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Abstract: 

 

In order to satisfy the ever increasing demand for the bandwidth requirement in broadband 

services the optical orthogonal frequency division multiplexing (OOFDM) scheme is being 

considered as a promising technique for future high-capacity optical networks. The aim of 

this thesis is to investigate, theoretically, the feasibility of implementing the coherent optical 

OFDM (CO-OOFDM) technique in long haul transmission networks.  For CO-OOFDM and 

Fast-OFDM systems a set of modulation formats dependent analogue to digital converter 

(ADC) clipping ratio and the quantization bit have been identified, moreover, CO-OOFDM is 

more resilient to the chromatic dispersion (CD) when compared to the bandwidth efficient 

Fast-OFDM scheme.  For CO-OOFDM systems numerical simulations are undertaken to 

investigate the effect of the number of sub-carriers, the cyclic prefix (CP), and ADC 

associated parameters such as the sampling speed, the clipping ratio, and the quantisation bit 

on the system performance over single mode fibre (SMF) links for data rates up to 80 Gb/s.  

The use of a large number of sub-carriers is more effective in combating the fibre CD 

compared to employing a long CP.  Moreover, in the presence of fibre non-linearities 

identifying the optimum number of sub-carriers is a crucial factor in determining the modem 

performance. For a range of signal data rates up to 40 Gb/s, a set of data rate and transmission 

distance-dependent optimum ADC parameters are identified in this work. These parameters 

give rise to a negligible clipping and quantisation noise, moreover, ADC sampling speed can 

increase the dispersion tolerance while transmitting over SMF links. In addition, simulation 

results show that the use of adaptive modulation schemes improves the spectrum usage 

efficiency, thus resulting in higher tolerance to the CD when compared to the case where 

identical modulation formats are adopted across all sub-carriers.  For a given transmission 

distance utilizing an artificial neural networks (ANN) equalizer improves the system bit error 

rate (BER) performance by a factor of 50% and 70%, respectively when considering SMF 
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firstly CD and secondly nonlinear effects with CD.  Moreover, for a fixed BER of 10
-3

 

utilizing ANN increases the transmission distance by 1.87 times and 2 times, respectively 

while considering SMF CD and nonlinear effects.  The proposed ANN equalizer performs 

more efficiently in combating SMF non-linearities than the previously published Kerr non-

linearity electrical compensation technique by a factor of 7. 
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Chapter 1.  Introduction 
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1.1 Introduction 

 

Nowadays, satisfying the needs of the end users for communication speed and bandwidth as 

well as offering better and secure quality of services is the real motivation behind the rapid 

increase in the internet protocol (IP) traffic and newly emerging applications such as IP 

television (IPTV), video-on-demand (VoD) and video surveillance.  This adds more pressure 

on the networks infrastructure at every scale, which explains the real motive behind all 

optical communications research.  Moreover, in modern communication systems, the cost 

efficiency, flexibility and the high transmission performance of digital signal processing 

(DSP) techniques have shifted to become a potential candidate for photonic networks [1, 2].  

As a successful example of the practical implementation of DSP, the orthogonal frequency 

division multiplexing (OFDM) scheme has been rapidly adopted in wireless communications 

systems to combat the multi-path fading and multipath induced inter symbol interference 

(ISI) effects [3, 4].  As a multi-carrier modulation scheme, OFDM splits a high-speed data 

stream into a number of low-speed data streams transmitted simultaneously over a number of 

harmonically related narrowband sub-carriers [3].  By introducing OFDM in the optical 

domain, optical OFDM (OOFDM) was proposed in 2005 [5].  Over the last a few years, two 

main variants of OOFDM have been extensively investigated, including the incoherent 

OOFDM such as the intensity modulation and direct detection (IM-DD) OOFDM scheme [6] 

and the coherent OOFDM (CO-OOFDM) technique [7, 8].  

 

IM-DD OOFDM has demonstrated great potential for practical implementation in cost-

sensitive applications such as local area networks (LANs) and metropolitan area networks 

(MANs) [6, 9].  Whilst CO-OOFDM has been regarded as a promising candidate for future 

long-haul high capacity transmission systems [7], its practical application has been mainly 
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determined by its tolerance to the optical fibre chromatic dispersion (CD) and susceptibility 

to the fibre nonlinearity particularly at high data rates and high optical power levels.  Cyclic 

prefix (CP) is introduced to the CO-OOFDM symbols in order to combat CD as well as the 

second order polarization mode dispersion (PMD) as outlined in [10].  In [11] a careful 

management of these effects has lead to a successful experimental demonstration of  20Gb/s 

CO-OOFDM signal transmission over 4160 km of single mode fibre using the sub carriers 

multiplexing technique. 

 

In 2007 the first experimental set up of a CO-OOFDM system at 8 Gb/s over 1000 km SMF 

fibre was reported in [12].  In [13] and [7] the first CO-OOFDM with the polarization-

diversity with a record PMD tolerance has been realized as a 128 OFDM subcarriers with a 

nominal data-rate of 8 Gbit/s are successfully processed and recovered after 1000 km 

transmission through SMF.   

 

Currently research in coherent transmissions is moving toward increasing the system capacity 

by using: (i) wavelength division multiplexing (WDM) and optical add/drop multiplexers 

(OADM) [8], and (ii) sub-carriers modulation with dual polarized quadrature phase shift 

keying (DP-QPSK) in multi-input multi-output (MIMO) configurations to achieve to high 

data rates up to 40 Gb/s [14].  In sub-carrier based schemes, the phase noise results in a 

common phase rotation (CPR) of all the subcarriers within a symbol and the inter-carrier 

interference (ICI).  Therefore, phase estimation is necessary to mitigate the phase noise.  

Data-aided (DA) and pilot-aided (PA) methods have been proposed, and compared for CO-

OOFDM systems at 8Gb/s over 1000 km of SMF [12-15]. 
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In 2009 an experimental demonstration of 100 Pbit/s-km CO-OOFDM link, which is 

equivalent to 400 DVDs per second, over 7000 km transoceanic cable has been carried out by 

the Alcatel-Lucent Bell Labs [16].  Tb/s CO-OOFDM systems using the optical frequency 

combs at both the transmitter and receiver was realized in [17].  A multi-band  CO-OOFDM 

systems have been used in generating high data rate signals from 100 Gb/s, [18, 19] up to 10 

Tb/s [20]. 

 

The main challenges for the optical communication systems are the CD and fibre non-

linearity.  To address these technical challenges in particular for the CO-OOFDM modems  

and to increase CO-OOFDM system tolerance to CD and fibre non-linearities, a number of 

methods has been proposed including: (i) including low-cost DSP techniques such as 

electronic dispersion compensation (EDC) that provides a simpler solution to compensated 

for the fibre CD [21]-[22], and optical single side band (OSSB) for CD compensation at the 

receiver [23], and (ii) electrical pre-distortion (EPD) at the transmitter [24] as well as non-

linear electrical post-compensation at the receiver [25].  In 2012 a 101.7 Tb/s, was 

demonstrated using 370 dense wavelength-division multiplexed (DWDM) channels  of CO-

OOFDM signal modulated with the polarization-division-multiplexing (PDM) 128-ary 

quadrature amplitude modulation (QAM) at each modulated subcarrier.  This experiment was 

enabled using the DSP pre-equalization of transmitter impairments, all Raman amplification, 

heterodyne coherent detection, and DSP post equalization of the channel and receiver 

impairments, including the pilot-based phase noise compensation [26]. 

  

CD compensation in the optical domain by utilizing dispersion compensation fibre (DCF), 

optical resonators and fibre Bragg gratings, offer a number of advantages compared to EDC 

in particular for WDM systems where different wavelength can be compensated without the 
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need for a different EDC circuit for each wavelength.  However, both schemes require either 

the use of additional circuitries or longer length of fibres, which requires a further signal 

amplification.  The adaptive cyclic prefix (ACP) [10], and the modem parameter such as the 

number of subcarriers, sampling speed for transmitting over multimode fibre MMF links for 

the IM-DD OOFDM scheme  have been investigated [6].  However, the effects of CO-

OOFDM modem parameters (i.e. number of subcarriers, cyclic prefix length, modulation 

format, analogue to digital converter / digital to analogue converter (ADC/DAC) quantization 

bits and clipping ratio on CO-OOFDM transmission performance over SMF links has not 

been investigated by the researchers. 

 

Considering the physical nature of CP, it is clear that, if a CP time duration is smaller than the 

CD associated with a SMF link, the imperfectly compensated dispersion effect limits 

considerably the maximum achievable transmission performance of the CO-OOFDM signals.  

In addition, a small CP may also affect the sub-carrier orthogonality, thus resulting in a 

significant increase in the minimum required optical signal-to-noise ratio (OSNR) [3].  On 

the other hand, if the CP is longer than the CD of the SMF link, for a fixed signal sampling 

speed, the CP wastes a large percentage of the transmitted signal power, thus giving rise to a 

degraded effective signal OSNR.  Moreover, for a given ADC, a large number of sub-carriers 

within one CO-OOFDM symbol increase the time duration of the CO-OOFDM symbol and 

thus the time duration of the CP, consequently this give rise to an enhanced dispersion 

tolerance and improved transmission performance.  However, a large number of sub-carriers 

also decrease the frequency spacing between adjacent sub-carriers.  Therefore, the fibre 

nonlinear may affect the orthogonality between sub-carriers, leading to transmission 

performance degradation.  It is expected that there exists an optimum number of sub-carriers 

for a specific application scenario.  
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It is widely known that ADCs have a wide range of sampling speeds, as utilizing lower 

sampling rate can increase the symbol period, thus CD tolerance.  However considering fibre 

nonlinear effects, the sampling speed can affect the spacing between adjacent CO-OOFDM 

sub-carriers; therefore, this may affect sub-carriers orthogonality.  Given the fact that CO-

OOFDM signals suffers from large a peak-to-average-power-ratio (PAPRs), which makes 

CO-OOFDM modems more sensitive to the fibre nonlinearity.  Similar to IM-DD OOFDM 

cases [10], it is therefore expected that signal clipping and quantization associated with an 

ADC (DAC) are also crucial for determining the maximum achievable transmission 

performance of the modems.  

 

OOFDM multiplexes different optical subcarriers while maintaining the orthogonality 

between the subcarriers.  This allows subcarriers to overlap without introducing interference 

consequently effectively utilizing the available bandwidth, where different users are 

supported by allocating a specific part of the spectrum [27].  Moreover, in comparison with 

TDM, OFDM offers a higher performance either in terms of the capacity or the time required 

and the overall throughput.  It is important for the communication system to have the ability 

to utilize the given bandwidth efficiently, therefore recently the discrete cosine transform 

(DCT) based OFDM (Fast-OFDM) has been proposed [28], which is used within the coherent 

domain [29].  This new technique can save half of the given bandwidth if compared with the 

conventional CO-OOFDM [30].  Therefore, it is important to investigate the performance of 

Fast-OFDM when transmitting over SMF link that includes only CD, thereafter compare the 

results with CO-OOFDM.  

 

For OFDM systems, the orthogonality of the consecutive OFDM symbols is maintained by 

appending a CP at the start of each symbol.  For each OFDM symbol to be independent and 
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to avoid any ISI or ICI, the length of the channel impulse response (CIR) should be less than 

CP+1 samples [31].  Therefore, at the receiver after the extraction of the modulated data and 

the FFT process a frequency domain equalizer is applied.  However a time domain equalizer 

can also be applied in order to reduce the effect of the inter-channel interference [32] .  

 

The artificial neural network (ANN) is an attractive alternative for compensating the optical 

fibre linear and non-linear distortions.  ANN based equalizers have been used in the receiver 

for distortion compensation induced by the fibre, optical and radio frequency (RF) wireless 

channels, where it can offer similar or better performance compared to the traditional finite 

impulse response filter equalizers [33].  

 

Nonlinear equalizers have been used to compensate for all three types of distortion.  In the 

literature it has been shown that the nonlinear feed-forward equalizers based on the 

multilayer perceptron (MLP) can outperform linear equalizers [34].  This research also 

proposed an intelligent compensation scheme for CD and fibre non-linearities.  A new design 

of ANN equalizer based on the feed forward MLP networks with reduced complexity is 

proposed in order to compensate for CD and fibre no-linearity for CO-OOFDM.  

 

1.2 Research Aims 

 

 To propose a design of CO-OOFDM modem, thereafter optimize the proposed 

modem parameters in order to attain a basic base rate of 156.25 Mb/s up to 1.25 Gb/s 

if 256-QAM modulation format is used. 

 To propose an artificial intelligent based compensation schemes and investigate its 

performance in terms of the fibre dispersion and non-linearity.  To study the effect of 
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the bandwidth efficient Fast-OFDM in comparison with the CO-OOFDM system, 

while transmitting over SMF, which includes only CD. 

 

1.3 Methodology 

 

In this thesis all the presented results are theoretical results, based on the numerical 

simulation approach.  Matlab software is used to model the CO-OOFDM modem and the 

ANN equalizer.  The communication link, which is a SMF, is modelled using C++, in line 

with published work [35-37].  Where necessary results are compared with the published data. 

 

1.4 The Thesis Structure 

 

This section gives a brief description all the chapters constructing this thesis: 

 

Chapter 1: Introduction 

 

This chapter provides a brief introduction of the research work, original contribution and 

thesis objectives, research aims, and thesis structure. 

 

Chapter 2: Principles of OFDM 

 

To gain a better understanding of OOFDM, this chapter deals with the principles of OFDM 

and OOFDM.  The history of OFDM and the fundamentals of key components involved in a 

general OFDM system are described.  SMF together with its linear and nonlinear effects is 
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also presented followed by discussions on two main variants of OOFDM including CO-

OOFDM and IM-DD OOFDM, whose advantages and drawbacks are also discussed. 

 

Chapter 3: Introduction to ANN 

 

This chapter introduces the basic concepts of the ANN, moreover discusses the need for 

equalization, particularly the ANN equalization concepts.  Furthermore describes the 

operating principle of ANN MLP.  

 

Chapter 4: Theoretical Analysis of the CO-OOFDM and Fast-OFDM Systems in 

AWGN 

 

This chapter provide a basic study of the CO-OOFDM modem over the additive white 

Gaussian noise (AWGN) channel.  It includes channel modelling, bit error rate analysis, and 

the link model when using modulation formats of differential binary phase shift keying 

(DBPSK), differential quadrature phase shift keying (DQPSK) 16 to256-QAM.  In addition, 

the effect of ADC parameters such as clipping and quantization are investigated to see how 

they influence the system performance over the same channel.  

 

The second part of the chapter presents the performance results of the coherent Fast-OFDM 

in AWGN for different amplitude shift keying (ASK) modulation formats including 4-ASK, 

8-ASK, and 16-ASK.  Moreover, in order to optimize the ADC parameter for a given system, 

the quantization and clipping ratio effects on the link performance is also carried.  The last 

part of this chapter gives a comparison between the transmission performance of Fast-OFDM 
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and CO-OOFDM when used over SMF links in the presence of the chromatic dispersion 

only.  

 

Chapter 5: Investigation of the Effects of CO-OOFDM Parameters on the System 

Performance over SMF Links  

 

This chapter provides a detailed study of the CO-OOFDM modem key parameter the data 

rate versus transmission distance while transmitting over SMF links.  This study includes 

investigation of the optical launch power, number of subcarriers and the cyclic prefix on the 

CO-OOFDM dispersion tolerance, as well as the fibre non-linear impairments.  The chapter 

also addresses the effect of ADC key parameters such as the clipping, quantization, and 

sampling speed on transmission link performance. 

 

The last part of the chapter investigates the CO-AMOOFDM data rate versus distance 

performance, as AMOOFDM support higher signal capacity and significantly improves the 

tolerance to the fibre modal dispersion in the LAN networks [6].  For CO-OOFDM adaptivity 

in signal transmission in the presence of fibre chromatic dispersion and non-linearities is also 

investigated. 

 

Chapter 6: Artificial Neural Network Equalizer for CO-OOFDM Modems  

 

This chapter focuses on the design and implementation of an artificial neural networks 

equalizer to compensation for SMF CD and non-linearities impairments.  Moreover, chapter 

five study the effect of ANN different learning algorithms on the transmission performance 
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over SMF links in the presence of dispersion only and together with nonlinearity 

impairments. 

 

1.5 Original Contribution and Thesis Objectives 

  

The contributions to knowledge are as follow:  

 Design of the CO-OOFDM modem and adaptation of modulation schemes such as 

DBPSK, DQPSK, and multi-level-QAM (M-QAM), which have been used in RF, in 

order to increase the system data rate without utilizing WDM based technologies, the 

results are shown in Chapters 4 and 5. 

 Investigation the effect of ADC key parameters on the performance of the modem over 

the AWGN channel, see Chapter 4.  

 Theoretical investigation of the performance of a coherent Fast-OFDM modem, while 

using different ASK modulation formats, over the AWGN channel and optimize the ADC 

parameters such as the clipping ratio and the quantization bits, see Chapter 4. 

 Investigation of the use of Fast-OFDM for the coherent transmissions and comparison of 

its performance with CO-OOFDM in the presence of the chromatic dispersion only, 

Chapter 4. 

 Optimization of the CO-OOFDM modem parameter, which includes investigating the 

CO-OOFDM modem parameters such as CP, number of subcarriers, responsible ADC 

key parameters such as clipping, quantization and sampling speed on the performance 

over SMF links, see Chapter 5.  

 Theoretically investigation of the effect of adaptively modulated CO-OOFDM (AM-CO-

OOFDM) on the data rate versus the transmission distance performance in the presence of 

SMF non-linearities as well as the dispersion, see Chapter 5. 
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 Theoretically investigation of the effect of adopting ANN based equalizer in 

compensating for channel linear and non-linear effect for CO-OOFDM signals, see 

Chapter 6. 
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1.7 Conclusions 

 

This chapter has explored the main milestones in the CO-OOFDM research, as well as stating 

the original contributions, the aims and methodology adopted in carrying out the work.  The 

thesis structure and published papers from the work carried out were also outlined  
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2.1 Introduction 

 

This chapter introduces the basic concepts of OFDM and OOFDM, which is the foundation 

of the work presented in the rest of this thesis.  OFDM has been intensively used in radio 

frequency wireless communications for the thirty years.  However, its appearance in the 

optical communications system occurred relatively late.  The chapter starts with a brief 

historical review of the major OFDM systems research its applications milestones and 

thereafter detailed discussions are made of the principles of each individual building block 

that forms a representative OFDM system.  An understanding of OFDM in optical fibre 

communications requires a good knowledge of the fibre channel characteristics.  Thus, both 

linear and nonlinear fibre effects are also discussed in this chapter.  Finally an intensive 

discussion of the two major option of OOFDM transmissions which are CO-OOFDM and 

IM-DD-OOFDM is presented, after which there strengths and drawbacks are  addressed. 

