floor, and significant 

suppression of SOH. By only using three RF shifters and two single drive MZMs, we 
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demonstrated a linearized photonic link system with all IMDs, and third-order distortion 

suppressed under the noise floor. The proposed AMPL configuration consists of only three 

shifters, two of which are 90 degrees, one 270 degrees, two MZMs, and one BPD. The proposed 

system configuration is easy to implement in practice and exhibits better performance than 

already published research papers in literature with comparable configurations. We have 

developed and demonstrated a full mathematical model for the proposed novel AMPL and 

confirmed a unique matching between the mathematical model and the experimental 

measurements. We have demonstrated benchmarking agreement between both theoretical and 

experimental results, which confirms a high system performance. Furthermore, the proposed 

AMPL has revealed experimentally an SFDR of 119.5 dB. Hz2/3. 

 

In chapter 5, we have developed and demonstrated a high linear analogue photonic link where 

all IMDs and SOH have been eliminated, by deploying unique system architecture consisting 

of 6 RF shifters, 2 D-DPMZMs and 2 balanced photodetectors. The proposed analogue 

photonic link configuration which exhibits significant performance is easy to implement in 

practice [85]. We have demonstrated that IMDs and SOH distortion products can be eliminated, 

which is a challenging task to achieve because if signals are very close to each other, it will be 

very difficult to filter SOH by using various filtering techniques. We have demonstrated that 

the system SFDR is only limited by TOH distortions which are far apart from fundamental 

signals and can easily be filtered by using low electronic filters. We also have benchmarked 

the developed mathematical model and system simulations, and it has been confirmed that the 

mathematical model and the simulation results match very well, confirming that the proposed 

system can be implemented in practice. Additionally, we have also demonstrated the SFDR of 

120.5 dB.Hz1/2. 
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