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Abstract 

In high data rate optical fibre communication networks, dispersion phenomenon 

plays a pivotal role. It is important to investigate the dispersion effects in a multi-

wavelength picosecond optical code division multiple access (OCDMA) system. 

This research is focused on the analysis of the effects of fibre dispersion on the 

OCDMA autocorrelation; and how these effects can be resolved in a tuneable way so 

that the originally recovered OCDMA autocorrelation function at the decoder 

receiver can be revived without further manual adjustment of fibre (SMF-28) cable 

lengths. The environmental effects and the subsequent mitigation process are also 

investigated further in this research. The chirp in OCDMA is examined 

experimentally and analytically in an initiative to find the more in-depth 

understanding of finely tuneable chromatic dispersion (CD) compensation technique 

in a coarsely compensated link by using semiconductor optical amplifier (SOA). A 

practical investigation was carried over a partially CD compensated 17 km 

bidirectional testbed between the University of Strathclyde and the University of 

Glasgow to perform the fine-tuning of CD adjustment using SOA. A 19.5 km SMF-

28 fibre spool was also used in an environmental chamber to investigate the 

temperature induced dispersion effects and subsequent mitigation. The tuneable 

dispersion compensation measures are vital to ensure the high data rate optical 

communication using an all-optical approach in future data network end-points 

where the advantages of ultra-high speed optical communication bandwidth are at 

present disrupted due to opto-electronic conversions commonly known as ‘electronic 

bottlenecks’.  
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Chapter 1 

Introduction 

 

1.1 Motivation 

Optical Time Division Multiplexing (OTDM) [1], has been developed 

together with Optical Code Division Multiplexing (OCDMA) [2] for use in fibre 

optic networks. In recent years, incoherent OCDMA based on two-dimensional 

wavelength hopping time spreading (2D-WH/TS) family of codes has attracted the 

attention of researchers [2] including our research group. In order to support and 

achieve large cardinality and a large number of simultaneous users, the 2D-WH/TS 

OCDMA uses multi-wavelength picosecond code carriers [3]. However, if not 

properly addressed, using picosecond code carriers can lead to undesirable dispersion 

effects [4] during data transmission. The motivation for this PhD research was to 

investigate the effect of dispersion on 2D-WH/TS OCDMA fibre transmission and 

find ways for its mitigation.  

To mitigate the dispersion impairments, a number of compensation 

techniques have been demonstrated using dispersion shifting fibres [5], fibre Bragg 

gratings (FBGs) [6], planar light-wave circuits (PLCs) [7], virtually imaged phased 

arrays (VIPAs) [8], and arrayed waveguide gratings (AWGs) [9].  
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The conventional method of CD compensation is often accomplished by 

using matching lengths of DCF modules. This method is time consuming and tedious 

and becomes difficult to implement if the fibre lengths are not known before hand or 

dispersion is changing due to environmental changing conditions particularly for the 

cases of multi-wavelength picosecond incoherent OCDMA system. There are several 

vexing issues, which may necessitate that the dispersion compensation mechanisms 

are tuneable in nature. For example, in almost all 40+ Gb/s systems, dispersion 

management with high accuracy is a necessity, preferably using tuneable dispersion 

compensators as discussed in [10]. 

In OCDMA systems, the multi-wavelength picosecond pulses are distributed 

within a data bit-width to form an OCDMA code. Due to CD or temperature-induced 

dispersion (TD), these short multi-wavelength pulses propagating in the optical fibre 

will be broadened and affected by a so-called time-skewing effect. As a result, at the 

receiver side, the recovered OCDMA autocorrelation function becomes distorted, as 

it changes its shape, notably its width. This can drastically influence the OCDMA 

system performance in terms of bit error rate (BER) and the total number of 

simultaneous users [11, 12]. Therefore, dispersion management is critical to maintain 

the system performance.  

1.2 Research Aims and Contributions 

The aim of this thesis was to investigate the use of SOA to mitigate the 

dispersion effects on 2D-WH/TS incoherent OCDMA autocorrelation and code 

carriers based on multi-wavelength picosecond pulses after traveling on optical fibre. 
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In addition, the effect of optical chirp on multi-wavelength code carriers was also 

investigated.  

In the investigation of CD, a fibre optic testbed connecting the University of 

Strathclyde and the University of Glasgow was used. To investigate the temperature 

induced fibre dispersion in optical fibre, an environmental chamber was used to set 

different temperatures for the optical fibre link under the test. 

The research contributions are: 

(1) To investigate for the first time, the use of SOA to mitigate the 2D-

WH/TS incoherent OCDMA autocorrelation broadening and skewing due to 

residual CD.  

(2) To investigate the temperature induced fibre dispersion, the 

experimental setup based on the 2D-WH/TS incoherent OCDMA and a 19.5 

km long CD compensated fibre link represented by a spool of fibre placed in 

an environmental chamber were built.  

(3)   It was experimentally demonstrated that, the fibre link when exposed 

to an increase in temperature, would alter the FWHM value of the recovered 

2D-WH/TS OCDMA autocorrelation based on picosecond multi-wavelength 

carriers. It was shown for the first time that the SOA could mitigate the 

observed amount of OCDMA autocorrelation broadening. Also shown that a 

dispersion compensated (DC) spool of fibre, when under an increase in 

temperature would make the link ‘over-compensated’ and a decrease in 

temperature would make it ‘under-compensated’. 
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(4) It was demonstrated for the first time the use of an SOA at the 

transmission side to control a recovered OCDMA autocorrelation function 

and its width at the receiver side by controlling the chirp of multi-wavelength 

ps OCDMA code carriers. The formula incorporating the chirp parameter C 

into mathematical description of the recovered OCDMA autocorrelation 

envelope composed of multi-wavelength code carriers were also developed. 