 

2.2 OFDM 

 

The year 1966 witnessed the birth of a new concept which revolutionized the communication 

engineering industry; this new idea developed at the Bell Lab is known as OFDM, which 

came as a an alternative to the existing FDM technique [38].  Latter in 1971, Weinstein and 

Ebert proposed a modified version of the OFDM system [39] in which a bank of sinusoidal 

modulators were replaced by the discrete Fourier transform (DFT).  This modification 

significantly reduced the implementation complexity of the design while maintaining the 

subcarriers orthogonality. 
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To further improve the effectiveness of mitigating inter symbol interference (ISI), the use of 

CP or the cyclic extension was first introduced by Peled and Ruiz in 1980 [40].  Her the 

conventional null guard band was replaced by a cyclic extension, which is a copy of the last 

fraction of each OFDM symbol that is added to the front of each symbol to maintain the 

orthognality and further reduce the effect of ISI.  In order to suppress both ISI and ICI that 

may have resulted from a channel distortion, synchronization error, or phase error, a new 

equalization algorithm was proposed in 1980[41].  

 

The pilot tone technique was introduced by Cimini in 1985 for the purpose of compensating 

for channel induced interference and noise [42].  In the nineties, OFDM systems have been 

exploited for high data rate communications.  OFDM considered as part of the IEEE 802.11 

standard, where the carrier frequency as high as 2.4 GHz or 5 GHz is recommended.  In 

1995, Telatar reported  bandwidth  and transmitted power efficient MIMO OFDM systems 

[43], which further pushed the OFDM research cycle even further to include the use of 

OFDM for the optical wireless communications in 2001. 

 

Since the foundation of OFDM we have seen a significant mile stone in system improvement 

until it is considered in many of today‟s wireless communications standards including 

wireless LANs (WiFi; IEEE 802.11a/g), wireless metropolitan area networks MANs 

(WiMAX; 802.16e), and long-term evolution (LTE) - the 4G mobile communication 

technology [44]. 

 

Application wise OFDM was only utilized for RF communication systems until it was finally 

introduced in the optical domain in 2005.  Thereafter we have seen a growing interest in 

simulations and experimental demonstrations of OOFDM in radio over fibre (RoF) [45, 46], 
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for access networks and for MANs using  single mode fibre (SMF) and multimode mode 

fibre (MMF) [47, 48], as well as long-haul coherent transmission systems [7, 8, 37, 49].  

 

As OFDM is considered as a evolutional form of the traditional FDM technique, where 

different users data are transmitted simultaneously over a number of frequency carriers [50] 

as shown in Fig. 2.1(a).  

 

FDM
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Figure 2.1: Compression between: (a) FDM, and (b) the OFDM spectral. 

 

At the FDM transmitter, each subcarrier signal is modulated by a data signal and with a guard 

band between the adjacent subcarriers in order to prevent carriers overlapping and therefore 
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reduce ISI and ICI.  However, inclusion of the wide guard band leads to spectral inefficiency 

in early FDM systems.  This is due to the lack of digital filtering which made it possible to 

closely pack subcarrier channels.  At the receiver side, the received signals are demodulated 

using oscillator bank arrays and band-pass filters. 

 

Although both FDM and OFDM see Fig. 2.1(b) are multicarrier transmission schemes, 

OFDM has the advantage of using IFFT and FFT instead of oscillator banks.  Consequently, 

carefully selecting subcarrier signals and with the demodulation of one subcarrier being 

independent of others even if there are spectral overlaps between subcarriers.   

 

The OFDM modem consists of a transmitter and a receiver as illustrated in Fig. 2.2. 
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Figure 2.2: OFDM system block diagram. 
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2.2.2 OFDM Transmitter 

 

The transmitter is composed of a number of modules as outlined below.  

Data: The incoming serial data is first converted into parallel streams followed by the M-ary 

modulation as illustrated in Fig. 2.3.  Each of the encoded parallel outputs corresponds to a 

separate subcarrier signal.  
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Figure 2.3: (a) Bit encoder, and (b) QPSK constellation diagram. 

 

Figure 2.3(b) shows examples of multi-level modulation format namely quadrature phase 

shift keying (QPSK).  In QPSK the signal phase is keyed between four possible phase values 

(45°, 135°, 225° and 315°) to represent the four possible variations of a two-bit set.  In the 

other hand, for other multilevel modulation formats such as the 16-QAM both the signal 

amplitude and phase are keyed to represent the 16 possible stats of a 4-bit combination.  

Using higher modulation formats on different subcarriers can be different, which improves 

the OFDM system scalability and flexibility of the system [51], in the next section the 

discussion is taken a bit further in order to discuss some popular QAM modulation formats. 
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Inverse fast Fourier transform (IFFT): OFDM has the advantage of using the digital 

inverse fast Fourier transform IFFT, which is an efficient and accurate method for frequency 

up converting and multiplexing the bit encoded complex subcarriers.  On the other hand de-

modulation and de-multiplexing at the receiver side is achieved using the FFT process, 

consequently the digital process of IFFT/FFT is considered as the core component in the 

transmitter/receiver to perform the functionalities of modulation demodulation and 

multiplexing de-multiplexing.  The IFFT is defined by [3]: 

     
 

  
          

 
  

   

   

 

 (2.1) 

 

          
                  (2.2) 

 

Where      represents users bit encoded data of the k-th subcarrier and N-th symbol, and  

    ,      are respectively the amplitude and phase of the signal constellation points.  The k-

th subcarrier waveform can be modulated independently with data.  The k-th subcarrier time 

domain waveform within the n-th symbol period can be expressed as:  

                       
        ,        k=0, 1, 2,...,     (2.3) 

 

Ψ     
          

          
   

 (2.4) 

 

Where    is the number of subcarriers,    is the frequency of the k-th subcarrier,    is the 

OFDM symbol period, and      has a rectangular pulse shape of unity magnitude over the 

time duration of    therefore, as a result this will give rise to sinc form spectrum for each 

subcarrier see Fig. 2.4. 
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Figure 2.4: OFDM subcarriers waveform. 

 

The correlation between any two subcarriers in the   n-th symbol period is given by [51]:  

 

  
     

   

       

                         
               

          
  

(2.5) 

 

The above equation is considered when Xk,n is treated as a unit for simplicity. 

Subcarrier frequency spacing can be expressed as:  

             
 

  
,     k=1,2,....,       (2.6) 
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Signals are normally orthogonal if the integral value is zero over the interval [         

   ].  Since the carriers are orthogonal to each other the nulls of one carrier coincides with 

the peak of another sub carrier.  As a result, it is possible to extract the sub carrier of interest 

 
 

  
        

   

       

            
        

  
           

      
 
     
     

   

 (2.7) 

 

The equation 2.7 shows that the mutual orthogonality between subcarriers is only achieved, 

when the subcarrier frequency spacing and the symbol period satisfies the equation 2.6.  By 

combining equations 2.3, 2.4 and 2.6, the expression for the OFDM signal associated with the 

k-th subcarrier within the time duration of is given by: 

             
   

 
  
 
 

 (2.8) 

 

It is shown in equation (2.8) that each subcarrier waveform has an integer number of cycles 

within a single OFDM symbol period, moreover it can be noticed that, the number of cycles 

grows as the subcarrier index increases.  

The orthogonality of subcarriers can be viewed in either the time domain as well as the 

frequency domain.  For time domain perception, each subcarrier is a sinusoid with an integer 

number of cycles contained in one FFT interval.  From the frequency domain perspective, 

this corresponds to each subcarrier having the maximum value at its own centre frequency 

and zero at the centre frequency of each of the other subcarriers. 

 

Signal y(t) is the result of propagating subcarriers x(t) through a channel with an impulse 

response h(t) and with a noise variant w(t), consequently the signal will be of this format: 

                      (2.9) 

 



23 
 

Upon reception, the signal y(t) will be applied to the FFT digital processor this is in order to 

get the signal back to the frequency domain and calculate the bit error rate  (BER) afterward, 

the FFT processor is given by (2.10): 

                 
     

 
  

   

   

                

(2.10) 

 

In a multi-path environment, transmitted symbol normally takes different paths propagation 

paths and thus times to reach the receiver.  From the receiver„s point of view, the 

transmission channel introduces time dispersion in which, the duration of the received 

symbol is extended.  Stretching the symbol duration causes the current received symbol to 

overlap previous received symbols and results in ISI. 

 

In OFDM, ISI usually refers to interference of two adjacent OFDM symbols.  However, for 

OFDM the system bandwidth is broken up into N subcarriers, which reduces the symbol rate 

by a factor of N times lower than the single carrier transmission.  This low symbol rate makes 

OFDM naturally resistant to effects of ISI caused by multipath propagation environment; 

Interference caused by data symbols on adjacent sub-carriers is referred to ICI.  Similar to the 

wireless domain case, ICI occurs when the multipath channel varies over one OFDM symbol 

time.  When this happens, the Doppler shift on each multipath component causes frequency 

offset on the subcarriers, resulting in the loss of orthogonality among them [51].  This 

situation can be viewed from the time domain side, in which the integer number of cycles for 

each subcarrier within the FFT interval of the current symbol is no longer maintained due to 

the phase transition introduced by the previous symbol.  Finally, any offset between the 

subcarrier frequencies of the transmitter and receiver also introduces ICI to an OFDM symbol 

[51]. 
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Cyclic prefix (CP): The solution adopted from the introduction of the CP in 1980 [52] in 

order to reduce the ICI impact and improve the performance robustness to the multipath 

propagation problem.  CP which is a copy of the last fraction of each OFDM symbol added to 

the front of the symbol, the concept of this technique is illustrated in Fig. 2.5. 
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Figure 2.5: OFDM cyclic prefix. 

 

It should be pointed out that the CP data is a redundant data, which means that it reduces the 

system throughput and data rate, consequently the choice of CP length should be selected 

carefully corresponding to the amount of delay and CD in the channel.  The CP operator is 

generally defined according to:  

  
  

     
  

 (2.11) 

 

Where Tp is the CP length and Ts is the new symbol length i.e after the addition of the CP, Ts 

- Tp equals to the FFT length. 

 

As maintained earlier OFDM symbol has an integer number of cycles, consequently placing 

copies of the symbol end-to-end results in a continuous signal, with no discontinuities at the 
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joins.  Thus by copying the end of a symbol and appending this to the start results in a longer 

symbol time.  More importantly, if the CP is longer than the expected largest time delay, the 

dispersion effect is localized within the CP region only which mean the signal will suffer 

from a zero ICI and ISI, however in this case the CP wastes a large portion of the transmitted 

signal power, resulting in an  effective degradation of the signal SNR [53].  Moreover, this 

may also prevents the system from making full use of the available link bandwidth.   

 

Parallel to serial converter: Before transmitting the OFDM signal they should be applied to 

a digital analogue converter (DAC) consequently beforehand the signals have to pass through 

a serializer which converts the a number of low-speed parallel subcarrier signals into a high-

speed serial signal. 

 

Digital to analogue converters (DAC): One major drawback of the OFDM signals is their 

large peak to average power ratio PAPR.  The high PAPR limits the system transmission 

capacity due to the distortion caused by the nonlinear fibre and other associate component 

such as the fibre amplifier.  Moreover, this increases the demand of having a more complex 

digital to analogue converters.  

 

The nonlinear effects on the OFDM signals can vary from spectral spreading, inter-

modulation, in-band and out-of-band interference to signals [54], this kind of distortion 

causes spectral spreading and introduce changes to the signal constellation thus increasing the 

BER.  Therefore, reducing the PAPR is of practical interest.  Since the large peaks occur with 

low probability, consequently clipping signal that exceed the DAC maximum amplitude limit 

could be an effective technique for the reduction of PAPR.  DAC is key system component 
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limiting the maximum transmission capability of the OFDM signals due to its signal clipping 

and quantization effects. 
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Figure 2.6: Comparison between (a) OFDM waveform before clipping, and (b) OFDM 

waveform after clipping. 

 

Since the effect of signal clipping and quantization in DAC are similar as that of ADC, 

consequently DAC and ADC in the following discussion are, therefore, referred to by ADC 

only.  As ADCs have limited amplitude ranges, signal clipping is closely related to the 

operating point of the automatic-gain-control unit that precedes the analogue-to-digital stage. 

For a clipping level ξ which is referred to as clipping ratio throughout this document, clipped 

signals can be defined as [55]: 
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                                                ⋏

⋏                                 ⋏
   

 (2.12) 

 

The signal amplitude threshold ⋏ is defined as ⋏        where     is the average power of 

the OFDM signal.  Figure 2.6 illustrates further the process of signal clipping. 

 

The clipped OFDM signal is sampled in ADC resulting in a discrete signal with continuous-

valued amplitudes.  At the receiver ADC linear quantizer digitizes the sampled OFDM 

signals into discrete amplitudes, which span the entire dynamic range of' [-⋏, ⋏].  The 

quantization process can be expressed according as a generic symmetric-staircase functions 

[56, 57]:  

       
       

 

 

 

    
 

 
   

             , 
 (2.13) 

 

Where    and      are the  -th and the (   )-th quantization threshold values.    is the 

quantization levels depicted   =    with a number of quantization bits of  , and   is the 

rectangular function defined as [55]: 

               
            
                              

 . 
 (2.14) 

 

2.2.3 OFDM Receiver 

 

For OFDM system, the receiver is a mirror image of the transmitter.  Once the  received 

signal is passed through an ADC then the CP extension is removed.  Thereafter de-

modulation and de-multiplexing is carried out using the FFT process, where the signals are 

converted back into the frequency domain.  The distortion applied to the signal can be further 
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compensated using a technique called the pilot tone, which is discussed in the following 

section. 

 

Pilot-tone channel equalization: In OFDM system, channel estimation is achieved by 

padding the transmitted signals with pilot frequency domain signals.  Whilst at the receiver 

side, the channel frequency response is estimated by extracting the pilot signals from the 

received signals, which will be used afterward for the channel equalization purpose, 

therefore, the effect of the channel frequency response effect will be reversed and then 

possibly totally removed, consequently the signal will be restored before bit decoding [58].  

Since the equalization is a frequency domain process, therefore, the time channel convolution 

equation 2.9 can be expressed as a multiplication process in the frequency domain; therefore, 

the signal after the FFT will be as the following: 

              (2.15) 

 

Where    is the FFT output of the  -th subcarrier and    is the  -th subcarriers frequency 

domain user data,    is the channel frequency response,    is the channel noise that which is 

applied to the  -th subcarrier.  The frequency response of the channel is can be estimated at 

the receiver side according to [3]: 

     
    
    

  
 (2.16) 

 

As            are the corresponding received and sent pilot samples for the k-th subcarrier.  

Afterward at the receiver, the received signals will be multiplied with the inverse of the 

channel estimation impulse response of the  -th subcarrier [59], and the expression is given 

by: 
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 (2.17) 

 

This method has some disadvantages such as that in order to further reduce the signal 

distortion a high number of pilot signals are required which in turn will reduce the data rate.  

The equalized signal is applied to the bit decoder in order to decode the transmitted signal. 

 

Data (Received): The data decoder often employs a maximum-likelihood detector for 

recovery of the digital symbols from the noisy signals.  The implementation of the digital 

baseband maximum likelihood detector based upon comparing the received signal samples, 

    , with every each of the constellation points.  thereafter the constellation point that is 

corresponding to the smallest distance, between the sample and that point, is selected as the 

most likely digital symbol, which can then be rearranged as a bit value.   

 

A schematic diagram of the maximum-likelihood detector for QPSK is shown in Fig. 2.7.  In 

this figure, the distances of the actual received value from each point on the QPSK 

constellation is found to be a
1
, a

2
, a

3 
and a

4
.  In this case, the shortest distance is a

1
, 

indicating that symbol S1, representing bits 01, is the most likely symbol sent.  
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Figure 2.7: Maximum-likelihood detector for QPSK. 

 

After discussing common modulation formats used in the modern communication systems in 

particular the OFDM system, the next section introduces the principles of the optical OFDM 

principles.  

 

2.3 Optical OFDM Principles 

 

Having discussed the general building blocks of the OFDM system, the next section 

investigates optical OFDM systems, as it is not valid to compare the RF domain OFDM with 

the optical version of the OFDM (OOFDM).  This is mainly due to OOFDM signals being 

up-converted to higher optical frequencies using electro-optic convertors, which thereafter 

introduces nonlinear effects to modulated OOFDM signals when transmitted through the 

optical fibre channel.   
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Optical fibres can be divided in to two subcategories: (i) SMF which has a small core 

diameter and light propagates only in the single mode; and (ii) MMF with a larger core 

diameters and light propagating in multiple modes.  The use of MMF results in a mode delay 

as signals propagate in different modes thus arriving at different times; consequently, this 

kind of fibre is not preferred for the long haul transmission and only used as a legacy fibre in 

local area networks.  On the other hand SMFs are used in MAN as well as the long haul 

transmission offering very low dispersion (thus higher data rates) and very low attenuation 

SMF impairments can be further sub-categorised into two fibres with the linear regime such 

as CD and PMD, and the non-linear regime such as Kerr, four wave mixing (FWM), self 

phase modulation (SPM), and cross phase modulation (XPM).  

 

2.3.1 Linear Fibre Impairments 

 

Fibre loss: This is also known as the attenuation, which is the reduction in intensity of the 

light signal with respect to distance travelled through the fibre channel.  The attenuation 

coefficient is usually expressed in dB/km is defined as [60]: 

   
  

 
     

   
  
  

 (2.18) 

 

Where Pin is the power of the optical signal launched in to the fibre and Pz is the optical 

power at z distance.  It is shown at the figure below the loss spectrum of silica fibre.  It can be 

seen that for the long wavelength range, optical scattering is due to lattice vibrations, which is 

considered to be the main factor for fibre loss.  The attenuation peak around 1.38 µm shown 

in Fig. 2.8 is due to absorption by hydroxide (OH) impurities formed during manufacturing 

process. 
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Figure 2.8: Wavelength versus fibre loss [60]. 

 

The lowest fibre loss occurs at 1.55 μm, the effect of lose can be overcome by utilizing 

optical amplifier such the erbium doped fibre amplifier (EDFA), consequently 1.55 μm is a 

favourite transmission wavelength window, which is located in the conventional band (C-

band).  For lower wavelengths, the loss is mainly due to the Relay scattering, which is 

discussed in the following section. 

 

Rayleigh scattering: Rayleigh scattering is a form of elastic scattering in which, the kinetic 

energy of the incident light is conserved, only their direction of propagation is modified by 

interaction with other particles, consequently it is considered as a very important component 

of the scattering of optical signals in fibres.  Generally, in fibre links, Rayleigh scattering 

occurs because of the imperfection in manufacturing of the silica core as the core density 

varies, on a microscopic scale, this density fluctuation result in energy loss due to the elastic 

scattered of light and backward propagation of a portion of the scattered light which is 
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referred to as rayleigh backscattering (RB).  Figure 2.9 shows the effect of the loss induced 

due to rayleigh scattering in silica fibre noted by the dashed line.  
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Figure 2.9: Measured loss spectrum of a single-mode silica fibre.  Dashed curve shows the 

contribution resulting from Rayleigh scattering [60]. 