(5)  The effect of changing chirp value on the 2D-WH/TS OCDMA 

autocorrelation envelope and its width changes imposed by the SOA was 

investigated experimentally and by calculation. 

(6) It was investigated for the first time the use of an SOA for both, pre- 

and post- CD compensation, in order to mitigate CD effects in a fibre 

transmission link used by an incoherent OCDMA system based on multi-

wavelength picosecond 2D-WH/TS codes. 

1.3 Organization of the Thesis 

The thesis comprises of a number of Chapters with diversified issues all 

linked together coherently and cohesively. As for example, Chapter-1 deals with the 

main objective or aim of the thesis and emphasizes on the need for tuneable 

dispersion compensation in case of 2D-WH/TS OCDMA based on multi-wavelength 

picosecond code carriers. Chapter-2 describes the basic elements of configuring an 

incoherent OCDMA system much related to the research for later Chapters. 

Chapter-3 describes the basic theory of dispersion in optical fibre communication; 

and how this detrimental dispersion effect is manageable in a conventional manner. 
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Analysis of dispersion effect on 2D-WH/TS OCDMA based on multi-wavelength 

picosecond carriers is also highlighted. Chapter-4 reports for the first time an 

experimental investigation of using SOA to mitigate the CD effect on 2D-WH/TS 

OCDMA autocorrelation width, based on multi-wavelength picosecond carriers. 

Chapter-5 depicts for the first time an experimental demonstration of fibre 

temperature induced effects on the said system and the mitigation of these effects by 

SOA as an application. Chapter-6 investigates a technique to adjust the recovered 

OCDMA autocorrelation function FWHM width via a chirp control by using an SOA 

applied on carriers before the code transmission through the link. Chapter-7 

concludes the thesis with in-depth discussion about the future works in the areas of 

tuneable dispersion compensation for an incoherent OCDMA system.  
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Chapter 2 

Incoherent OCDMA System 

 

2.1  Introduction 

Advances in optics led to the development of optical fibre communication 

systems that support multiple types of traffic for the usage of mobile phones, cable 

TV, internet etc. Supporting all these devices as a baseband system requires the data 

to be sent by simple ways of turning the transmitter on and off [13]. However, this 

baseband system or in other word, the ‘access network’ faces tremendous challenges 

to handle the ever-increasing demand for capacity and speed in communication 

systems. Some of the challenges are the multi-service capability, protocols and cost 

issues. Fibre optics technology has a number of advantages in addressing the above 

issues with the implementation of different types of multiplexing techniques. In this 

Chapter, the need for data multiplexing, coherent and incoherent OCDMA, 

generation of 2D-WH/TS incoherent OCDMA coding, the OCDMA autocorrelation 

function, the requirement of multi-wavelength picosecond pulse as the code carriers 

will be discussed. 

2.2  Need for Data Multiplexing 

To transmit large amount of data is very important for many applications. 

Due to the limitations of opto-electronic signal processing (known as electronic-
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bottleneck) at the transmission and receiving ends of the network, multiplexing low 

speed data streams onto an optical fibre were developed to increase the data 

throughput [14]. Fibre optic communication systems use different multiplexing 

techniques e.g., optical time division multiplexing (OTDM), wavelength division 

multiplexing (WDM) and optical code division multiplexing (OCDM) to carry the 

data. WDM or OTDM techniques use wavelength or time-slots, respectively to 

perform the data multiplexing. The investigation mentioned in this thesis is focused 

on incoherent OCDMA using 2D-WH/TS with picosecond code carriers.  

2.3  Evolution of OCDMA  

CDMA technique originated in the context of radio frequency communication 

and it was applied first to optical domains in 1980s [15]. Researchers wanted to use 

the excess bandwidth in single-mode fibres towards the random asynchronous 

operation, where the centralized network controller would not be required. This 

technology enables multiple users to share the same transmission medium and media 

access control is greatly simplified. This system consists of optical source modulated 

incoherently (power) or coherently (field) with the user data [16]. The OCDMA 

system can be categorised broadly into two types, basing on the way a user’s code is 

applied to the optical signal.  

2.3.1 Coherent OCDMA 

 In a ‘coherent OCDMA’ approach, users’ codes are created via optical 

signal’s phase coding. Some examples of this scheme are spectral phase encoding 

(SPE-OCDMA) [17] and temporal phase encoding [18]. SPE-OCDMA is achieved 
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by spectral encoding of broadband spectrum of an optical pulse. Here, the code is 

generated by applying different phase shift patterns to each spectral component. In 

case of temporal phase coding, the code is generated by a sequence of pulses which 

are relatively phase shifted depending on the sequence of the optical code. The light 

pulses are required to have a coherence length greater than the chip length for 

coherent summation in the correlation process for a coherent OCDMA system [19]. 

The term ‘coherence’ means, the degree to which electromagnetic radiation 

maintains a near-constant phase relationship, both temporally and spatially. In case 

of light sources such as lasers, the waves are identical and in phase, thereby produce 

a beam of coherent light [20]. The time over which the phase relationship remains 

nearly constant is called the coherence time. The path length corresponding to the 

coherence time is known as coherence length [21]. The role of coherence on 

OCDMA system and its impact will be further discussed in Section 2.4 and 2.5. 

2.3.2 Incoherent OCDMA 

 On the other hand, in ‘incoherent OCDMA’, amplitude-modulated approach 

is deployed to generate OCDMA codes. Here, the intensity modulation and direct 

detection processes are involved. To adhere to the focus of this thesis, only 

incoherent OCDMA will be further discussed. The initial works related to the 

incoherent OCDMA system were reported in [22, 23, 24]. In [22], Hui proposed a 

model, based on a broadcast network, where the tapped delay lines were used for the 

generation and detection of optical patterns. Hui’s work also indicated the use of 

amplifiers and hard-limiters for the regenerations of weak coded optical pulses. 

Prucnal et al. demonstrated spread spectrum local area network (LAN) in [24], where 



9 

 

the foundation was laid for incoherent OCDMA system using different devices such 

as mode-locked laser, modulators, encoders /decoders and fibre. This type of system 

utilized optical fibres as delay lines for incoherent signal processing. The simplest 

mature optical encoders or decoders utilizing time spreading indicate the power 

splitter, fibre delay lines and power combiners for coding as shown in Fig. 2.1. Here, 

a bit interval Tb is divided into equal time-slots Tc also known as chips. As soon as 

the data bit, ‘1’ is sent to the encoder, the incoming signal is split into an optical 

pulse series with identical energy by the power splitter (1 × W). 

 

Fig. 2.1: Encoders / Decoders based on optical delay lines. 

The split number of pulses is equal to the code weight. These pulses are then, 

selectively delayed through the process of fibre optic delay lines, where the pulse 

positions pre-determined by a unipolar ‘code sequence’ spread through the assigned 

delay lines. Finally, with the help of power combiner (W× 1), the delayed pulses are 

combined to generate the encoded burst of optical pulses.  

2.4 1D and 2D Incoherent OCDMA Codes 

In the early development of incoherent OCDMA system, the focus was on 

getting unipolar codes having auto- and cross-correlation functions. For example, the 

optical orthogonal codes (OOC) [23, 25], prime codes (PC) and quadratic 
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congruence codes [26] were investigated. Later, the extended prime codes (EPC) 

[27], modified prime codes (MPC) [28] and extended quadratic congruence codes 

(EQCC) [29] were studied. These are ‘one dimensional’ codes and OOC has the best 

performance. OOCs are a family of (0, 1) sequences with desired autocorrelation and 

cross-correlation properties providing asynchronous multiple-access communications 

with easy synchronization and good performance in OCDMA communication 

networks [30]. From the functional point of view, an OOC (N, w, λa, λc) is a family C 

of (0, 1) sequences of length N and weight w and satisfies the following properties 

[31]: 

(1) Autocorrelation Property: ∑  𝑥𝑡  𝑥𝑡+
𝑁−1
𝑡=0      λa 

for any x ∈ C and any integer , 0 <  < N. 

(2) Cross-correlation Property: ∑  𝑥𝑡  𝑦𝑡+
𝑁−1
𝑡=0      λc 

for any x  y ∈ C and any integer .  

Here the numbers λa and λc are the auto- and cross-correlation constraints and 

(0, 1) sequences of an OOC are known as the code words. The size of the OOC is the 

number of code words. A one-dimensional (1D) code has inherent restriction on code 

length and weight. On the other hand, the two-dimensional codes (2D) operate in 

time and wavelengths domains and could overcome the limitations imposed by a 1D 

coding. Tancevski and Andonovic proposed a 2D time spreading integrated with 

wavelength hopping pattern [32]. In [32], the author showed that the codes 

constructed had an autocorrelation function with zero side-lobes and a cross-
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correlation of at most one by using prime codes. This improved the orthogonality 

condition compared to 1D prime sequences [33]. In general, a family of 2D OOC 

codes can be represented by five important parameters (N × M, w, λa, λc), where N is 

the code length in time domain, M is the number of available wavelengths, w 

represents code weight, and λa and λc correspond to autocorrelation and cross-

correlation values, respectively [33]. The above 2D family of OOC codes increases 

the cardinality with a smaller reduction in the user’s data rate, and at the expense of 

increased transmitter and receiver complexity [33]. A 2D-WH/TS coding approach 

can spread the codes in both time and wavelength domains simultaneously. This 

approach achieves high code design flexibility and code performance by placing the 

optical pulses at different chips across the bit period where each chip possesses 

different wavelengths and thereby makes a wavelength-hopping pattern [34]. 

Additionally, the obtained zero autocorrelation side-lobes in 2D-WH/TS system 

allow easy synchronization in between the transmitter and the intended receiver [34]. 

This is an approach using prime codes for both spreading and hopping results in a 

perfect needle-shaped autocorrelation function [32]. In this system, the sequence of 

codes is created by locating the pulses of varied wavelengths in different time chips 

by a hopping pattern [35]. As such, this type of codes can be represented by a 2D 

code matrix in the dimensions of wavelength and time where, the wavelength domain 

is divided into Nλ channels of wavelengths and the time domain is divided into NT 

chips [34]. As for the illustration, two code sequences of 2D-WH/TS matrix are 

shown in Fig. 2.2.    
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Fig. 2.2: Two code sequences for 2D-WH/TS OCDMA. Bit period is divided into NT 

chips and code sequences are formed by placing w pulses of different wavelengths 

Nλ in them. 