 

RB introduces noise fluctuations at the input surface of the optical fibre.  The optical signal 

power Pin launched into a SMF generates RB noise propagating at the opposite direction.  

The RB noise power PRB is given by [61]: 

            (2.19) 

 

Where   is the back scattering power normalized to the fibre launch power, which generally 

converges to a constant value for long fibre length.    is deified as:  

           ),  (2.20) 
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Where         ,    is the fibre scattering coefficient, S is the fibre recapture coefficient, 

and μ is the SMF attenuation coefficient which is defined as   
  

    
 , where   is the fibre 

loss defined in the previously at the equation 2.18 and z is the fibre length.  The next linear 

fibre impairment is the CD, which is descried next. 

 

Chromatic dispersion: Chromatic dispersion (CD) is an optical phenomenon, at which, light 

frequencies propagates in the fibre with different speeds.  This effect depends upon the 

refractive index of the fibre core material and the frequency components of the optical signal. 

As signals occupy a finite frequency spans, CD leads to pulses broadening while propagating 

along the optical fibre, thus giving rise to ISI, which ultimately limits the maximum data rate.  

For an electromagnetic waveform propagating through fibre links, the optical signal field at a 

distance    can be expressed as follow: 

                             (2.21) 

 

Where   is the angular frequency and      represents the propagation constent.  Fibre CD 

effects is represented mathematically by expanding the mode-propagation constant in a 

Taylor Series with respect to the central frequency      [60] [51]. 

         
 

 
   (2.22) 

 

                 
 

 
      

    
 

 
      

       
 (2.23) 

 

Where 
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 (2.24) 

 

The group velocity    equals 
 

 
, where c is the speed of light and   is normal arpiture of the 

SMF link,    is the group velocity delay (GVD),    is the third order dispersion parameter 

[60]. 

 

Generally, the dispersion is represented by the dispersion parameter that is defined as  

   
   

  
    

 (2.25) 

 

From (2.25) it can be seen that CD parameter is wavelength dependent.  Standard SMF has 

zero dispersion at around the 1.3 µm region, and 17 ps/nm/km at 1.55 µm.  The later is the 

preferred wavelength adopted for optical networks as well as being compatible with the 

conventional EDFA.   

 

Polarization mode dispersion (PMD): This is a kind of modal dispersion, where signals 

with two different polarization modes in a waveguide, which normally travel at the same 

speed, travel at different speeds due to the random manufacturing imperfections and 

asymmetries in the refractive index of the fibre core and birefringes, causing random 

spreading of the optical pulses.  Unless it is compensated, which is difficult, this ultimately 

limits the maximum data rate can be transmitted over the fibre.  Figure 2.10 shows the PMD 

on a dual polarized signal for a SMF. 
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Figure 2.10: the polarization mode dispersion effect introduced by the asymmetric profile of 

the optical fibre core [62].  

 

As a consequence of the PMD, the orthogonality between the polarization or the modes do 

not hold, which cases the signals to disperse and spread, therefore, arrive at the different 

times. 

 

The PMD induced time delay between two polarizations can be expressed as: 

             (2.26) 

 

Where      is the PMD parameters in        ), in practical fibre normally the value of 

     varies between 0.1 to 1        [60].  Having discussed the linear impairments of the 

optical fibre link the next section is about the non-linear fibre impartment that limits the data 

transmission through SMF links. 
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2.3.2 Fibre Non-linearities  

 

Not only the fibre dispersion affects the propagating optical signal phase and power but the 

signal can be subject to the fibre non-linearities.  The first type of nonlinear effects is called 

the Kerr nonlinearity, which arises from the dependence of refractive index on intensity of 

the propagating signal.  It is defined as:                     
 , where    is the 

nonlinear-index coefficient, which is also called the Kerr coefficient,   is the angular 

frequency.  Moreover, the most important nonlinear effects in this category are SPM, XPM, 

and FWM [60].  The second type of fibre nonlinearities that exhibits energy transfer from the 

optical field to the medium via a stimulated elastic scattering process are known as the 

stimulated Brillouin scattering (SBS) and the stimulated Raman scattering (SRS). 

 

Self-phase modulation (SPM): this is a refractive index dependence nonlinear optical effect.  

It mainly occurs during the propagation of an ultra short pulse of light through SMF, which 

will induce a varying refractive index of the medium due to the optical Kerr effect.  This 

refractive index variation will produce a phase shift in the pulse, leading to a change of the 

pulse's frequency spectrum.  The nonlinear phase shift     imposed on the optical field is 

proportional to the optical intensity, is expressed as follow: 

                        
    (2.27) 

 

Where    is the non-linear refractive coefficient (Kerr coefficient),   is the fibre 

length,        is the electrical field at a distance  , and    
  

  
 ,    is the signal 

wavelength.  The SPM broadens the spectrum of optical pulses without changing the pulse 

shape.  In optical fibre spectral broadening generates frequency chirp, which adds new 

frequency components to the optical pulse.   
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Cross-phase modulation (XPM): XPM exhibit the same behaviour as the SPM, but it 

mainly occur when two optical pulses or more affect the phase and intensity of each other‟s 

when broadening.  When two optical fields El and E2 at frequencies   , and   , respectively, 

co-propagate in the fibre, the nonlinear phase shift for the field at  , is represented as: 

                   
      

     (2.28) 

 

Similar to SPM, XPM also causes a greater sequential broadening as signal propagates along 

the fibre due to the effect of CD.  

 

Four-wave mixing (FWM): FWM is an intermediation process for the optical pulses while 

propagating through SMF.  This phenomenon takes place when 3 wavelengths are interfering 

with each other, thus resulting in refractive index gratings.  Such gratings interact with 

signals and produce new frequencies at the 4
th
 wavelength [53]. 

 

Stimulated Raman scattering (SRS): SRS is a phenomenon occurs when light particles 

travels through a SMF link it causes vibration and excitation of the molecules.  This in turn 

causes scattering of light particles travelling through that medium, which is known as SRS 

that can occur either in the forward or backward directions. 

 

Stimulated Brillouin scattering (SBS): SBS also occurs at high optical input power in 

optical fibres but much lower than those needed for SRS.  Moreover, SBS generates a beam 

that propagates in the backward direction only.  In practice, the effect of SBS is negligible at 

lower launched power levels.  However, the effect becomes significant when the input power 

is high [60]  
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2.4 Optical OFDM  

 

The OFDM technique, together with the fibre linear and non-linear impairments was briefly 

discussed in the previous sections.  In 2005 OFDM was introduced into the optical domain 

and since then two main OOFDM variants have been developed that are classified according 

to the detection scheme.  The first technique is known as IM-DD- OOFDM [63], and the 

second scheme is the CO-OOFDM [37].  Moreover, a comparison between these two 

techniques in terms of advantages and disadvantages are discussed latter in this chapter.   

 

2.4.1 IM-DD OOFDM 

 

Figure 2.11 shows a block diagram of a typical IM-DD-OOFDM system.  At the transmitter 

side, the electrical OFDM signal are produced by an OFDM transmitter and then up-

converted into the optical domain by using an electrical-to-optical (E/O) up-converter.  

Signals are then transmitted through the optical channel and an EDFA.  At the receiver side, 

an optical -to- electrical (O/E) down-converter is utilized to convert the signal back into its 

electrical domain for processing by the OFDM receiver.  
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Figure 2.11: IM-DD-OOFDM system block diagram. 

 

The E/O conversion requires the OFDM signal to have only real values in order to operate the 

DFB laser source.  Therefore, two main methods had been employed in order to produce a 

real OFDM signal; the first method is to arrange IFFT inputs to have a Hermitian symmetry.  

Therefore, the IFFT inputs can be expressed as in [51]: 

      

 
  
 

  
 

                                            

                            
  
 
  

                                             
  
 

                     
  
 
          

   

 

 (2.29) 

 

Where Xk,n represents the encoded complex data of the equation (2.2) and       is the signal 

conjugate.  The above expression can be explained as the OFDM transmitter is modified by 

creating the truncated original complex parallel data in the positive frequency bins i.e. 
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bins      
  

 
   and the complex conjugate of the data in the negative frequency bins i.e bins 

  

 
          , with the first positive and negative bins carrying no user data i.e zeros [51].  

As it can be understood the IM-DD system wastes half of the spectra as it carrys no user data. 

 

Based on the IM-DD system diagram, it can be seen that after inserting the CP to each 

symbol of OFDM, the real value OFDM symbols are then serialized before being applied to 

DAC.  Subsequently a real value analogue OFDM signal can be E/O up-converted during by 

means of IM.  Thereafter, the up converted OOFDM signal is launched into the optical fibre 

[59].  

 

At the receiver side, the O/E down-converter is used to recover the electrical version of the 

OFDM signal using a square-law photodiode.  The received electrical signal       is given 

by: 

             
                (2.30) 

 

Where       is the OOFDM signal,       is the link impulse response in the electrical 

domain and      is the system noise. 

 

After the OE down conversion process, the signal is passed through a LPF and an ADC, 

subsequently the sampled electrical signal is decoded into the original data sequence by the 

receiver, which is an inverse design of the transmitter.  In IM-DD based schemes, no local 

oscillators are required; generally speaking, IM-DD system simplifies the system complexity 

as compared with the CO-OOFDM that is normally used in long haul transmission. 
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2.4.2 Coherent Optical OFDM (CO-OOFDM) 

 

Having discussed the basic concept of the IM-DD OOFDM system, this section focuses on 

the OOFDM variant that is known as CO-OOFDM, as shown in Fig. 2.12. 
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Figure 2.12: CO-OOFDM system block diagram. 

 

In an optical coherent system, an optical local oscillator is utilized to generate optical signals 

at a certain wavelength [64].  According to whether the frequency of the local oscillator 

matches that of the incoming information signal the coherent detection can be classified into 

two main categories.  

 

The first one is the heterodyne detection, where the frequency of the local oscillator does not 

match the frequency of the incoming signal.  Therefore, when the two incoming signals are 
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mixed on the surface of the photo detector a new frequency is intermediate frequency (IF) is 

generated which is the difference between the two frequencies [65].  This method gives rise 

to a reduced thermal and shot noise induced currents, consequently this means an improved 

signal-to-noise ratio (SNR) performance.  However, the frequency of an optical source is 

known to drift over time.  Therefore, the IF frequency needs to be continually monitored at 

the input of the electrical detector and the local oscillator frequency must be varied 

accordingly to keep the IF centre frequency constant.  

 

The second coherent detection scheme is called the homodyne detection, which is adopted in 

this research.  This is similar to the heterodyne detection scheme except that the local 

oscillator has the same frequency as the received optical carrier [64].  The resultant 

photocurrent thus contains the information signal at the baseband region.  As it can be seen 

from Fig. 2.12, that the CO-OOFDM system is similar to the basic OFDM system, except for 

additional optical components including the real / imaginary (I/Q) modulator and an optical 

fibre cable.   

 

In order to convert the I and Q components of the digital signal into analogue signal two 

separate DACs are used at the transmitter, the optical I/Q modulator comprising of two 

Mach-Zehnder modulators (MZM) up-converts the real/imaginary components of the 

complex OFDM signal from the electrical domain to the optical domain.  It is well know that 

by biasing the MZM module at the null point (a bias voltage equal to the half-wave switching 

voltage of MZM), a linear conversion from the transmitted OFDM electrical signal to the 

optical field signal can be achieved [7, 58].  Consequently, the corresponding modulated 

signal can be represented as: 

                            (2.31) 
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Where      is the transmitter electrical signal after the DAC,   is the angular frequency and 

  is the phase of the laser diode at the transmitter.  At the receiver side, the signal can be 

expressed as: 

                        (2.32) 

 

Where h(t) and      represent the channel impulse response and channel noise, respectively.  

Upon the reception, the signal will be detected by a two pairs of balanced detectors and an 

optical 90° hybrid to perform the I/Q detection.  the four output ports of the 90° optical 

hybrid can be expressed as [51]: 

   
 

  
           

 (2.33) 

 

   
 

  
           

 (2.34) 

 

   
 

  
            

 (2.35) 

 

   
 

  
            

 (2.36) 

 

Where ELD2 corresponds to the electrical signal from the LD at the receiver.  Moreover, as 

shown at the receiver side two photodiodes (PD1 and PD2) are used in order to recover the 

corresponding I component (photocurrent), which can be expressed as follow: 

       
  

 

 
     

        
            

     
 (2.37) 
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 (2.38) 

 

Where Re represents the real component of the signal.  Because of the balanced detection, the 

photocurrent that represents the real part of the complex signal can be expressed as [51]: 

                      
     (2.39) 

 

It should be pointed out that the noise component      is suppressed upon the balanced 

detection and this is one of the main advantages of coherent detection. 

 

Similarly, the photocurrent that carries the Q component of the complex signal is 

mathematically represented as: 

                      
     (2.40) 

 

Where Im represents the imaginary component of the signal.  As a result the total complex 

photo current I(t) is the summation of both the photo-current of both I and Q components, 

thus this can be represented as: 

                  
    (2.41) 

 

By combining the above equations, the detected electrical OFDM signal can be represented 

as: 

                                       (2.42) 

 

Where    and    are the angular frequency and phase difference between the transmitter 

laser diode LD1 and the receiver laser diode LD2 can be represented as: 
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                            (2.43) 

 

After the optical detection process, the received signals is sampled by ADC and passed 

through OFDM building blocks as was explained previously. 

 

2.4.3 Comparison between CO-OOFDM and IM-DD OOFDM  

 

In comparison with IM-DD, CO-OOFDM provides superiority when it comes to robustness 

to CD and PMD, as CD and PMD induced phase shifts can be well preserved [49].  This is 

owned to linear coherent detection technique, which further provides extra receiver 

sensitivity when used for the CO-OOFDM modem.  As a result, CO-OOFDM, in theory, is 

capable of providing virtually unlimited dispersion tolerance.  On the contrary, the tolerance 

to CD and PMD for IM-DD OOFDM, is limited due to less sensitive nonlinear direct 

detection process [59]. 

 

On the other hand, CO-OOFDM requires frequency offset compensation [53].  This is due to 

the use of a local laser at the coherent detection process, which further complicates the 

receiver synchronization compared to IM-DD OOFDM where there is no frequency offset.  

Secondly, the application of CO-OOFDM is limited to long-haul transmission systems, as 

coherent modem requires expensive and bulky equipments for E/O and O/E conversions, 

where IM-DD-OOFDM offers better solutions for cost sensitive applications including LAN, 

access networks, and MANs.  
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2.5 Conclusions 

 

OOFDM enables excellent robustness against the optical fibre linear impairments such as CD 

and PMD.  According to the data detection mechanism OFDM can be classified in to two 

main variants, the IM-DD-OOFDM and the CO-OOFDM, which is mainly utilised for in 

long-haul transmission systems due to its high performance and sensitivity.  The IM-DD-

OOFDM uses simple and less expensive IM-DD scheme.  Thus outperforming CO-OOFDM 

on cost-sensitive application scenarios such as access networks.  In the meantime, CO-

OOFDM also brings about important challenges including the PAPR, dispersion and 

nonlinearity compensation, addressing these challenges forms the main task of this thesis. 
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3.1 Introduction 

 

The advent of high-speed global communication is considered as one of the most important 

development milestones in human civilization from the second half of twentieth century to 

until this day.  Nowadays there is a need for high speed and efficient data transmission over 

the communication channel.  It is a challenging task for the communication engineers and 

researchers to deliver a trustworthy communication service by utilizing the available 

resources effectively in-spite of many impairments that distort the quality of the signal.  

 

The main task of the digital communication system is to transmit data streams with minimum 

number of errors, which are generated because transmitted signals are distorted along the 

transmission path.  Distortion generally can be categorized into two main types.  First is the 

linear distortion, which includes the ISI, the co-channel interference (CCI) and the additive 

noise [66, 67].  Second is the nonlinear distortions, which are due to the subsystem modules 

such as amplifiers, modulator and demodulator as well as the transmission medium.  

Compensating all the channel distortion calls for the use of channel equalization techniques at 

the receiver side to ensure quality link performance.  

 

Generally, equalizer performs like an inverse filter, which is placed in the receiving side of 

the communication link.  Its transfer function is the inverse of the associated channel transfer 

function [68], and is able to reduce the errors between the desired and estimated signals.  The 

traditional equalization techniques based on the finite impulse response (FIR) filter are well 

studied and provide a significant performance improvement for a different number of 

communication channels [69]. 
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Adaptive channel equalizers are significant in now days digital communication systems [69].  

More recently, the adaptive equalization has been defined as a classification problem, thus 

opening new gates for utilization of classification tools like the artificial neural network 

(ANN) for equalizations [68, 70].  ANN equalizer has a number of advantages when used for 

a time-varying environment, including the adaptability, a nonlinear decision boundary and 

parallel processing capabilities. 

 

The main aim of this chapter is to describe the ANN main concepts, where Section 5.2 

discusses the need for the equalization and the ANN equalization.  Section5.3 describes the 

ANN and its concepts, whereas in Section 5.4 the operating principle of MLP is outlined. 

Section 5.5 talks about the adaptive equalization, and finally the chapter is concluded in 

Section 5.6. 

 

3.2 Channel ANN Equalizer  

 

In communication systems, compensation for all distortions induced to the transmitted signals 

while propagating through a communication channel can be carried out using channel 

equalization schemes, which is mainly a technique performed at the receiver for the purpose 

of correctly reconstructing the transmitted symbols.  

 

The research work on equalization mainly started at around 1960 with the development of the 

zero forcing equalizers (ZFE).  Moreover, the adaptive filter design and research on the 

equalization benefited from the work on the least mean square (LMS) algorithm proposed by 

Widrow and Hoff in 1960 [71], which was followed by the first adaptive equalization 

technique in 1965 [72].  LMS has a good performance in estimating the channel distortion, 
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however, in spite of the best training its tolerance to the dispersion was not acceptable, 

therefore, this led to the investigation of new techniques such as the maximum likelihood 

sequence estimator equalization (MLSE) [73] and its Viterbi implementation schemes [74] in 

1970‟s.  

 

The seventies and eighties witnessed the developments of fast convergence algorithms with 

low computational complexity, linear equalizers and linear filters with the transversal or 

lattice structure and adaptative algorithms such as the recursive least square (RLS), fast RLS, 

square-root RLS, and the gradient RLS [75, 76].  Nevertheless, the linear equalization 

techniques do not give accurate channel estimation when used for channels with deep spectral 

nulls.  This is because of the nonlinear decision boundary problem [77, 78].  This problem 

can be solved using ANN, as ANNs are capable of forming the arbitrarily nonlinear decision 

boundaries to take up complex classification tasks [75, 79, 80].  

 

ANN concept was first reported by MacCulloch and Pitts in 1943 [81].  However, the  

extensive theoretical studies on ANN were not reported by the growing community of 

researchers research until the early eighties [82, 83].  The original model of the present neural 

network was proposed by Rosenblatt in 1958 and was called the Perceptron.  However, it was 

mimetically proven that the Perceptron does not have the have the capability to solve linearly 

non-separable problems, which requires identifying multi-dimensional data that are mutually 

unified [83-85]. 

 

In 1986, Rumelhart has proposed a learning algorithm called the back-propagation (BP), 

which was applied to the multilayer feed-forward neural network; this combination has the 
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ability to solve linearly the non-separable problems that could not be solved by the perceptron 

[67]. 

 

Hopfield network was introduced in 1984 as a connected recurrent neural network [67], at 

which input signals can pass through the network not only in the forward direction but also in 

the opposite direction.  In 1995 Kohonen showed that a large amount of data can be 

automatically classified using neural network, where the neurons on the input and output 

layers are weighted with the weight parameters [84].  

 

Neural networks have proven abilities and have been applied to various fields such as 

telecommunications, robotics, bioinformatics, image processing, and speech recognition, in 

which complex numbers (2 dimensions) are often used with the Fourier transformation [86, 

87].  This indicates that complex-valued neural networks, whose parameters (weights and 

threshold values) are all complex numbers, are useful and necessary [88].  

 

In 1971, in the former Soviet Union, Aizenberg proposed the first complex-valued neuron 

model, prior to this; most researchers outside Russia had assumed that the first complex-

valued neuron model presented in 1975 by Widrow.  Introduction of the complex neural 

networks has fuelled a growing research interest especially in the communication field.  Since 

1990‟s various types of neural network models have been proposed for communication 

systems [89, 90]. 

 

For standard equalization techniques, the process of equalization generally starts with 

modelling of the communication channel as an adaptive filter with a specific transfer 

function.  This is followed by estimating the channel transfer function, thereafter attempts to 
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undo the effects of time-varying channel distortion [91].  The introduction of the ANN 

provided new forms of equalisers that are efficient compared to the existing techniques such 

as the MLSE conventional equalisers and adaptive filters.  However, ANN equalizers had 

some drawbacks such as a slow convergence rate, which is a number of nodes and layers 

dependent process [91].  Therefore, Bayesian equalizers, which are based on the principle of 

the maximum a-posterior probability (MAP) were proposed [81] [92]. 

 

In the mid nineties researchers were working on producing a single layer, more efficient 

nonlinear ANN channel equalizers including  the Chebyshev ANN [93], and the Functional 

link ANN [94, 95].   

 

In modern communications, transmitting the signal phase and amplitudes are necessary, 

consequently high data rates are transmitted using high modulation formats such as QAM.  In 

order to compensate for the channel impairments a complex ANN equalizer for QAM signals 

have been proposed [96].  Researchers have designed a complex MLP and extended the BP 

algorithm in the complex domain [97, 98].   

 

Two approaches for the development of the complex ANN are discussed in [99].  The first 

one uses fully complex activation functions, which can satisfy a conflicting relationship 

between the boundedness and the differentiability of a complex function [99].  The second 

approach, which is adopted in this research, employs what is called the “split” complex 

activation functions, where two conventional real-valued activation functions process the in-

phase and quadrature components.   
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A complex version of the resilient propagation (RPROP) has also been presented that is used 

for realistic mobile systems [88], and been applied in the GSM mobile channel.  Performance 

comparisons made in terms of the bit error rates (BER) and the computational complexity has 

shown that the MLP network trained with the complex RPROP algorithm almost have the 

same BER performance as that of the MLP network trained with complex BP, but with the 

smaller computational load [88]. 

 

Research also have focused on producing learning algorithms with faster convergence, such 

as the Kalman filter (EKF), the unscented Kalman filter (UKF), and the natural gradient (NG) 

descent algorithms.  Ibnkahla and Yuan [100] have utilized the NG descent algorithm for 

nonlinear satellite mobile channels moreover, have proved its superiority to the conventional 

BP algorithm. 

 

Genetic algorithms and wavelet transforms can also be incorporated in the receiver before 

applying ANN in order to solve the local minimum problems associated with ANN and 

feature extraction tools [101].  Moreover, radial base function (RBF) has been applied to 

ANN in order to improve the non-linear classification associated with MLP.  This is mainly 

achieved by replacing the sigmoid function of the ordinary MLP with a RBF.  Nevertheless 

RBF based NN suffered from problems associated with the blind equalization, consequently; 

many techniques have been proposed for tackling this problem using RBF [102, 103].  

 

More improved equalizer designs are available in the literature as unsupervised nonlinear 

blind equalization based on the fuzzy structure [104, 105].  Following the discussion on the 

need for ANN equalization, the next section outlines the ANN basic building block types and 

operating principles. 
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3.3 ANN Concepts 

 

ANN is a mathematical model of massively connected parallel-distributed processors, made 

up of simple building blocks called neurons, which are based on the concept and behaviour of 

the biological neural networks.  Behaviour wise ANN resembles the brain in two aspects 

which are as follow, firstly the neural network obtains information from the environment 

through a process called learning, secondly the acquired knowledge are stored by the synaptic 

weights which represents the inter-neuron connection strengths [69].  The technique which is 

used to perform the learning procedure is called a learning algorithm, which is also the 

function that is responsible of updating the synaptic weights of the network in a systematic 

manner in order to obtain a required design objective.  

 

The ANN information learning capabilities made it suitable for solving complex problems 

and application such as nonlinear system identification, motor control, and pattern 

recognition.  Furthermore, due to the large parallel interconnection between different layers 

and the nonlinear processing characteristics, adaptive ANN has the capability of performing 

nonlinear mapping between a set of inputs and an output space, therefore, the ANN is now 

predominantly used for equalization [106-109], finance [110], control system [111] , 

statistical modelling [112], and engineering applications [113] . 

 

3.3.1 The Neuron  

 

An artificial neuron, is built of a computing elements which perform summation of the input 

signal multiplied with the connecting weight, the weighted sum is thereafter is added with a 
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threshold called bias, the resultant signal is afterward is processed through a nonlinear 

activation function.  

 

Each neuron is associated with three adjustable parameters during the learning process.  

These free parameters are the connecting weights, the bias and the slope of the nonlinear 

function.  The neuron has N inputs             , a weight wi associated with each inputs 

and an output y.  And a parameter known as the bias which can be considered as weight 

component associated with an input x0, which is always fixed to a value of one.  The neuron 

block diagram is shown in Fig. 3.1.  

 

Bias

Activation 

function
Output

x1

x2

xN

w1

w2

wN

∑ f(a)

x0 w0

y

 

Figure 3.1: Artificial neural network neuron. 

 

The output „a‟ can mathematically be expressed as: 

        

 

   

 
 (3.1) 

 

Afterward the output y, which is a function of a, is given by: 
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         (3.2) 

 

The activation or transfer function f(.) is application dependent and it is mostly required to be 

a differentiable function.  Some popular activation functions are described below. 

 

 Linear function: Defined as y = ma.  For m = 1, the function is known as an identity 

function as the output is the exact copy of input. 

 Binary threshold function: such as Hardlim: limits the activation to 1 or 0 

depending on the net input relative to the some threshold function.  Considering a 

threshold level of ζ, the output is given by:  

   
              
              

    (3.3) 

 

The Hardlim function plot is shown in Fig. 3.2. 

                                    

n

y

 

Figure 3.2: Hardlim function. 
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 Sigmoid function (logistic and tanh): are some of the most widely used activation 

functions for pattern classification and nonlinear processing.  The output of the log-

sigmoid function is a continuous function in the range of 0 to 1 defined as: 

  
 

     
 

 (3.4) 

 

Figure 3.3 represents a sigmoid function plot  

 

     

y

n  

Figure 3.3: Sigmoid function. 

 

The tan-sigmoid function is a variation of the log-sigmoid function as output ranges from -1 

to +1, given by:  

            (3.5) 

 

A neuron is limited to functionality of classifying only linearly separable classes [114].  

However, ANN with many neurons can perform a complicated task like pattern classification, 
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nonlinear mapping.  In fact, ANN‟s with sufficient number of neurons are universal 

approximators [115]. 

 

3.3.2 ANN Architectures 

 

The neurons can be interconnected in different and complex forms, the manner is to arrange 

neurons in a single layer [34].  There are other topologies; the most common are described 

below briefly. 

 

i. Single layer feed forward network: It contains only one output layer connected 

to single input layer (Fig. 3.4), where the neurons number at every layer is 

dependent upon the application number of inputs and outputs, but the network is 

strictly feed-forward, where the signal flows from the input layer to the output 

layer only.  On the other hand, single layer networks have limited capacity, this is 

as this network has the classification capability only when the classes are linearly 

separable [114]. 
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Figure 3.4: A single layer feed-forward network with 2 output neurons. 

 

For application scenarios which requires a complex decision making, a single layer feed-

forward network cannot achieve the designated tasks [115], consequently more than a 

single layer of a feed forward network, and more number of neurons is required to extract 

the higher order statistics of data [116].  Provided there are a sufficient number of neurons 

a two-layer ANN can be used as a universal approximator mapping any input-output data 

set [115]. 

 

ii. Multilayer feed forward network: Figure 3.5 shows a fully connected two-layer 

network.  Every multilayer network consists of (i) an input layer with no 

processing taking place, thus not counted as part of a network layers, (ii) a hidden 

layer and (iii) an output layer.  
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Figure 3.5: Fully connected feed-forward  multilayer network. 

 

iii. Recurrent neural network (RNN): Unlike multilayer network, the RNN output 

is feedback to the input layer as shown in Fig. 3.6.  The network is mainly used in 

time-series prediction.  Here network training is more complicated because of its 

chaotic behaviour [117].  Elman and the Hopfield networks are considered as 

common recurrent network architecture [117].  
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Figure 3.6: Neural network with feedback connection. 

 

3.3.3 Training the Network 

 

The ANN training process is performed by providing the network with the input data and the 

desired output data sets, thereafter the ANN can adjust its parameters such as the weights and 

bias based upon the input and the desired output, this is in order to minimize the difference 

between the training set and actual response of the network which is the instantaneous output. 

ANN training procedure depends on two main aspects, firstly the training data set, which 

should be representative of the task to be taught, as a poorly selected training set may 

increase the learning time.  The second aspect is the training algorithm which is required to 
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minimize the cost function, which is the difference between the training set and actual 

response of the network.  The convergence of cost function to the local minima instead of the 

global minimum has been a dilemma in ANN design, therefore, algorithms based on the 

adaptive learning can improve the learning rate as well as a convergence to the global 

minimum [118, 119]. 

 

The learning process can be categorized into two main methods, the first one is the 

supervised learning, at which the network is provided with the input and the output sets, so 

the ANN can adjust the weight and bias parameters until the cost function is minimized.  The 

second learning method is the unsupervised learning or self-organization, which at the 

training set is not supplied and the network is trained to respond to clusters of pattern within 

the input, consequently, in the unsupervised learning paradigm, the ANN is assumed to 

discover statistically salient features of the input set [120]. 

 

For simplicity, in this research a multilayer feed-forward ANN with supervised learning 

algorithm is used as a SMF channel equalizer.  The supervised learning is more suitable for 

the equalizer applications, this is because training sequence can be used to approximate 

channel more accurately [34].  A BP training algorithm, which is descriped below, is a 

popular example of a supervised training algorithm. 

 

3.3.4 Back-propagation Learning 

 

It was shown that a two layer feed-forward network can overcome some of the restrictions 

associated with the single layer network, however, did not solve the problem of adjusting the 

the ANN weights from input to hidden units.  A solution to this problem was presented in  
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1985 by Parker, and by Rumelhart in 1986 [84].  The solution is based on the concept that the 

hidden layer units errors are determined by back-propagating the errors of the units of the 

output layer.  This is reason why this method is often called back-propagation learning rule 

[84].  One of the advantages of the BP algorithm is that its hardware circuit can be easily 

realized [84]. 

 

The BP supervised learning algorithm is considered as the most popular training algorithm 

used for multilayer networks [84],  where it adjusts the weight of the ANN to minimize the 

cost function E(n):  

                    (3.6) 

 

In the BP algorithm, the weights are updated by applying gradient descent on the cost 

function; this is in order to reach a minimum.  The weights are updated according to: 

                 
     

       
  

 (3.7) 

 

Where     is the weight from the hidden node i to the node j, and   is the learning rate 

parameter.  When   is very small, the algorithm will take long time to converge, in contrast 

when is   very large; the system may oscillate causing instability [116].  

The BP algorithm procedures can be summarized as [116]:   

 

Step 1: Initialize the weights and thresholds to small random numbers.  

Step 2: Present the input vectors, x(n) and desired output d(n).  

Step 3: Calculate the actual output y(n) from the input vector sets and calculate .  

Step 4: Adapt weight based on (3.7).  

Step 5: Go to step 2. 
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3.3.5 Multilayer Perceptron Network 

 

Perceptron was practically demonstrated for the first time in 1958, that perceptron is a single 

level connection of McCulloch-Pitts neurons is called as single-layer feed forward networks 

[69], which has the ability of linearly classify input vectors into pattern of classes by a hyper 

plane.  However, this type of network has problems in solving difficult tasks; therefore, this 

gave rise to the introduction of multilayer perceptron network (MLP), which is a network of 

connections between many perceptrons connected in layers; the input signal data propagates 

through the MLP layers in the forward direction, on a layer-by-layer basis.  This network has 

been applied successfully to solve diverse problems. 

 

Figure 3.7 shows a four layers MLP, in the figure s represent the inputs              to the 

network input layer, and    represents the output of the final layer.  The layers connection 

weights between the input to the first hidden layer is   , first to second hidden layer is     

and the second hidden layer to the output layer is    .  Therefore, the output signal at the 

final output layer of the MLP can be expressed as: 

           

  

   

        

  

   

      

  

   

                

 (3.8) 

 

Where          are the number of neurons in the MLP layers,          is the threshold to the 

neurons of each specific layer, and      is the nonlinear activation function which is 

application dependent.  The most popular activation functions are sigmoid and the hyperbolic 

tangent since there are differentiable functions. 
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Figure 3.7: MLP network [69]. 

 

As a continuous learning process, the output signal of the output layer (yk) is compared with 

the desired output (d) and the resulting error signal (e) is therefore obtained. 

                (3.9) 

 

The instantaneous value of the total error energy, which is used to update the weights of the 

hidden layers and output layer, is obtained by summing all error signals over all neurons in 

the output layer, that is:  
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 (3.10) 

 

The updated weights therefore are: 

                          (3.11) 

 

                          (3.12) 

  

                       (3.13) 

 

Where    is the change in the weights of each individual hidden layer, moreover the 

thresholds of each layer can also be updated similarly,   

                       (3.14) 

 

                       (3.15) 

 

                       (3.16) 

 

   is the changes in thresholds of the hidden and input layers. 

 

3.4 Adaptive Equalization  

 

In communication channels, the transmission channel parameters are not known in advance 

and because of its time varying physical nature, it is very difficult for estimating both the 
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channel distortion and energy using the conventional equalization techniques.  Thus, it is 

important to use an equalization process that is adaptive, in this scenario a training sequence 

is transmitted to approximate channel characteristics, means the equalizer needs to change its 

parameters such as weights and bias during the supervised training process according to the 

nonlinear changing environment and this is what is called adaptive equalization.  

 

3.5 Conclusions 

 

In this chapter, the history and main milestones in the ANN and ANN equalizers research 

have been reviewed, where the drawbacks of the traditional equalization techniques were 

highlighted.  Due to its high performance when compared with the traditional equalizers, 

ANN equalizers have been utilized widely in the communication industry and in particular 

for the optical communication transmission compensation;  Therefore in this chapter the 

concepts of ANN were discussed together with ANN different architectures, this includes the 

neuron architecture, and the most popular activation functions.  Followed by a review of the 

ANN training processes and algorithms and MLP network which will be used as an equalizer 

in this thesis. 
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4.1 Introduction 

 

OFDM is a signal modulation technique that splits a high-speed data stream into a number of 

low-speed data streams transmitting simultaneously over a number of harmonically related 

narrowband sub-carriers [3].  OOFDM was proposed in 2005 [5], and since then significant 

advances have been made by utilizing adaptive modulation schemes [54, 56, 57, 63].  It has 

been shown that OOFDM is a promising scheme for providing a cost-effective and a high-

speed solution with an excellent flexibility and robustness for practical implementation in 

access and local area networks.  For such applications the IM-DD scheme has widely been 

adopted in practice for reducing the transmission link cost.  For future high-capacity long-

haul networks, a coherent optical transmission is an alternative option that could be 

employed.  CO-OOFDM have been utilized for combating dispersion [121] and PMD [122] 

in long haul optical fibre communications. 

 

A Tb/s data transmission over fibre has been realized using low speed electronics and 

optoelectronics through parallel processing of coherent optical frequency combs at both the 

transmitter and the receiver [17].  More over DCT based OFDM which is referred to as fast-

OFDM (Fast-OFDM) schemes, which have been used to reduce the bandwidth requirement 

by the half when compared to the traditional OFDM system [30].  However, in published 

literatures very little, if at all, information is given on the optimum design for CO-OOFDM 

and Fast-OFDM modems.   

 

Quantization and clipping effects of an ADC, one of the key components in OOFDM 

modems, which significantly limit the maximum achievable performance of coherent and IM-

DD based OOFDM systems [57].  Very little work has been published on the design 
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optimization of coherent OOFDM/ coherent Fast-OFDM modems namely ADC quantization 

bits and the clipping ratio.  In this chapter, the impact of the clipping and quantization effects 

on the performance of CO-OOFDM and coherent Fast-OFDM modems is investigated 

theoretically.  To obtain generic design criteria the additive white Gaussian noise (AWGN) 

channel is considered here.  The optimum design criteria in the presence of fibre 

nonlinearities will be reported in the next chapter.  The rest of the chapter is organized as 

follow. 

 

Section 2, is describing the principles of Fast-OFDM, Section 3 explores the Coherent Fast-

OFDM modem design.  Section 4 outlines results and analysis for of Coherent Fast-

OFDM/CO-OOFDM performance in AWGN channel, which includes transmission, effect of 

clipping and equalization on the modem‟s performance.  Performance comparison between 

CO-OOFDM and coherent Fast-OFDM is illustrated in Section 5, and finally the chapter is 

concluded in the Section 6. 

 

4.2 Principle of Fast-OFDM 

 

As mentioned previously, in OFDM multiple subcarriers with equal frequency spacing are 

used to form parallel data transmission [63].  Reducing the spacing between subcarriers in 

OFDM system, results in improved bandwidth efficiency.  For this purpose, Rodrigues and 

Darwazeh have proposed the IDCT based OFDM (Fast-OFDM) [123].  In contrast to the 

conventional OFDM, Fast-OFDM uses half of the subcarrier spacing, which will result in an 

increase in the inter-symbol interference (ISI) between adjacent narrowband Fast-OFDM 

subcarriers [123].  Thus it is necessary to utilize single-dimensional signal modulation 
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formats such as m-array amplitude shifted keying (M-ASK), in order to reduce this effect 

[123].   