In case of incoherent OCDMA systems, MAI is the dominant noise and the 

effect of beat noise is minimal [33]. Because, the impact of beat noise in incoherent 

OCDMA system is gradually eliminated with increasing coherence ratio, where the 

coherence ratio is defined as the ratio of the chip duration to the coherence time of 

the light source [36]. Beat noise is also known as interferometric noise (IN) and the 

classes of IN and their impact on the OCDMA system performance is discussed in 

[37]. How the IN introduces significant system power penalties is shown in [38] as 

an example. It is also mentioned in [38] that this IN must be taken into consideration 

in any OCDMA network designs and implementations. Incoherent OCDMA systems 

use unipolar codes. Because, in these systems, the optical encoding /decoding 

operation is performed based on the signal power as such it works in unipolar 

manner (1, 0), where, ‘1’ means the presence of a signal and ‘0’ means no signal at 

all.  

2.5  2D-WH/TS Incoherent OCDMA Coding 

An incoherent OCDMA system requires very narrow optical pulses as code 

carriers to achieve large cardinality [39]. The generation of 2D-WH/TS incoherent 

OCDMA codes was demonstrated by utilising the multi-wavelength lasers thereby 

Nλ Nλ

NTNT
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providing short pulses at varied wavelengths [40]. However, the multi-wavelength 

sources using array of lasers are limited having higher complexity mainly for 

controlling a large number of lasers [41]. As a result, the system cost rises for using 

multi-wavelength laser sources at each node. A broadband optical source (broad 

optical bandwidth) spectrally sliced for achieving a multi-wavelength output was 

also demonstrated in [42]. In 2D-WH/TS incoherent coding scheme, the optical 

source should be high speed for temporal spreading and spectrally broadband for 

spectral coding [43, 44, 45]. Moreover, the source should have a relatively short 

coherence time compared with the pulse duration to achieve incoherent superposition 

of the decoded optical pulses [46]. The impact of laser source coherence time on bit 

error rate (BER) and autocorrelation function performances of a direct sequence 

OCDMA system was studied in [47]. An OCDMA system can use either coherent 

(Laser, Super-Continuum Laser and Mode Locked Laser, etc.) or incoherent (LED, 

ASE from EDFA and SOA, etc.) optical sources [48]. As for example, a variety of 

wideband incoherent sources such as amplified broadband spontaneous emission was 

used for incoherent OCDMA architecture [49, 50]. Some other architecture of 

incoherent 2D-WH/TS OCDMA deployed an erbium doped fibre mode locked laser 

in combination with an optical supercontinuum generator to generate optical 

supercontinuum. As such a supercontinuum source consists of a pulsed laser and a 

non-linear element where a combination of non-linear effects broadens the narrow-

band laser radiation into a continuous spectrum without destroying the spatial 

coherence of the laser light [51]. The optical supercontinuum generator (OSCG) 

consisting of a high-power erbium doped fibre amplifier and dispersion decreasing 

fibre (DDF) can generate short optical pulse over a broad spectral range. Earlier, self-



14 

 

phase modulation following self-focusing and optical breakdown as well as four 

wave mixing were thought to be the main mechanism for supercontinuum (SC) 

generation [52]. SC generation is now believed to be a result of the complex 

interplay of diverse phenomena due to the third-order nonlinear susceptibility, as 

well as ionization and plasma generation for the anomalous dispersion regime [53]. 

A number of multi-wavelength picosecond pulses can thus be produced 

simultaneously by spectral slicing (filtering out the wavelengths of interests) by 

using 2D-WH/TS FBG encoders [54, 55]. As for example, a ps ML Laser centred at 

1545 nm can generate the SC wave beyond 1551 nm and then be spectrally sliced to 

required wavelengths by the FBG encoder. The following Fig. 2.3 shows a schematic 

demonstrating a FBG-based WH/TS encoder. An optical pulse from a broadband 

source like OSCG passes to a series of FBGs via an optical circulator to produce 2D-

WH/TS codes. This is the approach used in the experimental investigations described 

in this thesis [40].   

 

Fig. 2.3: 2D-WH/TS Encoder with four wavelengths λi in the code using FBG 

technology; OC – optical circulator, Di – optical delay. 

The WH/TS encoders have also been implemented using some other 

technologies as narrated in [34]. As for example, the use of arrayed waveguide 
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gratings (AWGs) or thin-film filters (TFFs) was demonstrated for the wavelength-

hopping processes, while set of fixed or tuneable delay lines was used for the control 

of time-spreading process [56, 57]. Figure 2.4 shows a simple implementation of a 

WH/TS en/decoder using two AWGs: (1 × N wavelength de-multiplexer and N × 1  

 

Fig. 2.4: 2D-WH/TS Encoder and Decoder with four wavelengths in the code using 

AWG technology. 

wavelength multiplexer) with fixed or tuneable delay lines in between them [34]. As 

described in [42], the encoder made of AWG was used for de-multiplexing the input 

spectrum, which was followed by different lengths of fibre loops. The delays and 

spectral components’ amplitude were utilised to define the WH/TS codes by 

recombining the same waveguide gratings in a feedback configuration [58]. The 

switched delay lengths enable to program the encoder to have varied prime-hop 

codes. After transmission through dispersion shifted (DS) fibre link, the received 

signal was passed through a decoder just identical to the encoder with conjugate 

delay loops where the time-spread and spectral coded data was collapsed and the 

original data was recovered. In another example, en/decoders based on chirped Moire 

gratings (CMGs) and holographic Bragg reflectors (HBGs) combine wavelength 

hopping and time spreading into a single process [34]. Table 2.1 shows a comparison 

of advantages /disadvantages of different types of OCDMA en/decoders. 
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Table 2.1: Comparison of Advantages /Disadvantages for Different Types of OCDMA 

Encoders /Decoders [41]: 

 

 

FBG CMG AWG Integrated 

Holographic 

En/Decoder 

Thin-Film Filters 

All-fibre 

en/decoding. 