 

Recently, Fast-OFDM has been effectively implemented experimentally for long haul optical 

fibre communications, where DCT is used for double-side band (DSB) signals [124].  

Whereas for single-side band (SSB) signals the real-to-Hermitian symmetric property of fast 

Fourier transform (FFT)/inverse FFT (IFFT) is the preferred option [125, 126].  

 

Fast-OFDM has also been used for upgrading already installed MMF communication links 

and the Ethernet backbone [127].  This is due to Fast-OFDM being cost effective and a high-

speed solution requiring half the bandwidth compared with the conventional OFDM system 

with single-quadrature modulation formats using IM-DD.  Moreover, ADCs are considered 

as one of the key devices in conventional OFDM systems that limits the maximum achievable 

data rate versus the distance performance [17].  It is also playing a crucial role in Fast-OFDM 

systems.  

 

4.2.1 Definition of Fast-OFDM 

 

Fast-OFDM is based on the OFDM principle with the advantage of having twice the 

bandwidth efficiency when compared with OFDM, where the frequency separation of the 

sub-carriers is (1/2T) Hz, and T is the subcarriers time interval.  This means that Fast-OFDM 

system will produce the same data rate as that of an OFDM, meanwhile requiring half of the 

bandwidth only.  The complex envelope of a Fast-OFDM signal is given by: 

                  

   

   

 

    

  
 (4.1) 
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Where      is the complex symbole transmitted on the n
th

 subcarrier, N is the number of 

subcarriers and    is the complex subcarrier which is expressed as: 

      
 

  
  

    
              (4.2) 

 

However, if phases of the subcarriers can be controlled, the minimum frequency spacing to 

achieve the orthogonality can be reduced to 1/(2T) [63].  Reducing subcarriers spacing to half 

means that, the information spectral density (ISD) is doubled, while keeping the same symbol 

rate per carrier.  

 

(N-1)/T

Frequency
 

(a) 

(N-1)/2T

Frequency
 

(b) 

Figure 4.1: Frequency spectrum: (a) OFDM and (b) Fast-OFDM. 
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Figure 4.1 represents the frequency spectrum of the conventional OFDM and the Fast-

OFDM.  Notice how subcarriers are closely packed together in Fig. 4.1(b).  Fast-OFDM 

mainly can deal with single dimensional modulation schemes such binary phase shift keying 

(BPSK) and M-ASK.  This is because subcarriers orthogonality is only maintained for the 

real part of the Fast-OFDM signal but not for the imaginary part when the spacing is 1/(2T).  

This can be explained as follows [128]:  

 

Consider two signals               , and               .  Both signals have the signal 

duration T and their correlation coefficient   is defined as:  

  
 

 
      
 

 

     
    

 

 
         
 

 

              
 (4.3) 

 

                  
             (4.4) 

 

Where, 

        
         

   
     

 (4.5) 

 

Consequently, the real and imaginary parts of   are represented as: 

                                      
                

          
  

 (4.6) 

 

                                        
                 

         
  

 (4.7) 
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It can be understood from the (4.6) that    is zero when the         
 

  
, where N is an 

integer number, which means that the orthogonality is preserved for the real part as long as 

the frequency separation is 1/(2T).  However, form equation 4.7 it can be seen that the 

orthogonality is only maintained for frequency spacing 1/T, which is only valid for OFDM 

but not Fast-OFDM [128]. 

 

4.3 CO-OOFDM and Fast-OFDM Modem Design  

 

Figure 4.2 shows a system block diagram of a CO-OOFDM modem.  As explained 

previously in Chapter 2, the encoded data is first mapped onto various OFDM sub-carriers, 

which are then converted into time domain symbols by using IFFT.  After adding a prefix to 

each of these symbols, the generated new symbols are then serialized to form a long digital 

complex sequence.  The real (I) and imaginary (Q) parts of such sequence are separated and 

subsequently applied to two DACs.  The outputs are modulated using two MZMs biased at 

the null biasing point and a 90-degree phase shifter.   

 

Finally, coherent optical signals are generated and coupled into an AWGN channel.  The 

receiver is just a reverse of the transmitter.  Based on such a diagram, numerical simulations 

for the CO-OOFDM are undertaken.   
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Figure 4.2: Coherent OOFDM modem system diagram. 

 

For the second part of this chapter Fast-OFDM modem is used where the inverse discrete 

cosine transform (IDCT/DCT) is used instead of IFFT/FFT units.  It should be noted that the 

input and output of DCT are real numbers, which will reduce the cost and design complexity 

of the system.  Hence, only one DAC and two MZM units are required at the transmitter side.  

The rest of components used are the same as in the CO-OOFDM system, see Fig. 4.3 for the 

Fast-OFDM modem. 
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Figure 4.3: Coherent Fast-OFDM modem diagram. 

 

4.4 Results and Analysis 

 

In simulations, 64 sub-carriers are used, with identical modulation formats adopted from 

DBPSK, DQPSK and 16-QAM to 256-QAM for the CO-OOFDM modem, moreover for the 

coherent Fast-OFDM modem simulation a single dimensional modulation format such as the 

4-ASK, 8-ASK, and 16-ASK are utilized [129].  The modem contains ADCs with a fixed 

sampling rate of 12.5 GS/s, and a variable quantization bits and clipping ratios.  

 

The parameters mentioned above (the number of subcarriers and ADC sampling speed) give 

a sub-carrier bandwidth of 12.5 GHz/64 ≈195 MHz, a total symbol length of 7 ns, of which a 

1.6 ns is occupied by the cyclic prefix, for the giving sampling rate  signal bit rate of 10 Gb/s, 

20 Gb/s, 40 Gb/s, 50 Gb/s, 60 Gb/s, 70 Gb/s, and 80 Gb/s, for the DBPSK, DQPSK, 16-
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QAM, 32-QAM, 64-QAM, 128-QAM, and 256-QAM, respectively.  And 20 Gb/s, 30 Gb/s, 

40 Gb/s for 4-ASK, 8-ASK, and 16-ASK while using Fast-OFDM.  

 

4.4.1 CO-OOFDM Performance in AWGN Links 

4.4.1 Performance of CO-OOFDM in AWGN Links 

 

Figure 4.4 shows the back-to-back performance of a CO-OOFDM modem subject to AWGN 

without considering the quantization and clipping effects.  It can be seen that higher order 

modulation format requires higher optical SNR at 0.1 nm to achieve a specific BER 

performance.  The OSNR required for achieving a BER of 10
-3

 when using the 16-QAM 

modulation format is 10 dB and it is 22 dB when 256-QAM are used for the same BER value.  

The simulated performance agrees with the analytical results in [3], confirming the validity of 

the proposed model.   

 

Figure 4.4: Back-to-back BER performance of the CO-OOFDM modem for (DBPSK, 

DQPSK, 16-QAM, 32-QAM, 64-QAM, 128-QAM, and 256-QAM). 
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4.4.1.2 Quantization and Clipping Effect on CO-OOFDM 

 

The impact of the quantization effect on the modem performance over AWGN channel is 

shown in Fig. 4.5, where the clipping ratio is chosen to be effectively large, so that the 

clipping noise can be neglected.  It can be seen from Fig. 4.5 that the use of small 

quantization bits will result in a high quantization noise, leading to a high minimum OSNR 

required for achieving a BER of 10
-3

.  On the other hand, increasing the quantization bits will 

decrease the minimum OSNR reaching the saturation region.  Over the optimum quantization 

bit region the quantization noise is negligible, as the corresponding minimum required OSNR 

is almost identical to that obtained for the back-to-back link, see Fig. 4.4.  In addition, the 

optimum quantization bits are also modulation format dependent, resulting from the non-

Gaussian nature of the quantization noise.   

 

From Fig. 4.5, it can be seen that for a given modulation format such as DBPSK, using a low 

quantization bit such as 3 will require an OSNR of 9 dB to achieve a BER of 10
-3

.  However 

when larger valued quantization bits, such as 6 or more, are used the minimum OSNR value 

is 1 dB, which is identical to that obtained for achieving a BER of 10
-3

 for the back to back 

case  
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Figure 4.5: OSNR versus the quantization bits for a range of modulation schemes. 

 

The clipping ratio effect on the modem performance over the AWGN channel can be seen in 

Fig. 4.6, where the quantization effect is eliminated by setting quantization bits to 

significantly higher values.  It can be seen from Fig. 4.6 that, for a given signal modulation 

format such as DBPSK, using low clipping ratios (<10), will result in increased clipping 

noise level, thus leading to increase of OSNR.  The minimum OSNR increases sharply for 

very larger values of clipping ratio (>30 dB).  This is due to the increase in the quantization 

dynamic range and thus the quantization step size.  Therefore, there exists an optimum 

clipping ratio which is signal modulation format dependent, it can be noticed that for the case 

of DBPSK the optimum clipping ratio exists in the region between (10 dB – 30 dB) at which 

the minimum OSNR is identical to that obtained for a BER of 10
-3

 for the back-to-back case. 

Similar to the behaviours observed in Fig. 4.5, the clipping noise is also negligible over the 

identified optimum clipping ratio region.  
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Figure 4.6: The minimum required OSNR against the clipping ratio for a range of modulation 

schemes. 

 

4.4.2 Coherent Fast OFDM Performance in AWGN Links 

4.4.2.1 Performance of Coherent Fast OFDM in AWGN Links  

 

Under the same conditions of Fig.4.4, Fig. 4.7 shows the performance of Coherent Fast-OFDM 

and CO-OOFDM for a single dimensional array (M-ASK) under the AWGN channel.  It can 

be seen that for a given modulation format, OFDM requires lower OSNR when compared with 

that required for achieving the same BER for Fast-OFDM.  For OFDM system the OSNRs 

required for achieving a BER of 10
-3

 are 12.6 dB, 18.5 dB, and 24 dB for 4-ASK, 8-ASK, and 

16-ASK, respectively and 13 dB, 19.5 dB and 25.3 dB for the same modulation formats when 
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Fast-OFDM modem is used.  Consequently, 1 dB of penalty can be noticed when using Fast-

OFDM.  This is because Fast-OFDM subcarriers are closely backed together with less spacing 

if compared to the conventional OFDM subcarriers. 

 

 

Figure 4.7: Back-to-back BER performance of the coherent Fast-OFDM modem for a range of 

modulation schemes. 

 

4.4.2.2 Quantization and Clipping Effect on Fast-OFDM: 

 

Fig. 4.8 represents the quantization effect on the performance of Fast-OFDM modem for 

arrange of modulation formats.  The simulation results in this section obtained while fixing the 

OSNR to that required for achieving a BER value of 10
-3 

for the back-to-back case.  it can be 

seen that, for a given modulation format, lower quantization bit values will give rise to a high 

quantization noise, thus higher BER value, moreover, using higher number of bits reduces the 
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quantization noise until a negligible quantization noise is reached over the flat region of the 

curve at which the  optimum quantization bit is reached.  From Fig. 4.8 it can be seen that for 

the 4-ASK modulation format using a quantization bit of < 7 will give rise to a BER of > 10
-3

. 

 

 

Figure 4.8: The BER performance against the quantization bits for a range of modulation 

schemes. 

 

Similarly, Fig. 4.9 shows the effect of clipping for different modulation formats.  The results 

were obtained while using a large quantization bit in order to effectively reduced or eliminate 

the quantization noise.  This is fine for every signal modulation format when the minimum 

OSNR is used.  When the ADC clipping ratio increases gradually it give rise to a negligible 

clipping noise over the flat region.  It can be seen that (10 dB to 13 dB) can be considered as 

the optimum clipping ratio for the Fast-OFDM modem.  
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Figure 4.9: The BER performance against the clipping ratio for a range of modulation schemes.  

 

4.5 CO-OOFDM versus Fast OFDM in The Presence of Fibre 

Dispersion Only 

 

Having discussed and compared the performance of Fast-OFDM with OFDM in the AWGN 

channel, in this section the performance of the two modems in the presence of the SMF 

dispersion only is discussed.  As can be seen from Fig. 4.10, that for a given BER value the 

conventional OFDM is more effective in combating the CD than Fast-OFDM. 
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Figure 4.10: The BER performance against transmission distance for an OFDM and Fast-

OFDM. 

 

This is because Fast-OFDM backs the subcarriers closely together which makes them more 

susceptible to ISI effects.  Moreover, the CP based guard interval (GI) cannot enable the ideal 

CD compensation using the one-tap equalizer.  One solution is to use frequency or time 

domain equalization schemes before channel de-multiplexing.  This however, increases the 

implementation complexity [127]. 

 

Moreover, it can be noticed from Fig. 4.10 that 4-ASK has the same performance as the 

DQPSK when using the OFDM modem.  This is because both modulation techniques have the 

same number of constellation points, thus equal power distribution within the constellation 

domain.  The 4-ASK Fast-OFDM constellation diagram at the transmitter is shown in Fig. 
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4.11, and thereafter at the receiver after propagating through 700 km of SMF when considering 

CD only is shown at Fig. 4.12.  It can be seen from Fig. 4.11 and Fig. 4.12, that the transmitted 

data points are rotated to the right side of the constellation diagram due to the dispersion effect, 

this effect can be reversed using pilot tone or other type of equalizer. 

 

 

Figure 4.11: Fast-OFDM 4-ASK transmitted data constellation diagram.  

 

Figure 4.12: Fast-OFDM 4-ASK received constellation diagram for a link with dispersion. 
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4.6 Conclusions  

 

For CO-OOFDM and Fast-OFDM modems, optimum clipping ratios and quantization bits 

have been identified for various modulations formats 256-QAM and M-ASK formats up to 

16-ASK for the Fast-OFDM modem.  These optimum ADC parameters are modulation 

format dependant, under which the clipping and quantization noises are negligible.  This 

work is useful for the practical design of the optimum CO-OOFDM modems.  Fast-OFDM 

offers reduced complexity in the DSP domain with the use of DCT and simple single-

quadrature modulation formats when compared with the conventional OFDM.  OOFDM is 

more resilient to fibre dispersion if compared to the Fast-OFDM modem; however, Fast-

OFDM can be used in different applications where bandwidth can be traded with the 

distance. 
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5.1 Introduction 

 

In recent years, we have seen a growing interest in application of OFDM in mobile 

communication systems and networks.  OFDM is a robust, cost effective, and a flexible 

scheme with high resilience to multipath induced inter-symbol interference (ISI), thus 

offering an improved transmission performance [3].  In [7, 130, 131] its optical version i.e.  

Optical OFDM (OOFDM) has been adopted for high-speed long haul optical fibre 

communication links to combat fibre-induced CD, PMD, and a high spectral efficiency.  

According to its applications, OOFDM can be subcategorized in to two main groups; (i) the 

IM-DD used in local and access networks [132], and (ii) CO-OOFDM which is utilized in 

long and ultra-long haul optical networks offering superior performance in spectral 

efficiency, receiver sensitivity and PMD [11].   

 

The main challenges for high-speed long distance optical communication systems are the CD 

and fibre non-linearities.  To address these technical challenges, especially for the CO-

OOFDM modem a number of CD compensation schemes has been proposed.  In [21] and 

[22] transmission of OSSB signals, which ensure transfer of optical phase into the electrical 

domain, allow linear electronic filters to be used for CD compensation.  Several digital signal 

processing based schemes including EPD at the transmitter [24], the maximum likelihood 

sequence estimation (MLSE) [133] as well as the coherent phase and polarisation diversity 

reception [134] have been adopted for CD compensation.  In long-haul optical system fibre 

non-linearity is a major problem, unless the optical power is kept at a low level [135].   
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Electronic pre-compensation approach has been applied for the compensation of fibre 

nonlinearities [136] and for PMD [137].  In [8] a simple signal processing at the transmitter 

in CO-OOFDM system adopted for CD compensation has been used to mitigate fibre non-

linearities.  A careful management of these effects leads to a successfully experimental 

demonstration of 20Gb/s CO-OOFDM signal transmission over 4160km SMFs using sub 

carriers multiplexing technique[134]. 

 

In WDM systems, the spectral efficiency is an important factor.  In optical OFDM schemes, 

which are essentially an optical equivalent of the RF OFDM, the spectral efficiency of ~1 

bit/s/Hz, in principle, could be achieved by utilizing the orthogonality between the spectral 

profiles of each channel.  In [121], [138] it has been shown that a CO-OFDM modulation 

format employing a CP can tolerate fibre CD equivalent to 3,000 km standard SMF, and is 

also robust against the 2
nd

 order PMD.  

 

In all the CO-OOFDM work published previously, the impact of key CO-OOFDM modem 

design parameters has, however, not been reported on the transmission length versus capacity 

performance of CO-OOFDM signals over SMF links.  These parameters include, for 

example, the CP length, number of sub-carriers, sampling speed, quantization bits and 

clipping ratio associated with ADCs, and the modulation format type used for each individual 

subcarrier.  All these parameters play significant roles in determining the maximum 

achievable transmission performance of CO-OOFDM modems.   

 

Firstly, considering the physical nature of CP, it is clear that, if a CP time duration is smaller 

than the CD associated with a SMF link, the imperfectly compensated dispersion effect limits 

considerably the maximum achievable transmission performance of the CO-OOFDM signals.  
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In addition, a shorter length CP may also affect the sub-carrier orthogonality, resulting in a 

significant increase in the minimum required OSNR for a specific signal modulation format 

being taken on a sub-carrier [3].  On the other hand, if the CP is longer than the CD of the 

SMF link, for a fixed signal sampling speed, the CP wastes a large percentage of the 

transmitted signal power, giving rise to a degraded effective signal OSNR.  

 

Secondly, for a given ADC, a large number of sub-carriers within one CO-OOFDM symbol 

increase the time duration of the CO-OOFDM symbol and thus the time duration of the CP.  

This gives rise to the enhanced dispersion tolerance, thus leading to the improved 

transmission performance.  However, this also decreases the frequency spacing between 

adjacent sub-carriers, fibre nonlinear effects may; therefore affect the orthogonality between 

sub-carriers, thus leading to transmission performance degradation.  Therefore, it is expected 

that there exists an optimum number of sub-carriers for a specific application scenario.  

 

Thirdly, it is widely known that ADC have a wide range of sampling speeds, where low 

sampling rates can will increase the CD tolerance.  However, considering fibre nonlinear 

effects, the sampling speed can affect the spacing between adjacent CO-OOFDM sub-

carriers, which may affect sub-carriers orthogonality.   