Composed of 

superposed 

linearly 

chirped 

FBGs. 

Low 

insertion 

loss. Consists 

of a phased 

array of 

optical 

waveguides. 

Basic building 

block is 

holographic Bragg 

reflector (HBR). 

Can be considered as 

Fabry-Perot (FB) 

etalons with multiple 

reflective dielectric 

thin-film layers to 

form the mirrors 

surrounding the FB 

cavity.  

Support 

reconfigurable 

systems using 

tuneable 

devices. 

The number 

of codes are 

limited. 

Independent 

control and 

delay of each 

wavelength 

is forbidden. 

Entire 

en/decoder is 

waveguide 

integratable 

resulting in a 

smaller 

footprint.  

Provides excellent 

channel specific 

pass-band control 

like thin film filters 

and FBGs. 

Flexible, low loss, 

passive temperature 

compensation, 

provide lowest-loss 

solution at low 

channel count. 

Insensitive to 

polarization and 

stable to temperature 

variations. 

Can generate 

WH/TS codes. 

Enable use of 

a single 

passive 

grating 

structure to 

implement 

WH/TS 

codes. 

Can generate 

WH/TS 

codes. More 

mature 

technology 

than FBG. 

Ability to provide 

both spectral 

slicing and 

temporal delay 

simultaneously 

implies that HBR-

based WH/TS 

en/decoders can be 

made very small. 

Can be used for 

WH/TS en/decoders. 

Increased code 

matrix size can be 

used for better 

system performance. 



17 

 

2.6 2D-WH/TS Incoherent OCDMA Autocorrelation Function 

In a broadcast network, the signals transmitted from all the transmitters are 

received back by the 2D-WH/TS OCDMA decoder. The decoder correlates the 

received signal with the code sequence assigned to that receiver and in this process; 

it will undo the time spreading by aligning the wavelength carriers back in time on 

top of each other, thereby producing the autocorrelation function. Here, the decoder 

removes all delays that are imposed on individual code carriers by the encoder [59]. 

Autocorrelation envelope’s height as shown in Fig. 2.5 is equal to combined power 

of all individual wavelength pulses (code weight - w) that formed the autocorrelation 

envelope or function. In the investigations, the autocorrelation function 𝑆𝑇
𝐿(t) was 

used to describe 2D-WH/TS OCDMA autocorrelation envelope as 

 

        (a)                                                 (b) 

Fig. 2.5: Illustration of the recovered OCDMA autocorrelation function at the 

decoder. (a) Two-dimensional wavelength-hopping time-spreading (2D-WH/TS) 

transmitted OCDMA code; (b) Recovered OCDMA autocorrelation - ideal case.  

mentioned in [12] to further analyse the varied effects on it which will be elaborately 

described in subsequent Chapters 3 to 6.  
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2.7  Why Use Picosecond Multi-Colour Pulses as Code Carriers? 

2.7.1 Generation of Ultra-Short Pulses 

Lasers as the light source are used for their very short spectral widths in most 

single mode fibre system [60]. The short optical pulses can be generated by several 

methods such as Q switching [61], mode locking [62], gating of Continuous Wave 

(CW) light by an external modulator [63] and gain switching [64]. Generation of 

ultra-short pulses required for incoherent OCDMA system under investigation in this 

thesis uses mode locked laser. The laser output occurs at discrete numbers of 

wavelengths corresponding to different modes (resonant frequencies) of the 

resonator. The various frequencies will interfere with each other if there is no fixed 

phase relationship between these modes resulting in fluctuations at the output over 

time. However, the laser will emit a train of narrow light pulses due to constructive 

and destructive interference by fixing the relative phases of these modes, which is the 

basic principle of mode locking [65]. The shorter the duration of the mode-locked 

generated pulses will be for larger the band of frequencies (the gain bandwidth) over 

which the laser oscillates. Active, passive and hybrid mode locking techniques are 

further described in [65]. How the ps ML Lasers can generate shorter pulse widths by 

mode locking a laser can be understood from [66, 67, 68]. 

2.7.2 Spectral Efficiency in OCDMA System 

The basic definition of ‘spectral efficiency’ is a fundamental performance measure 

for an optical communication system and specifies the overall throughput per unit of 

optical bandwidth associated with a fixed bit error rate (BER) [69]. 
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∑BER = 

𝑁𝑈𝑅

𝐵0
                     (1) 

Here, 𝑁𝑈 is the number of simultaneous users emitting at a bit rate R and 𝐵0 is the 

optical bandwidth occupied by the system. The highest performance systems are 

generally those that achieve the largest spectral efficiency at identical BER. In an 

investigation as mentioned in [69], it was shown that the maximum spectral 

efficiency of OCDMA systems with coherent sources is at least a factor of 5 higher 

than OCDMA systems with incoherent sources. In [70], the spectral efficiency of 

direct detection OCDMA system using both coherent and incoherent optical sources 

were evaluated. It was found that the DS-OCDMA system had the highest spectral 

efficiency in the coherent configuration. However, for incoherent case, the maximal 

spectral efficiency was obtained with SAC-OCDMA system. However, a careful 

code design may increase spectral efficiency, as for example, in [71], a multi-

dimensional OCDMA scheme was proposed to obtain both higher spectral efficiency 

and lower bit error probability (BEP). 