 

Fourthly, given the fact that CO-OOFDM signals suffers from the large PAPRs, which make 

the CO-OOFDM modems more sensitive to fibre nonlinearity.  Similar to IM-DD OOFDM 

cases [9, 57], it is therefore expected that signal clipping and quantization associated with an 

ADC (DAC) are also crucial for determining the maximum achievable transmission 

performance of the modems.  
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The ADC is one of the crucial devices for the OFDM real-time implementation.  ADCs and 

digital-to-analogue converters (DACs) sampling speeds, signal clipping and quantization 

levels affect the system tolerance to the CD and the overall system performance.  In [10] it is 

shown that a combination of an adaptive modulated OOFDM and an adaptive CP can 

improve the transmission performance over multimode fibre links for the IM-DD OFDM 

schemes.  However, adopting identical modulation formats for all CO-OOFDM sub-carriers 

may result in some sub-carriers suffering from higher distortion level than the others, because 

of the frequency response of the SMF link.  Therefore, it is advantageous to employ 

dissimilar modulation formats on each subcarrier depending upon the link frequency 

response.  However, the effects of CO-OOFDM modem parameters (i.e. number of sub-

carriers, CP length, sampling speed and adaptive modulation) on the CD compensation 

tolerance for SMF links and transmission performance over SMF links has not been reported 

by the researchers.  Finally, this chapter investigates the capability of the adaptive modulated 

CO-OOFDM schemes for compensation of the CD and fibre non-linearities.  Moreover, CO-

OOFDM mentioned above parameters impact on the CD tolerance for CO-OOFDM signal 

transmitted over a SMF link for different modulation schemes is also investigated.  

 

In this chapter, numerical simulations are undertaken to investigate thoroughly the impact of 

the number of sub-carriers, CP length, sampling speed and ADC parameters on the modem 

performance over SMF links.  It is shown that, an increase in the number of sub-carriers is 

more effective in combating CD, when compared to CP with a longer length.  Moreover, in 

the presence of SMF non-linearities an optical power independent optimum number of 

subcarriers of 64 within one CO-OOFDM symbol is identified with and without utilizing the 

non-linearity compensation algorithm, optimum ADC parameters are shown to be dependent 

upon transmission distance for different data rates.  In addition, for a fixed symbol length 
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reducing the sampling speed increases the system CD tolerance, however, in the presence of 

non-linearities this will result in a negative effect due to the reduction in the subcarriers 

spacing.  

 

The present chapter is organized as follows: in Section 2 the CO-OOFDM modem model 

used in numerical simulations is outlined, along with the adopted system parameters.  In 

Section 3, investigations are undertaken of the optimization of ADC parameters over SMF 

links.  In Section 4, the effects of the number of sub-carriers and length of CP on the 

transmission performance of CO-OOFDM modems are explored based on which optimum 

modem parameters are obtained for different optical launch power also with and without non-

linearity compensation.  Moreover, in Section 5 the effect of sampling speed on the 

transmission performance is investigated based on transmission over SMF links.  Section 6 

investigates the effect of adopting adaptive modulation, which is proven to be effective in 

compacting fibre dispersion and non-linearity in IM-DD systems [35], on the performance of 

CO-OOFDM systems transmission over SMF links.  Finally, the chapter is summarized in 

Section 7.    

 

5.2 System Model 

 

Figure 5.1 shows a top-level block diagram of a CO-OOFDM modem adopted in the 

numerical simulation.  At the transmitter side, complex valued data streams are passed 

through a serial-to-parallel (S/P) converter producing a N × 1 vector Xn prior to being mapped 

into Nd constellation symbols       
    
   

using a number of modulation schemes including, 

differential binary phase shift keying (DBPSK), differential quadrature phase shift keying 

(DQPSK), 16-QAM, 32-QAM, 64-QAM, 128-QAM, and 256-QAM.  The data symbol is 
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converted into a time domain CO-OOFDM symbols by N orthogonal sub-carriers by means 

of an inverse fast Fourier transform (IFFT) is given as: 

,  

 (5.1) 

 

The n
th

 OFDM symbol is constructed by adding a cyclic prefix of length G–sample to xn the 

parallel symbols of the IFFT before being serialized to form a long digital complex data 

sequence.  The in-phase (I) and quadrature (Q) components of the data sequence are 

separated and subsequently are applied to DACs.  The outputs of DACs are applied to two 

identical MZMs with an integrated laser source at a wavelength of 1554.94 nm biased at the 

null biasing point and a 90-degree phase shifter.  Finally, the optical signal propagating 

through a SMF is amplified using a number of EDFA at a regular interval to cover the total 

link span.  

 

For simulating a SMF link, the widely adopted split-step Fourier method is employed to 

model the propagation of the optical signal down a SMF [60].  It is well known that for a 

sufficiently small fibre split-step length, this theoretical treatment yields an accurate 

approximation to the real effects.  In the SMF model, the effects of loss, CD and optical 

power dependence of the refractive index are included.  The effect of fibre nonlinearity-

induced phase noise to intensity noise conversion is also considered upon the photon 

detection in the receiver.  

 

To set the OSNR to a specified value, an optical noise-loading module is employed in the 

receiver.  This module performs the function of a simple saturating optical amplifier with a 

variable noise figure, and can be characterised as an optical attenuator followed by a gain 

block.   
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Figure 5.1: A base-band model of CO-OOFDM adopted for numerical simulations. 

 

At the receiver side, the CO-OOFDM signal is detected using two identical optical coherent 

balanced detectors acting as an optical-to-electrical OFDM I/Q converter, where I/Q 

components of a locally generated carrier are mixed with the optical signal to obtain the 

electrical I/Q components.  Each coherent detector consists of a pair of couplers and PIN 

detectors [139].  The low pass filters transfer functions attenuate the sub-carriers close to the 

Nyquist frequency, thus reducing the usable bandwidth as the attenuated sub-carriers cannot 

be used for data transmission.  The outputs of DACs are passed through a serial-parallel 

module prior to remove the CP.  

 

Having described CO-OOFDM modem and SMF-based coherent transmission link, this 

section details the most important parameters adopted in the numerical simulations.  The 

simulation was performed using the Matlab software, and all the key parameters adopted 

throughout the simulation are given in next section below 
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5.2.2 Simulation Parameters 

 

Having described the theoretical CO-OOFDM modem and SMF-based coherent transmission 

link, this section details the parameters adopted in the numerical simulations.  In all 

simulations, 64 sub-carriers are used, onto which identical signal modulation formats are 

applied.  The modulation formats employed range from DBPSK, DQPSK, and 16-QAM to 

256-QAM.  For the cases of DBPSK and DQPSK the receiver does not apply any channel 

estimation method, however, for the rest of the modulation formats as it is complex to 

perform a differential decoding, channel estimation technique such as the pilot tone is 

necessary for the decoding process [11] [140].  

 

It is assumed that ADCs have fixed a sampling rate of 12.5 GS/s and variable clipping ratios 

and quantization bits.  All the parameters for DACs and ADCs used in the transmitter and the 

receiver are set to be identical.  Under the above-mentioned conditions, signal bit rates of 10 

Gb/s, 20 Gb/s, 40 Gb/s, 50 Gb/s, 60 Gb/s, 70 Gb/s, and 80 Gb/s corresponds to DBPSK, 

DQPSK, 16-QAM, 32-QAM, 64-QAM, 128-QAM, and  256-QAM, respectively.  

 

The operating parameters used for the optical link simulations are: a wavelength of  1550 nm, 

a laser source with a line width of 100 kHz, -6 dBm optical power coupled into the input 

facet of the link, PIN responsibility of 0.9, SMF span of 80 km length, fibre chromatic 

dispersion of 17 ps/nm/km,  0.2 dB/km loss and a nonlinear  Kerr-coefficient of 2.6×10
-20

 

m
2
/W.  

 

The adopted MZM modulation amplitude has a sinusoidal transfer function with a 

modulation index is of 0.3.  The modulation index can be as high as 0.5 without introducing 
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any significant penalty when the modulator is based at the null biasing point [121], however, 

investigating the modulation index effect on the transmission performance is beyond the 

scope of this chapter. 

 

In each fibre span, the fibre loss is compensated by an EDFA with an optical gain and a noise 

figure of 16 dB and 6 dB, respectively.  Note that in this work the following assumptions 

have been made: state that no laser phase noise is considered, and transmitter and receiver 

laser local oscillators (LO) are assumed to be matched, sampling clock at the receiver side is 

ideal. It should be pointed out, in particular, that other parameters that are not mentioned 

above will be addressed explicitly in the corresponding text parts where necessary.   

 

5.3 ADC/DAC Parameter Optimisation in SMF Links  

 

The magnitude of each complex signal sample is calculated and compared with the threshold 

magnitude.  Samples that exceed the threshold are then clipped (limited) to a value that is 

equal to the clipping ratio multiplied by the signal average power.  In chapter 3 the 

ADC/DAC quantization and clipping effect on the minimum OSNR required for achieving a 

BER of 1.0×10
-3

 over optical additive white Gaussian noise AWGN channels for different 

modulation formats.  Consequently, a set of an optimum quantization and clipping ratios 

were identified. 

 

Having described the impact of ADC/DAC parameters on the CO-OOFDM modem 

performance in optical AWGN channels, this section further explores the quantization, 

clipping and sampling speed effects on the transmission performance of the CO-OOFDM 

modems in SMF links.  Based on a fixed modulation format of DQPSK (corresponding to a 
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signal bit rate of 20 Gb/s), Fig. 5.2 and Fig. 5.3 present the minimum required OSNR as a 

function of the quantization bit and clipping ratio, respectively, for different transmission 

distances.  In calculating these two figures, both CD and fibre nonlinearity are considered and 

EDFAs are also utilised to amplify the attenuated optical signals.   

 

In obtaining Fig. 5.2 (Fig. 5.3), the clipping (quantization) effect is effectively switched off 

by adopting a sufficiently large clipping ratio of 13 dB (a sufficiently large quantization bit 

value of 10) in both the transmitter and the receiver.  It can be seen in Fig. 5.2 that, for a 

given transmission distance, the use of a small quantization bit value leads to a high 

minimum required OSNR due to the strong quantization noise effect.  On the other hand, for 

a very large quantization bit value, a flat minimum required OSNR region occurs, 

corresponding to which optimum quantization bits can be found.   

 

 

 



99 
 

 

Figure 5.2: Minimum required OSNR versus quantization bit, using 20 Gb/s for different 

transmission distances. 

 

Over that flat region, the quantization noise effect is negligible, as the corresponding 

minimum required OSNR is  identical to that required for that given transmission distance.  

In addition, the identified optimum quantization bit value is dependent upon the transmission 

distance, because of the non-Gaussian nature of the quantization noise. 

 

The signal clipping effect on the minimum required OSNR is illustrated in Fig. 5.3, which 

shows that, for a fixed signal transmission distance, a low clipping ratio leads to a high 

minimum required OSNR due to an increase in the clipping noise effect.  For a very large 

clipping ratio, the minimum required OSNR grows sharply because of an increase in the 

quantization dynamic range and thus quantization step size.  As a direct result of the above-
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mentioned effects, an optimum clipping ratio region is observed in Fig. 5.3, over which the 

lowest required OSNR can be found.  Similar to those observed in Fig. 5.3, the optimum-

clipping ratio gives rise to the negligible clipping noise effect and is also transmission 

distance dependent. 

 

 

Figure 5.3: Minimum required OSNR versus clipping ratio using 20Gb/s for different 

transmission distances. 

 

To illustrate explicitly the transmission distance dependent optimum ADC parameters, the 

minimum optimum quantization bit and clipping ratio are plotted in Fig. 5.4 and Fig. 5.5, 

respectively, as a function of transmission distance for different modulation schemes and 

signal bit rates.  Here the minimum optimum quantization bits (clipping ratio) refer to as a 
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minimum value corresponding to which a minimum OSNR is observed for a specific 

transmission distance.  

 

 

Figure 5.4: Quantization bit effect versus transmission distance for 16-QAM, DQPSK and 

DBPSK at different data rates. 

 

Fig. 5.4 (Fig. 5.5) shows that, for a given modulation scheme and the signal bit rate, there 

exists a fibre length threshold, within which the optimum quantization bits shown in chapter 

4 at Fig. 5.3 (clipping ratio shown in Fig. 5.4) are capable of supporting quantization 

(clipping) noise free transmission performance.  16-QAM and DQPSK show a higher 

quantisation bits compared to DBPSK, except when the link span is greater than 560 km, 

where the latter increases sharply.  Beyond the fibre length threshold (~300 km. ~480 km and 

~570 km for 16-QAM, DQPSK and DBPSK, respectively), the required minimum 
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quantization bits (clipping ratio) increases at a slope of 1 bit (2 dB) per 100 km, which is, 

however, independent of the signal bit rates.  This indicates that, for such a transmission 

distance scenario, the quantization (clipping) noise effect is the dominant factor.  For clipping 

ratio (Fig. 5.4) 16-QAM display higher profile than DQPSK and DBPSK for all the fibre 

span. 

 

 

Figure 5.5: Clipping ratio effect versus transmission distance for 16-QAM, DQPSK and 

DBPSK at different data rates. 

 

Fig. 5.4 and Fig. 5.5 also show that, the fibre length threshold decreases with increasing 

signal bit rates.  This is due to the accumulated effects of various noises mainly contributed 

by EDFAs and FWM.  
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5.4 Optimisation of Number of Sub-carriers and Cyclic Prefix 

 

This section discusses the impact of the number of sub-carriers on the CO-OOFDM signal 

transmission performance in SMF links.  To highlight such effects, in this section, numerical 

simulations are performed by setting the quantization bits and clipping ratio to be 10 and 

13dB, respectively.  Here dispersion tolerance and transmission reach are defined as the 

maximum fibre length at which a 1 dB increase in the minimum required OSNR is required 

with respect to the minimum required OSNR for back-to-back cases as explained previously 

in chapter 3 section 3.4.1.  

 

5.4.1 Effect of Number of Sub-carriers and Cyclic Prefix on Dispersion 

Tolerance 

 

Figure 5.6 demonstrates the effect of the number of sub-carriers and CP on the channel 

capacity over a link span of 2500 km and considering only fibre CD.  Simulations reveal that, 

for a fixed signal data rate 80 Gbps and a CP of 25%, increasing the number of sub-carriers 

from 32 to 128 increases the link span is from 104 km to 600 km (a factor of up to 5.7).  

However, for a fixed number of subcarriers, dispersion tolerance can also be increased by 

increasing the CP length.   
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Figure 5.6: Channel capacity against the link span for a range of sub-carrier and cyclic prefix 

and with fibre chromatic dispersion only. 

 

As shown in Fig. 5.6 that for 32 sub-carriers increasing the CP length from 25% to 100% can 

improve the dispersion tolerance by a factor of 2.7 for low data rates of up to 25 Gb/s.  Note 

that this effect is more significant for low signal data rates.  However, for higher data rates, 

increasing the CP length means that higher modulation formats are required to achieve the 

same data rate as that can be obtained with employing lower CP lengths.  This is the reason 

behind the low impact of increasing the CP length for the above-mentioned condition. 

 

The physical reason behind the ability of CP length to combat the dispersion in SMF links 

can be understood as follow.  When CO-OOFDM symbols are transmitted over a dispersive 

link, they will suffer a frequency dependent delay and consequently the slow sub-carriers will 
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cross the symbol boundary, thus leading to ISI.  Moreover, this can destroy the orthogonality 

between adjacent sub-carriers causing ICI impact [7].  Therefore, a larger CP length helps in 

maintaining the orthogonality between the subcarriers and combating both ISI and ICI. 

 

In comparison with employing a long CP, the use of a large number of sub-carriers is more 

effective in combating the fibre dispersion.  This is can be explained as increasing the number 

of sub-carriers will increase the CP length.  Moreover, for a fixed sampling frequency, an 

increase in the number of sub-carriers reduces the frequency spacing between sub-carriers 

and the dispersion induced walk off [8].  This results in the better use of the link bandwidth 

under investigation.  Therefore, considerable distortions occur within a lower percentage of 

sub-carriers. 

 

5.4.2 The Effect of Number of Sub-carriers in SMF Links with Both 

Dispersion and Non-linearity 

 

Having investigated the effect of the number of sub-carriers on the dispersion tolerance, this 

sub-section takes the investigation further to study the impact of the number of sub-carriers 

on modem performance in the presence of fibre non-linearities. 

 

For 64 subcarriers, the OSNR required for achieving a BER value of 10
-3

 is plotted against 

the transmission distance for a range of data rates, and  modulation schemes ranging from 

DBPSK (10Gb/s), DQPSK(20Gb/s) and 16-QAM(40Gb/s) to 128-QAM (70Gb/s) is shown in 

Fig. 5 7. 
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Figure 5.7: Transmission distance against OSNR for 64 sub-carriers and BER of 10
-3

, for a 

range of channel data rates. 

 

From the above figure it can be  seen that for a given data rate the transmission reach is 

considered after an increase of 1 dB in the OSNR, which is called OSNR-min as mintioned 

previously.  More over its clear that for the same transmission distance, increasing the data 

rate requires higher OSNR this is due to the need of higher modulation formats as the data 

rate increases.  

 

The impact of the number of sub-carriers on the CO-OOFDM signals transmitted over SMF 

links is shown in Fig. 5.8, where the signal data rate is plotted as a function of transmission 

distance for various numbers of sub-carriers. 
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Figure 5.8: Channel capacity against the link span for a different number of subcarriers. 

 

It is shown that increasing the number of sub-carriers improves the data rate for the link 

length > ~300 km.  This can be explained by considering the fact that for a fixed ADC 

sampling rate, the duration of the CP length increases with the increase of the number of sub-

carriers, thus leading to an enhanced dispersion tolerance.  In addition, it is also important to 

address the fact that for a fixed bandwidth, increasing the number of sub-carriers reduces the 

frequency spacing between adjacent sub-carriers.  This may cause sub-carrier intermixing 

effect if the perfect orthogonality between sub-carriers cannot be maintained [8] [141].  

However, it can be seen that for 10 Gb/s data rate increasing the number of sub-carriers from 

64 to 128 results in an increase transmission distance performance.  This is may be due to the 
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ability of low modulation formats such as DBPSK to preserve the orthogonality and combat 

the fibre non-linearity.  

 

Figure 5.8 shows that, for data rates > 10 Gb/s, using 128 sub-carriers will degrade the 

modem performance when compared with that achieved using 64 sub-carriers.  This is 

because of the increase of intermixing effect as the frequency spacing between adjacent 

numbers of sub-carriers decreases.  Consequently, 64 sub-carriers can be considered as an 

optimum number of sub-carriers for the CO-OOFDM modems.  

 

5.4.3 The Effect of Launch Power on the CO-OOFDM Modem Performance In 

SMF Links 

 

For CO-OOFDM modem the optical launch power affects the signal transmission 

performance over SMF links [8], therefore, this  section investigates the launch power effect 

on the CO-OOFDM modem performance for data rates up to 80 Gb/s, for different number of 

sub-carriers.  For 20 Gb/s, Fig. 5.9 shows the effect of launch power on CO-OOFDM signals 

reach.  It is clear that -6 dBm induces the highest transmission distance if compared with 0 

dBm, -3 dBm and -9 dBm.  This is because a large launch power such as 0 dBm can excite 

fibre non-linearities, on the other hand attenuating the launch powers values to < -6 dBm will 

give rise to extra signal distortion due to the EDFA noise, which in both cases results in 

degradation of the system performance.  
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Figure 5.9: Launch power against the transmission distance for a data rate of 20 Gb/s. 

 

The power must be large enough to provide an acceptable OSNR at the output of the 

transmission link but below the limit where excited fibre nonlinearities distort the signal.  

Consequently, -6 dBm is considered as the optimum launch power for the CO-OOFDM 

modem. 
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Figure 5.10: Channel data rate against the link span for different number of subcarriers using     

different launch power. 

 

It is shown in Fig. 5.10 that for different number of subcarriers attenuating the launch power 

to -6 dBm can improve the modem performance by an average factor of 2.9 times when 

compared with that obtained by utilizing 0 dBm launch power.  Moreover, it can be seen that 

64 sub-carriers can be considered as the optimum number of subcarriers for 0 and -6 dBm 

launch power conditions. 
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5.4.4 Effect of Number of Sub-Carriers on Transmission Performance in 

Fibre Links with Non-linearity Compensation 

 

In order to improve the CO-OOFDM modem performance, a recently proposed algorithm in 

[10], has been used to compensate for Kerr non-linearity impairments in SMF links.  Figure 

5.11 illustrates the effect of the non-linearity mitigation algorithm on different numbers of 

sub-carriers.  It is shown that, the non-linearity compensation algorithm does not increase the 

transmission distance significantly.  This effect is a direct result of utilizing an optimum 

launch power of -6 dBm.  However, other nonlinearities such as FWM are dominant and not 

compensated for, which results in a low improvement in the performance when using the 

compensation process. 

 

It can be seen that for 32 and 64 sub-carriers the results obtained in Fig. 5.11 are very close to 

that obtained from Fig. 5.6.  However, this is not valid for 128 sub-carriers even when the 

non-linearity compensation algorithm is used.  This is because the non-linearity 

compensation algorithm effectively compensates for fibre Kerr non-linearities only; 

therefore, as explained previously, using 128 sub-carriers will increase the FWM effect as a 

direct result of reducing the frequency spacing between sub-carriers. 

 

For 0 dBm launch power, Fig. 5.12 illustrates the effect of utilizing the non-linearity 

compensation algorithm on CO-OOFDM based transmission link performance. 
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Figure 5.11: Channel data rate against the link span for different number of subcarriers with 

and without using the compensation algorithm at -6 dBm launch power. 

 

By comparing Fig. 5.11 and Fig. 5.12, it can be seen that for 0 dBm launch power the 

compensation algorithm effect is more significant than it is for -6 dBm launch power.  

Moreover, such an effect is higher for high data rates (i.e. 80 Gb/s), where utilizing the 

compensation algorithm increases signals transmission distance from 16 km to 89 km (a 

factor of 5.6 times) when 64 subcarriers are used.  This can be explained as Kerr non-

linearities are launch power dependent, for higher data rates the signals transmission distance 

is short; consequently Kerr non-linearities are the dominant factor, which limits the 

performance.  However, the compensation algorithm has less impact for low data rates (i.e. 

10Gb/s) where non-linearities such as FWM effect increases with the transmission distance.  
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Figure 5.12: Channel capacity against the link span for different number of subcarriers with 

and without using the compensation algorithm at 0 dBm launch power. 

 

For different data rates and number of subcarriers an average improvement of 2.9 times can 

be realized when the non-linearity compensation algorithm is employed while utilizing 0 

dBm optical launch power.  Moreover, it can be seen from Fig. 5.12 that using 64 sub-carriers 

results in a longer transmission distance if compared with the 32 and 128 subcarriers, 

therefore it is considered as the optimum number of subcarriers with and without the non-

linearity compensation scheme.  
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It should be noted that the optimum number of sub-carriers is closely related to signal 

sampling speeds, as a high sampling speed gives a short symbol period and thus decreases the 

fibre dispersion tolerance.  All the above-mentioned facts indicate that the optimum number 

of sub-carriers may vary with sampling speed. 

 

5.5 Effect of Sampling Speed on Transmission Performance in 

Fibre Links 

 

It is well known that ADC‟s sampling speed play a significant role in determining the symbol 

period; therefore, this section discusses the impact of the sampling speed on the CO-OOFDM 

transmission link performance.  Numerical simulations are carried out by adopting 64 sub-

carriers and setting the ADC‟s quantization bit resolution and the clipping ratio to 10 and  

13dB, respectively.  Figure 5 13 illustrates the data rate against the link span for 64 and 128 

sub-carriers, symbol length of 6.4 ns and 12.8 ns, and for two sampling speeds of 6.25 and 

12.5 giga sample/second (GS/s).  Doubling the symbol length increases the link span in 

particular at lower data rates.  

 

For a symbol period of 12.8 ns and at low data rates adopting a sampling speed of 6.25 GS/s 

can increase the dispersion tolerance by an average factor of 1.5 compared to the case with a 

sampling speed of 12.5 GS/s.  However, at lower sampling speed higher order modulation 

formats could be used to achieve the same data rate as that of higher sampling speed.  This 

can be explained as follow.  For a fixed symbol length, at lower sampling speed, the number 

of high frequency sub-carriers that could be used is reduced and consequently this result in a 

lower OSNR-min requirement for a specific modulation format adopted for a sub-carrier.  
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Figure 5.13: Channel data rate against the link span for a range of sampling speed effect fibre 

chromatic dispersion only. 

 

At a data rate of 40 Gbps adopting a sampling speed of 12.5 GS/s is more effective in 

combating fibre dispersion than at 6.25 GS/s.  This is due to the requirement of utilizing high 

order modulation formats such as 256-QAM with a 6.25 GS/s sampling rate compared to 16-

QAM with a sampling rate of 12.5 GS/s.  For 64 sub-carriers, utilizing a sampling speed of 

6.25 GS/s can increase the dispersion tolerance by a factor of 2.5 when compared to a 

sampling rate of 12.5 GS/s.  This is due to the increased CP length as a result of increased 

symbol period as well as decreased signal bandwidth. 
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Figure 5.14: Channel data rate against the link span for a range of sampling speeds while 

transmitting over SMF links. 

 

Considering the SMF non-linearities, Fig. 5.14 illustrates the data rate against the link span 

for the symbol length of 6.4 and 12.8 ns for 64 and 128 sub-carriers.  For the data rates > 10 

Gbps reducing the sampling speed does not improve the transmission capacity versus the 

reach performance.  However, at lower sampling speed, where the spacing between the sub-

carriers is reduced, FWM effects become prominent. 
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5.6 Adaptive CO-OOFDM 

 

CO-OOFDM sub-carrier signals will experience amplitude distortion that depends upon the 

frequency response of the transmission link, consequently certain sub-carrier components 

will endure higher distortion than the others.  To address this problem CO-OOFDM with the 

adaptive modulation (CO-AMOOFDM) applied to all sub-carriers is proposed where low and 

high order modulation formats are used for the sub-carriers with higher and low distortions, 

respectively.  As a direct consequence of this, CO-AMOOFDM technique has a unique 

feature of effectively utilizing the entire transmitted signal spectrum.  

 

 

Figure 5.15: Channel data rate against the link span for CO-OOFDM identical and dapative 

modulation formats. 
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Figure 5 15 depicts the data rate against the link span for CO-OOFDM with identical and 

adaptive modulation formats adopted for all sub-carriers while considering only the CD 

effect.  The latter scheme displays an increase in the link span by a factor of 1.4.  On the 

other hand, when considering both the fibre non-linearities and dispersion, figure 5.16 

illustrates the advantage of utilizing CO-AMOOFDM over the traditional CO-OOFDM 

scheme.  

 

 

Figure 5.16: Channel capacity against the link span for CO-OOFDM identical and CO-

AMOOFDM formats in the presence of fibre non-linearity. 
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At lower link span (< 280 km) both schemes offer similar data rates.  However, at higher link 

spans CO-AMOOFDM offers an average improvement of 1.15 times that of CO-OOFDM.  

In this research we have focused on the adaptive modulation schemes which improves 

spectrum usage efficiency, thus resulting in higher tolerance to the CD when compared to the 

case where an identical modulation formats are adopted across all the sub-carriers.  

 

5.7 Conclusions 

 

For CO-OOFDM modems, in comparison with the OFDM employing a long CP, the use of a 

large number of sub-carriers is more effective in combating the fibre CD.  For a fixed number 

of sub-carriers, dispersion tolerance can also be increased by increasing the CP length from 

25% to 100% can improve the dispersion tolerance by a factor of 2.7 for lower data rates of 

up to 25 Gbps.  We have shown that with the SMF fibre non-linearities adopting 64 sub-

carriers can increase the transmission distance when compared to 32 and 128 sub-carriers.  

The aid of the non-linearity compensation algorithm is more effective for high launch 

powers, such as 0dBm, and high data rates, than it is for lower launch power such as -6dBm.  

Moreover, with the use of the non-linearity compensation algorithm the optimum number of 

subcarriers can be found, as 64 sub-carriers. ADC sampling speed play a significant role in 

determining the symbol period.  Reducing the sampling speed can increase the symbol length 

and limit the number of high frequency components from propagating along fibre, which 

increases the CD tolerance.  However, for a fixed symbol length a lower sampling speed does 

not necessarily lead to CD improvement, since higher order modulation formats are needed to 

achieve the same data rate as the higher sampling rates.  Moreover, reducing the sampling 

speed further reduces the spacing between sub-carriers, thus resulting in increased FWM 

effect. 
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We have shown that employing adaptive modulation schemes have a unique feature of 

effectively utilizing the entire transmitted signal spectrum, thus addressing the amplitude 

distortion experience by all the CO-OOFDM sub-carrier signals.  It has been shown that the 

link span increases by factors of 1.4 and 1.2 for dispersion only and both dispersion and fibre 

non-linearities, respectively. 
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Chapter 6.  Artificial Neural Network 

Equalizer for CO-OOFDM Modems 
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6.1 Introduction 

 

The coherent transmission system, in particular CO-OOFDM, has recently seen a growing 

interest within the optical research community.  This is mainly due to the inherited OFDM 

properties such as higher data rates, resilience to the noise and the ICI.   

 

High performance optical networks, such as CO-OOFDM, are very sensitive to the 

degradation introduced by the linear and non liner impairments introduced by the fibre 

channels; therefore, many techniques have been introduced in order to reduce the channel 

effect on the transmission system performance [49].  Consequently, to increase the CO-

OOFDM system tolerance to the CD and fibre non-linearities, a number of methods has been 

proposed including: (i) including low-cost DSP techniques such as EDC that provides a 

simpler solution to compensated for the fibre CD [21], and OSSB for CD compensation at the 

receiver [23], (ii) EPD at the transmitter [24] as well as non-linear electrical post-

compensation at the receiver [25], and (iii) the optimization of modem parameters such as the 

CP, multiple number of subcarriers and ADC [37, 49].  

 

A careful management of CO-OOFDM modems key parameters such as CP, number of 

subcarriers, and phase noise of the laser source has lead to a successful experimental 

demonstration of 20 Gb/s CO-OOFDM signal transmission over 4160 km of SMF using the 

sub-carriers multiplexing technique [11].  Moreover, it has been shown in simulation and 

practical experiments that CO-OOFDM is a candidate for the 100 Gbit/s Ethernet and beyond 

[142, 143].  In [144]a backward propagation equalization method has been introduced,  where 

by the Fourier split step length method has been  modified to reduce the complexity of the 

computationally expensive original split step method [8].  However, it only compensates for 
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Kerr non linearity which have a greater effect for higher optical launching power and cannot 

compensate for low optical power and other types of non linearities such as self phase 

modulation and four wave mixing (FWM), therefore, this algorithm proven to be in efficient 

and may be incapable of performing the equalization task [49].  

 

For a time and frequency-varying channel such as SMF links,  equalization based on filters is 

the non-optimum classification strategy as filters have a linear decision boundary [77, 145].  

Therefore, the optimum technique would be to have a nonlinear decision boundary based 

equalizer such as ANN and MLPs. ANN is an attractive alternative for compensating the 

linear and non-linear distortions of optical fibre communications [146, 147], and its 

applications has been explored for the communication systems for a variety of channels, 

including optical fibre, optical wireless and wireless) [113, 146-148], where it can offer  

similar or better performance compared to the traditional finite impulse response filter 

equalizers [149].  ANNs have the capability of achieving a complex mapping between its 

input and output spaces, moreover are capable of forming complex decision regions with 

nonlinear decision boundaries, consequently ANN of different architecture have been used in 

the channel equalization [91].  It has been shown that the ANN techniques have also been 

adopted for compensating for the impartment introduced by communication link in OFDM 

modems in the wireless domain [150, 151].  However, no research in all the CO-OOFDM 

published literature, the use of artificial intelligence in particular ANN to compensate for the 

distortion experienced by signals while propagating through SMF link has been reported.  

 

This chapter investigated the performance of the ANN equalizer when used to compensate 

for CD and fibre nonlinear impairments induced by the SMF links for CO-OOFDM.  

Consequently, numerical simulations are undertaken to investigate the impact of the ANN 
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equalizer on the modem performance over SMF links.  It is shown that for a given 

transmission distance utilizing the proposed equalization scheme results in reduced bit error 

ratio (BER) while considering CD only in the presence of other nonlinear impairments.  

Moreover, for a given OSNR the transmission distance is doubled when transmitting over 

SMF links.   

 

The present chapter is organised as follows:  The CO-OOFDM modem model used in 

numerical simulations along with the adopted system parameters are presented in Section 6.2.   

In Section 6.3, the equalizer design is illustrated, and in Section 6.4, represents results of the 

performance of the proposed equalizer using different ANN equalizer learning algorithms, 

while transmitting over SMF links that considers CD only.  In Section 6.5, the performance 

of the ANN equalizer is reported in the presence of nonlinear fibre impairments for a 

different transmission distance.  Finally, the paper is concluded in Section 6.6.     

 

6.2 Transmission Link Models and Simulation Parameters 

6.2.1 Transmission Link Simulations 

 

Figure 6.1 describes a typical block diagram of the CO-OOFDM modem adopted in 

numerical simulations.  After passing through a serial to parallel converter, the encoded 

complex data are first mapped onto various CO-OOFDM subcarriers.  The inverse fast 

Fourier transform (IFFT) is then applied to convert the N number of sub-carriers into time-

domain CO-OOFDM symbols.  The IFFT is given as: 

     
 

  
               
   ,   n=0,...,N-1.  (6.1) 
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The n-th OFDM symbol is constructed by adding a CP of length G samples, which is added 

to x[n], the parallel symbols of the IFFT, before being serialized to form a long digital 

complex data sequence.  The real (I) and imaginary (Q) parts of the data sequence are 

separated and subsequently inputted into two DACs.  The OFDM electrical-to-optical 

conversion is accomplished by feeding the OFDM I and Q components to the corresponding 

I/Q ports of the two optical MZMs.  The optical modulators that have a sinusoidal transfer 

function are biased at the null biasing point; moreover, a 90-degree phase shifter is applied to 

the output of the second MZM.    

 

 

ADC 

IF
F

T
 

A
d

d
in

g
 C

P 

D
a

ta

 

S
e

ri
a

l 
to

 p
a

ra
ll

e
l

 

90
o 

MZM
 

MZM 

 

 

    I 

      Q 

P
a

ra
ll

e
l 

to
 s

e
ri

a
l 

DAC 

   DAC 

D
a

ta
 

EDFA 

R
e

m
o

v
in

g
 

C
P

 

ADC 
I 

 

 

 

          Q 

 

F
F

T

 

P
a

ra
ll

e
l 

to
 s

e
ri

a
l

 

  BER S
e

ri
a

l 
to

 p
a

ra
ll

e
l

 

 
LPF  

    

   
 

     

     
 

LPF  

   90
o 

A
N

N
 e

q
u

a
li

ze
r

LD1

LD2

Balanced 
detecor

S
M

F

PIN
 

Figure 6.1: CO-OOFDM modem diagram used in numerical simulations. 

 

Finally, the optical signal is coupled to the SMF link of several spans with erbium-doped 

fibre amplifiers (EDFAs) inserted between them.  At the receiver side, the CO-OOFDM 

signal is detected using two identical optical coherent balanced detectors acting as an optical-

to-electrical OFDM I/Q converter, in which I/Q components of a locally generated carrier are 
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mixed with the optical signal to obtain the electrical I/Q components.  Each coherent detector 

consists of a pair of couplers and PIN detectors [139].  The low-pass filters attenuate the sub-

carriers close to the Nyquist frequency, thus reducing the usable bandwidth as the attenuated 

sub-carriers cannot be used for the data transmission. 

 

The outputs of DACs are passed through a serial–parallel module prior to removing the CP.  

Owing to the CP, the linear convolution between the transmitted signal and the channel 

becomes a circular convolution; hence, the output of the FFT can be written as a production 

the matrix form given by [152]. 

                    (6.2) 

 

Where Hn = Fn.hn is the frequency response of the channel with the length L,        

   
 

 
    

     

 
 
 the FFT matrix,    the      vector of the white Gaussian noise with 

      
     

    [22], Hn the       vector, hn the channel response, N the number of 

equally spaced subcarriers, H the Hermitian transpose and diag the diagonal matrix.  The FFT 

unit is followed by the ANN equalizer which is in turn followed by a parallel to serial 

converter and a decoder in order to recover the data. 

 

It should be pointed out that such a CO-OOFDM modem model has been widely adopted in 

both theoretical simulations and non-real-time experimental measurements [7, 11, 37, 49].  

For simulating a SMF link, the widely adopted split-step Fourier method is employed to 

model the propagation of the optical signal down a SMF [8, 11, 144].  It is well known that 

for a sufficiently small fibre split-step length, this theoretical treatment yields an accurate 

approximation to the real effects.  In the SMF model, the effects of loss, CD, and optical 

power dependence of the refractive index are included.  The effect of fibre non-linearity-
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induced phase noise to the intensity noise conversion is also considered upon the photon 

detection in the receiver.  This model has been successfully used in [37].   

 

To mitigate fibre non-linearity, here ANN nonlinear feed-forward equalizers based on 

multilayer perception (MLP) method is proposed, which by training the ANN applies the 

opposite effect of fibre impairments occurring in the transmission link under investigation to 

the CO-OOFDM signals at the transmitter.  To validate the ANN compensation method 

adopted here, results obtained using the modem for a wireless channel shows an improvement 

of transmission SNR same as that obtained by [151].  In the simulation to set the OSNR to a 

specified value, an optical noise-loading module is employed at the receiver.  This module 

performs the function of a simple saturating optical amplifier with variable noise figure, and 

can be characterized as an optical attenuator followed by a gain block.   