2.7.3 Requirement of Ultra-Short Pulses in OCDMA 

For an incoherent OCDMA system, each user is assigned a unique signature, 

i.e., a code of length ‘N’ selected from optical orthogonal code (OOC) set [33]. At 

the receiver site, each user is distinguished by its own signature from the encoded 

data of all users because of appropriate auto- and cross-correlation properties of these 

codes. The bit-time Tb is divided equally into ‘N’ smaller chip times, expressed as Tc. 

Now a user’s signature code specifies ω out of N chips to contain an optical pulse 

with duration of Tc. Here, ω is the code weight. The data of different users in OOC-
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OCDMA system cannot be completely orthogonal for the unipolar characteristics of 

optical intensity based OCDMA system. As such, a new concept of threshold known 

as maximum collision parameter is defined for OOC. The parameter κ is the 

maximum allowed number of chip collisions of any code word with the circularly 

shifted version of itself or other code words [72]. The code length must increase in 

order to increase the number of code words available to support more network users. 

Nevertheless, to increase the code length and at the same time maintain the 

unchanged bit rate, it requires the use of shorter duration optical pulses, which 

means, the reduced chip time. Consequently, it is required to choose the temporal 

width of laser pulse equal to or shorter than the chip width. However, the use of 

shorter laser pulse is preferable to achieve better system performance, because the 

unwanted overlap of these shorter pulses by OCDMA codes will decrease [35].  

It is important to consider the spectral widths. Since the pulses get narrower, 

the corresponding spectral widths also increase. In fact, for each pulse width there is 

corresponding minimum spectral width. As such, transform limited pulses are 

required. Otherwise, the dispersive effects will be much greater causing the pulse to 

spread out in time domain, thereby reducing the transmission length of the signal if 

the spectral width is wider than its minimum value [65]. Another important reason 

for choosing the short multi-colour pulses as the coding scheme can be explained as 

follows: 

In comparison to the electronic bipolar codes (conventional), such as Gold 

codes [73], the cross-correlation function for the unipolar codes is high and the 

number of codes in the family is very low. As such, long sparse codes having very 
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few ones with narrow pulses help to achieve greater number of users and high 

transmission capacities [74]. As mentioned in [75] that the wavelength numbers’ 

combination, code weight, the time-chips number and the optical pulse widths 

determine the code performance metrics. Also highlighted in [76, 39] that, to 

increase the number of chips within the 2D-WH/TS code, the chip width must be 

reduced. However, in practice, this will require to reduce the code carrier 

wavelength’s pulse duration or width, which might be rather broadened due to 

dispersion effects if not properly compensated. At this point, it is required to know 

how the chromatic and temperature related dispersions affect the ‘optical code 

widths’ (one important parameter for the code performance metrics) for the cases of 

incoherent OCDMA transmission, which will be studied in the subsequent Chapters 

of this thesis.  

2.8 Discussion 

Incoherent OCDMA is a promising multiplexing technique, which is suited 

for future access networks. It has some inherent advantages such as: asynchronous 

transmission, flexibility, scalability, quality of services etc. In this Chapter, the basic 

concept of an incoherent 2D-WH/TS OCDMA system including the various system 

components for its operations was discussed. A simplified code generation concept 

using the encoder-decoder pairs, as the very important part of this system, was also 

enumerated. The literature reviews also mentioned about the categories of OCDMA 

system and different code types. Different en/decoding methods were also denoted. 

Finally, the importance of maintaining the short multi-wavelength picosecond 

OCDMA code carriers to maintain the code performance metrics was highlighted. 
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How the effect of dispersion plays an important role in fibre optic communication in 

general and then on 2D-WH/TS incoherent OCDMA based on multi-wavelength 

picosecond carriers will be discussed next as the control of dispersion is very 

important for the systems performance metrics.  
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Chapter 3 

Fibre Dispersion and Its Effect on Picosecond 2D-WH/TS 

OCDMA 

 

3.1  Introduction 

The information encoded in optical signal transmits over long distances via 

fibre optic communication system. While a non-monochromatic impulse of light 

transmits through a fibre line, its shape changes because of light wave speed 

dependence on multiple factors producing transmission impairments in the network. 

In case of transmission speeds greater than 3 Gb/s, the transmission impairment such 

as dispersion plays a vital role for larger distances and as such, the system becomes 

dispersion-limited [77]. Dispersion is in fact the spreading out of light pulses while 

they travel along a fibre line. Like attenuation, dispersion can limit the distance a 

signal can travel through an optical fibre, but it does so in a different way. Dispersion 

does not weaken a signal, rather it ‘blurs’ it. If one sends one pulse every nanosecond 

but the pulses spread to 10 ns at the end of the fibre, they blur together. The signal is 

present, but it is so blurred in time that it becomes unintelligible. In systems that 

carry multiple wavelengths, dealing with CD is more complex. As for example, 

WDM systems require the management of dispersion over the entire range of 

wavelengths that are transmitting optical channels. For multi-wavelength picosecond 

OCDMA system, the code carriers are formed of varied wavelengths spectrally 
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separated from each other. Hence, dispersion management on this type of system is 

also important to ensure optimum BER performance. This Chapter discusses the 

causes of fibre dispersion, different types of it, fibre characteristics changes because 

of temperature, some important parameters, common techniques of dispersion 

compensation, tuneable dispersion compensation, chirp effects on fibre and a short 

mathematical analysis of effects of chromatic dispersion (CD) on 2D-WH/TS 

OCDMA based on multi-wavelength picosecond code carriers. 