 

6.2.2 Simulation Parameters 

 

Having described the theoretical CO-OOFDM modem and the SMF-based coherent 

transmission link, this section details the most important parameters adopted in the numerical 

simulations, which was shown to be the optimum parameters for the modem by [37, 49].  In 

simulations, 64 sub-carriers are used, onto which identical 16-QAM signal modulation 

formats corresponding to 40 Giga bit/ second (Gb/s) are applied. 

 

It is assumed that ADCs and DACs have fixed sampling rates, clipping ratio, and 

quantization bit of 12.5 GS/s, 13 dB, and 10 bits, respectively which give rise to a negligible 

clipping and quantization noses [37]. 
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The operating parameters used for optical link simulations are a laser with a wavelength of 

1550 nm and with a 100 kHz line width, -6 dBm optical power coupled into the input facet of 

the link, a PIN responsibility 0.9, SMF spans of 80 km, a fibre CD of 17 ps/nm/km and a loss 

of 0.2 dB/km, and a non-linear Kerr-coefficient of 2.6 x10
-20

 m
2
/W.  

 

The adopted MZ modulator modulation amplitude is a sinusoidal transfer function with a 

modulation index of 0.3, as the modulation index can be as high as 0.5 without producing any 

significant penalty when the modulator is based at the null biasing point, this is in order to 

obtain signals amplitudes in the optical domain as close as possible to the amplitude of the 

real and imaginary components at the electrical domain [153];  however, investigating the 

modulation index effect on the transmission performance is beyond the scope of this paper.   

In each span, the fibre loss is compensated by an EDFA with 16 dB optical gain and a noise 

figure of 6 dB.  It is important to state that no laser phase noise is considered, and the 

transmitter local oscillator (LO) and receiver LO are matched, moreover a perfect sampling 

clock synchronisation between the transmitter and receiver is assumed.  It should be pointed 

out, in particular, that other parameters that are not mentioned above will be addressed 

explicitly in the corresponding parts where necessary.   

 

6.3 ANN Equalizer Design 

 

One of the major receiver components is the equalizer that has the task of recovering the 

transmitted symbols based on the channel observations.  The output of the channel is 

represented by equation (6.2).  As the CO-OOFDM signal consists of ( ) number of 

subcarriers, it is shown in Fig.6.2 that ANN equalizer consists of   sub-neural networks, each 

sub-network is designated for a different subcarrier.  From the Fig. 6.2 the error is given as: 
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               .  (6.3) 

 

The  -th estimated output of the neural network       of the  -th subcarrier is given by the 

following equation: 

           

  

   

            
 (6.4) 

 

It is important to mention that number of neurons in every neural sub-net is as suggested to 

be equal to the number of different transmitted OFDM symbols which is in the case of 16-

QAM modulation format equals to 16 neurons [151].  

 

In Fig. 6.2, the symbols r( ) corresponds to the received  -th subcarrier information, w(k,n) 

is the weight value for a given subcarrier and neuron,   ( ) is the output of the equalizer, si( ) 

is the training vector i.e. the pre-known transmitted subcarrier set, and finally is the MMSE 

algorithm, which is standard in the new-feed forward network, which according to the weight 

values are updated.   

 

From Fig. 6.2 firstly a sets of previously known 16-QAM symbols si(k) are OFDM 

modulated and transmitted over the SMF channel.   
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Figure 6.2: ANN sub neural network equalizer schematic. 

 

The received symbols of every 16-QAM subcarrier ri(k) are feed into the equalizer neurons 

where received symbols are multiplied with weights of corresponding  neurons, then  the 

output of all the neurons are summed to give the sub-network output   (k).  The pre-known 

transmitted subcarrier symbols si(k) are then feed together with the instant sub-network 

output  to the MMSE algorithm to calculate the error value and update the weights.  This is a 

continues process until a required error value is reached, which means at that point the sub-

network output match the transmitted (undistorted) subcarrier symbols. 
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In this chapter the ANN is based on the new feed-forward network, which uses the 

Riedmiller‟s Resilient back propagation algorithm (RP) [154], training function that updates 

the weight and bias values according to the resilient less computationally cost effective back 

propagation algorithm (BP), which is one of the most popular learning algorithms to train a 

neural network performing an approximation to the global minimization achieved by the 

steepest descent [155]. 
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Figure 6.3: ANN equalizer for complex input signals. 

 

Hence as mentioned BP minimizes the deference between the ANN output and the desired 

output i.e. the target, and this is applicable for the real data only.  Therefore, it has been 

suggested by [156] that the OFDM complex data should be divided into two parts the real and 

image and fed separately to two ANN networks and the output is recombined at the exit of 

the ANN equalizer according to (6.5), the process also illustrated in Fig. 6.3. 

                                 (6.5) 
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For simulation the employed transfer functions are differentiable transfer function such as the 

hyperbolic tangent function suggested by Beneinto and Pizzo [97] for the hidden layer, and 

the linear function purelin for the output layer which was explained previously in Chapter 3. 

 

6.4 Effect of ANN Equalizer on CD 

 

The first set of simulation results illustrates the effect of the proposed ANN equalizer on the 

bit error rate performance when considering only the CD.   

 

 

Figure 6.4: Transmission distance against BER when utilizing LMS, and ANN equalizers that 

uses OSS or RP training algorithm while transmitting over SMF link that considers only 

dispersion. 

 

Figure 6.4 shows the BER performance comparison between the traditional equalization 

technique of the least mean square (LMS) and the two proposed ANN equalizers based on the 
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RP and the one step secant (OSS) training algorithms.  In this figure  for every particular 

transmission distance the minimum required OSNR (OSNR-Min) was utilized [37].  

 

As recommended in [97], the length of the training sequence for every subcarrier is 60% of 

the target sequence length, and the utilization of ANN equalizer with either RP or OSS 

algorithm offers an average 50% improvement in terms of the BER performance when 

compared to the traditional LMS equalization method (see Fig. 6.4).  

 

Moreover, Fig. 6.4 illustrate a comparison curve in terms of BER for different transmission 

distances between LMS method and  two variants of ANN equalizers, where the first network 

uses the RP training algorithm and the second is using OSS algorithm [157].  It can be seen 

that the RP network is in terms of the BER performance is outperforming the network that 

uses the OSS algorithm.  This can be explained as RP is a back propagations algorithm, 

which results in an enhancement of the learning process while training the neural network, 

consequently the ANN equalizer with the RP learning algorithm will be adopted for the rest 

of the chapter.  From the same figure, it can also be observed that both back propagation 

algorithms can outperform the LMS equalizer. 

 

The effect of equalization can be illustrated further from looking at the constellation diagram 

for 700 Km transmission as shown in Fig. 6.5.  It can be seen that ANN has the ability of 

condensing the constellation points at the centre of each constellation point compared to 

LMS, therefore it is considered that the ANN equalizer has improved performance. 
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Figure 6.5: Constellation diagram of the equalized performance. 

 

The effect of ANN equalizer on the BER performance per subcarrier is shown at Fig. 6.6, it 

can be seen that the ANN equalizer performs better for those subcarriers with higher values 

of BER. 

 

Figure 6.7 illustrate the effect of the proposed ANN equalization scheme on the OSNR 

penalty while transmitting CO-OOFDM signals over SMF that only considers the CD effect. 

The figure shows results of the BER against the transmission distance while fixing the OSNR 

value during all transmission distances to that required for achieving a BER of 10
-3

 at 400 

km, before and after the utilization of the proposed ANN equalization scheme. 
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Figure 6.6: Number of subcarriers versus BER, with and without utilizing the ANN equalizer 

for the SMF link. 

 

It can be realized that the transmission distance increases from 400 km (LMS) to 750 km 

(ANN) while maintaining a BER of 10
-3

, moreover from the OSNR vs. distance curve the 

corresponding OSNR-Min for 400 km is 10.5 dB and for 750 km is 12 dB, thus offering 1.5 

dB improvement when using the proposed ANN method with the RP learning algorithm. 

 

SMF dose not only include linear time invariant (LTI) impartment‟s such as CD; but it also 

suffers from non LTI impairments such as Kerr, FWM, and self phase modulation (SPM).  

Consequently, it is important to study the effect of the ANN equalizer on the transmission 

performance in the presence CD as well as fibre nonlinearities. 
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Figure 6.7: Transmission distance against BER, when ANN equalizer is used while 

considering only CD and fixing OSNR to 10.5 dB. 

 

 

6.5 Effect of ANN Equalizer on Transmission Performance over 

SMF Links 

 

In this section, the first set of the simulation results illustrate the effect of the ANN equalizer 

on the BER performance against the transmission distance while considering fibre non-

linearity and CD. 
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Figure 6.8: Transmission distance against BER with and without utilizing the ANN equalizer 

for the SMF link. 

 

For obtaining the results shown in Fig. 6.8, for each transmission distance the corresponding 

OSNR-Min which gives rise to 10
-3

 BER was adopted, therefore, it can be seen that ANN 

equalizer with RP learning algorithm is superior to the traditional LMS equalizer, moreover it 

can be seen from the Fig. 6.8 that ANN equalizer can proved an enhancement of the system‟s 

BER figure by an average of 70%, when compared with the LMS equalizer. 

 

Figure 6.9 illustrates the effect of the proposed ANN equalization scheme on the OSNR 

penalty while transmitting CO-OOFDM signals over SMF.  During simulations, the OSNR is 

set to OSNR-Min that is required for achieving a BER of 10
-3

 at 160 km transmission 

distance.  It is clear that with the aid of the ANN equalizer this distance is doubled to 320 km 
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while keeping the same BER penalty of 10
-3

, which means an improvement in OSNR of 

about 0.65 dB, see Fig. 6.9. 

 

 

Figure 6.9: Transmission distance against BER, when ANN equalizer is used while fixing 

OSNR to 10 dB. 

 

In the literature there are a number of  techniques for dispersion and Kerr non-linearity 

compensation [8].  The split step Fourier algorithm is one of them where signals are assumed 

to be propagating through a virtual fibre in the electrical domain.  The accuracy of this 

technique is highly dependent of the split step length and it can be a very computational 

expensive and inefficient, moreover it does not function under a low optimum launch power 

of -6 dBm such as that used in this chapter.  
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CD, and other non-linear impartments are together the limiting factor for SMF transmission 

systems, consequently the ANN equalizer has the ability to compensate effectively for both 

impairments regardless of the launch power condition, which is beyond the scope of this 

chapter.  For the adopted optimum modem parameter, which are illustrated in section (6.2.2), 

when comparing the proposed equalizer performance with that obtained in [37], it can be 

noticed that for a given transmission distance the split step length equalizer provides an 

average improvement in OSNR of about 0.1 dB , which is 6.5 times greater than the ANN 

equalizer.  

 

 

Figure 6.10: Transmission distance versus OSNR, for the proposed ANN equalizer and the 

equalizer proposed by [3] while transmitting through SMF links. 

 

This is because the non-linearity compensation algorithm [8] effectively compensates for the 

fibre Kerr non-linearities only; therefore, as explained previously utilizing the optimum 
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launch power reduces the Kerr non-linear effect to its minimum value, thus making the 

compensation algorithm effect almost negligible see Fig. 6.10. 

 

6.6 Conclusions 

 

For CO-OOFDM modem, an ANN based equalization method with the RP learning 

algorithm was proposed and simulated and proved to be more effective in combating CD 

when compared with the ANN equalizer with OSS learning algorithm and the traditional 

LMS equalization technique.  Considering SMF non-linearities, the aid of ANN equalizer 

reduces the BER value by an average of 70%, moreover doubles the transmission distance 

while not changing the OSNR value when compared with the LMS equalizer.  It was noticed 

that the proposed ANN equalization scheme can outperform the Fourier split step length by 7. 
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Chapter 7.  Conclusions and Future 
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7.1 Conclusions  

 

CO-OOFDM has been considered as a promising technique for future high-capacity optical 

networks, its practical application has been mainly determined by its tolerance to the optical 

fibre CD and susceptibility to the fibre nonlinearity particularly at high data rates and high 

optical power levels.  Therefore, addressing these technical challenges and increasing CO-

OOFDM system tolerance to CD and fibre non-linearities was the main focus of this thesis, 

for which, a comprehensive investigation (both theoretically and by means of simulation) 

have been undertaken in order to investigate the feasibility of the OOFDM technique in 

coherent optical transmission systems with and without the aid of artificial neural network 

equalizer.   

 

The thesis has discussed the concept of CO-OOFDM and Fast-OFDM, which are widely 

considered as long-term solutions for long haul networks.  CO-OOFDM systems are 

susceptible to SMF CD and nonlinearities, therefore in this thesis, extensive numerical 

investigations have been undertaken to optimize the proposed CO-OOFDM modem 

parameters such as the cyclic prefix, number of subcarriers, ADC associated clipping, 

quantization, and sampling speed, and the adaptive modulation, moreover the investigation 

were carried a step further to propose an ANN equalizer for CD and nonlinearities 

compensation.  

 

The second Chapter of the thesis provided a review of the OOFDM modem components 

including optical components associated with the IM-DD and coherent transmission, together 

with a description of the SMF link impairments and characteristics.  Whereas the need for 

equalization, in particular ANN based equalizers, as well as the concept of ANN including 
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neurons, artificial neural network different architectures, and training algorithms were 

covered in Chapter three.  

 

In Chapter 4, the optimum ADC key parameters were found for the AWGN channel, for CO-

OOFDM and Fast-OFDM modems, consequently the optimum clipping ratios and 

quantization bits were identified for various modulation formats up to 256-QAM and M-ASK 

format up to16-ASK when employing the Fast-OFDM modem.  It was shown that these 

optimum ADC parameters are modulation format dependant; therefore, clipping and 

quantization noises were considered to be negligible.  This finding is valuable for the 

practical design of optimum CO-OOFDM modems.  With the aid of the DCT, Fast-OFDM 

offers reduced complexity when compared with the conventional OFDM; moreover, Fast-

OFDM can be used in different application where bandwidth can be traded with the distance. 

The thesis next investigated the affects of modem key parameters on the transmission 

performance over SMF links.  As for CO-OOFDM modems, in comparison with employing a 

long cyclic prefix, the use of a large number of sub-carriers is more effective in combating 

the fibre CD.  

 

For a fixed number of sub-carriers, increasing the cyclic prefix length from 25% to 100% did 

improve the dispersion tolerance by a factor of 2.7 for lower data rates up to 25 Gbps.  It was 

shown that with SMF fibre non-linearities adopting 64 sub-carriers can increase the 

transmission distance when compared to 32 and 128 sub-carriers.  Employing a non-linearity 

compensation algorithm is more effective for higher launch power (i.e. 0 dBm), and higher 

data rates, than for lower launch power (i.e. -6 dBm). Moreover, with the use of the non-

linearity compensation algorithm the optimum number of subcarriers was found to be 64 sub-

carriers. 
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ADC sampling speed plays a significant role in determining the symbol period. Reducing the 

sampling speed can increase the symbol length and limit the number of high frequency 

components from propagating along fibre, which increases the CD tolerance.  However, for a 

fixed symbol length a lower sampling speed does not necessarily lead to CD improvement, 

since higher order modulation formats are needed to achieve the same data rate as the higher 

sampling rates.  Moreover, reducing the sampling speed further reduces the spacing between 

sub-carriers, thus resulting in increased FWM effect.  It was shown that employing adaptive 

modulation schemes have a unique feature of effectively utilizing the entire transmitted signal 

spectrum, thus addressing the amplitude distortion experience by all the CO-OOFDM sub-

carrier signals.  By doing so the link span was increased by factors of 1.4 and 1.2 and for 

dispersion only and both dispersion and fibre non-linearities cases. 

 

Chapter 6 has outlined the ANN equalizer design for the CO-OOFDM transmission system.  

The proposed artificial neural network based equalization method based upon the RP learning 

algorithm proved to be more effective in combating the CD when compared to the artificial 

neural network equalizer employing the OSS learning algorithm and the traditional LMS 

equalization technique.  Considering SMF fibre non-linearities, adopting the artificial neural 

network equalizer reduced the BER value by 70% and doubled the transmission distance 

while the OSNR value was left unchanged when compared to the traditional LMS.  It was 

observed that the proposed artificial neural network equalization scheme can outperform the 

split step length back ward propagation by a magnitude of seven. 
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7.2 Future Work 

 

Although extensive research has been undertaken in this thesis, a number of issues related to 

CO-OOFDM-based long haul transmission may still be worth investigating in the future.  

This research work is summarised as follow: 

 

 Experimental demonstration of CO-AMOOFDM transmission using real-time 

OOFDM transceivers: Real-time experimental demonstrations of AMOOFDM 

transmission is critical for evaluating the true potential of the AMOOFDM transmission,  

 

 Exploring the use of CO-AMOOFDM transmission in WDM- passive optical 

networks PONs using CO-OOFDM transceivers: Due to a number of issues related to 

passive optical networks (PONs) such as the utilization of cheap optical/electrical O/E 

and E/O converters, PON has been considered as a solution for LAN and MAN networks.  

As PONs are dominant technologies for today's access networks due to their mature 

standards and massive global deployment, the evolution of PON technologies and 

standards is also overviewed, their potential in coherent networks has not yet been 

explored for CO-OOFDM modems. 

 

 Investigating the effect of modem key parameters such as the CP, the number of 

subcarriers and the ADC parameters such as the sampling speed, clipping and 

quantization on the capacity versus reach performance of the Fast-OFDM modem 

when transmitting over SMF links: Fast-OFDM inherited an excellent energy 

concentration property of DCT, which results in an enhanced robustness to frequency 

offset when compared to conventional OFDM.  Furthermore because Fast-OFDM uses 
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only the real arithmetic, it has a reduced complexity thus implementation cost and 

increased resilience to in-phase/quadrature imbalance. 

 

 Utilization of Fast-OFDM for next generation (NG)-coherent PONs: Fast-OFDM has 

the ability to reduce frequency spacing between subcarriers by half in contrast to 

conventional OFDM.  Investigations on Fast-OFDM can trigger a new generation of 

bandwidth-efficient optical networks including a new breed of next generation (NG)-

Coherent passive optical networks (PONs). 

 

 Evaluate the performance of the wavelet transform CO-OOFDM in comparison 

with the conventional CO-OOFDM: In OFDM the modulation/ demodulation can be 

efficiently implemented using IFFT/FFT electronically.  On the other hand in the wavelet 

transforms (WTs) by which a signal is expanded in an orthogonal set called wavelets, 

where by the subcarriers orthogonality still can be reserved similar to the case of FFT 

OFDM, however, the basic functions are wavelets instead of sinusoids [158].  Since 

wavelets have finite length unlike sinusoids, which are infinitely long in the time domain.  

Therefore, WTs have both frequency and time localization, moreover, can provide better 

spectral roll-off and to remove the need for CP.  In addition, wavelets can provide more 

freedom in system design [158]; therefore, it is important to evaluate the performance of 

the wavelet transform OOFDM, and compare the performance with the conventional 

OOFDM for long haul networks.  
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