3.2  Chromatic Dispersion as Transmission Impairment 

When a pulse of light passes through a fibre optic cable, the aperture, core 

diameter, wavelength, refractive index profile, laser linewidth properties etc. cause 

the optical pulse broadening [78]. This is a well-known effect and is one of the main 

impairments limiting optical fibre systems performance. Optical fibres are optimized 

for their operation for particular wavelength of use. As the optical pulse moves down 

the fibre, longer wavelengths travel faster in comparison to those of shorter 

wavelengths and as a result, the spreading of optical pulse occurs as shown in 

Fig. 3.1. 

 

Fig. 3.1: Optical pulse broadening. 

The refractive index of a material is defined as the ratio of light speed in a 

medium to that in a vacuum. The effective refractive index for fibre is about 1.45. 
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However, the refractive index and hence the light speed in fibre is wavelength 

dependent [79]. The graph for refraction index changes vs the change in wavelength 

for a fused silica can be represented as in Fig. 3.2. Optical pulses propagating at 

shorter wavelengths have an effect of larger refraction indices on the silica fibre than 

for the cases of longer wavelengths. Hence, the lights for different wavelengths 

 

Fig. 3.2: Graph for refractive index vs wavelength for a fused silica. 

travel at different speeds. The less the monochromatic light from the transmitter, the 

more the velocity difference will be among the wavelength components of longest 

and the shortest ones propagating through the fibre [77]. The light sources such as 

LED diode and diode lasers are characterized by the ‘spectral width’. As for 

example, a Fabry Perot (FP) laser has 2 nm, a single-mode laser has 0.1 nm, and a 

DFB Bragg laser has 0.05 nm spectral width [77]. It can be said that, the smaller the 

bandwidth for a light source, the smaller will be the dispersion effects. As such, the 

DFB lasers produce the smallest CD in a fibre optic propagation. Typically, the CD 

is expressed in nanoseconds or picoseconds per (km-nm). CD consists of two parts 

namely waveguide dispersion and material dispersion. The refractive index of a 

medium is related to the speed of light with the following expression: 
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n = c / v                                        (3.1) 

Here, n is the refractive index, c is the light speed in vacuum and v is the speed for 

the same wavelength as seen in the material. The refractive index changes in 

accordance with the wavelength, since the value of v as seen in Eq. (3.1) changes for 

each wavelength. As such, dispersion from this kind of phenomenon is known as 

material dispersion as it arises from the material fibre properties [80]. Material 

dispersion deals with ‘wavelength’ dependence on the ‘index of refraction (IOR)’ of 

the glass. On the other hand, ‘waveguide dispersion’ deals with the ‘waveguide’s 

physical structure’. The wavelength of the light is not much bigger than the fibre core 

in a single mode fibre. As a result, when the light travels down the fibre, it travels 

beyond the areas of core diameter known as “mode field diameter (MFD)”. MFD is 

related to the light wavelength where the longer wavelengths travel in a larger mode 

field diameter (Fig. 3.3). As a result, a part of light travels in the fibre geometric core 

 

Fig. 3.3: Mode field diameter for different wavelengths. 

and the other part travels in the cladding. As the glass core has a higher refractive 

index than the cladding, the light travels faster in the cladding than the light in the 

core. Since longer wavelengths have larger MFD, they suffer more material 

dispersion [79]. The waveguide dispersion depends on the following parameters [81]: 

(1) Refractive index difference ∆n, between the core and the cladding.  

Shorter 

Wavelength

Longer 

Wavelength
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(2) Core diameter - since with the decrease in core diameter, the 

dispersion increases in general. 

(3) Fabrication of the optical fibre. 

It is possible to change substantially the waveguide dispersion by the alteration of the 

internal fibre structures thereby changing the overall dispersion parameter of the 

fibre [80]. Depending on the wavelengths of transmission, the ‘material’ and 

‘waveguide’ dispersions can be opposite in signs. These two cancel each other at 

1310 nm showing zero-dispersion and makes possible the transmission of very high-

data communication at this wavelength [78]. However, fibre glasses exhibit 

minimum attenuation at 1550 nm which is also the operating range for EDFA. As 

such, zero-dispersion-shifted fibres are developed where the zero-dispersion property 

of 1310 nm has been shifted to the telecommunication window of 1550 nm ensuring 

high bandwidth long distance communication. This shift is possible by changing the 

waveguide design i.e., increasing the magnitude of waveguide dispersion [78]. 

The important characteristics for silica-based fibre are: the refractive index, 

dispersion and temperature induced dispersion which are important for the 

transmission system design. The fibre optic cables can be exposed to various 

environmental situations, such as: temperature, humidity and wind, which might be 

laid out as underground, aerial or inter-city ducts. The temperature variations as seen 

in Table-3.1 [82], can change the index of refraction of the fibre. The increase in 

fibre temperature does not remain uniform for all the wavelengths which results in 

varied wavelength speeds while propagation. As such, the refractive index change 

due to variations in temperature will modify the CD amount that the optical pulse 
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Table 3.1: Environmental Conditions of Aerial Fibre [82]. 

Location Average Minimum Temperature Average Maximum Temperature 

New York -8 ºC 25 ºC 

Arizona 5 ºC 39 ºC 

Florida 10 ºC 30 ºC 

Wisconsin -33 ºC 39 ºC 

 

experiences. The temperature dependant chromatic dispersion for silica fibre was 

computed to be -1.5 ps /nm /km / ⁰K by calculating the Sellmeier coefficient as 

mentioned in [83]. In the same paper, the temperature dependence for zero-

dispersion wavelength was found linear and computed as, dλ0/dT = 0.025 nm / ⁰K. 

The analysis also reports that dλ0/dT is dominant for core-glass material of fibre 

instead of its design.  

3.3  Dispersion Parameters and Group Velocity Dispersion 

It is required to know some definitions such as ‘phase velocity’, ‘group 

velocity’, ‘group velocity dispersion (GVD)’ related to the phenomena of material 

dispersion [77].  

3.3.1 Phase Velocity 

Let us consider a plane wave (monochromatic) propagates along the z-axis in 

an infinite medium as represented in Fig. 3.4 and expressed as [84]: 

E (z, t) = E0 cos (kz  ωt)                (3.2) 



29 

 

 

Fig. 3.4: Representation of Phase Velocity. 

Now, selecting a point (at the amplitude crest) and analysing its movement, it 

is assumed that this point keeps a constant phase: 

kz  ωt = const                (3.3) 

from where, the velocity of this point can be found: 

k 
𝑑𝑧

𝑑𝑡
 – ω = 0                 (3.4) 

or v = 
𝑑𝑧

𝑑𝑡
 = 

𝜔

𝑘
                 (3.5)

 Hence, the ‘phase velocity’ is defined as the velocity of the wave of the 

constant phase for a given mode and from Eq. (3.1) and (3.5): 

 v = 
𝑐

𝑛
 = 

𝜔

𝑘
                (3.6) 



30 

 

3.3.2 Group Velocity 

Group velocity is defined as the propagation speed of a pulse in a medium. If 

two plane waves are considered with varied parameters but equal amplitude 

propagating through the medium, the following expressions can be found [84]:  

E1 (z, t) = E0 cos (k1 z – ω1 t),  

E2 (z, t) = E0 cos (k2 z – ω2 t)                                    (3.7) 

Considering the variations of frequencies and wavenumbers by 2Δω and 2Δk, the 

following expressions can be found:    

ω1 = ω + Δω, ω2 = ω – Δω               (3.8)     

k1 = k + Δk, k2 = k – Δk               (3.9) 

Now, performing the superposition of these waves results in:  

E (z, t)  = E1 (z, t) + E2 (z, t) 

= E0{cos[(k + Δk)z − (ω + Δω)t] + cos[(k − Δk)z − (ω − Δω)t]} 

=2E0cos(kz − ωt)cos(Δkz − Δωt)            (3.10) 

The Eq. (3.10) is a representation of a wave, the carrier frequency of which is ω and 
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Fig. 3.5: Representation of Group Velocity. 

it is modulated by a sinusoidal envelope at beat frequency Δω (Fig. 3.5). The phase 

velocity of this carrier wave is, v = 
𝜔

𝑘
  and the envelope moves at a velocity:  

        vg =  
Δ𝜔

Δ𝛽
    

𝑑𝜔

𝑑𝑘
                      (3.11) 

In free space, ω = kc (known as dispersion relation), the group velocity is vg = 
𝑑𝜔

𝑑𝑘
 

= c. Important to note that, in case of a free space (vacuum), the phase (v) and group 

velocities (vg) are identical. However, in a medium, the dispersion relation, i.e. ω = 

ω(k) dependence is a complicated function. For the propagation of light in fibre optic 

medium, the group velocity in fibre takes the form as [77]: 

 vg = 
𝑑𝜔

𝑑𝛽
                  (3.12) 

where, β is the propagation constant. 
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3.3.3 Group Velocity Dispersion 

 From Fig. 3.2, the dependence of fibre refractive index on wavelength 

suggests that the shorter waves (blue) which are characterized by larger refractive 

index, move slower (supported by Eq. 3.6) than the longer waves (red). This is a 

simplified statement for the cases of ideally monochromatic planar waves. It is 

important to consider the phase Φ(ω) of the wave propagating on the optical path L 

through a fibre characterized by refractive index n(ω) mainly to analyse the group 

velocity, the group velocity dispersion (GVD) and the dispersion coefficient DCD.  

 Now, from further analysis as mentioned in [77], the electric field intensity in 

the frequency domain Ê (r, ω – 𝜔0) can be represented by the following expression: 

 Ẽ(r, ω – 𝜔0 ) = 𝐹 (𝑥 , 𝑦) Ã (𝑧, 𝜔 – 𝜔0) 𝑒𝑥𝑝 (𝑖𝛽𝑧)          (3.13) 

Here, 𝐹 (𝑥 , 𝑦) defines the field distribution in the plane, which is perpendicular to 

the z-axis, Ã (𝑧, 𝜔 – 𝜔0) defines the slowly varying electric field along the direction 

(z-axis) of optical signal propagation and 𝛽 is the propagation constant, which 

corresponds to the wave vector for the planar wave in vacuum. 𝛽 is one of the most 

important parameters for the wave propagation through an optical fibre and can be 

represented as: 

 v = 
𝑐

𝑛
 = 

𝜔

𝛽
                (3.14) 

The term 𝑒𝑥𝑝 (𝑖𝛽𝑧) as mentioned in Eq (3.13) defines the changes of phase Φ(ω) 

and for the optical signal moving a distance L, using Eq. (3.14), the phase change can 

be expressed as: 
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 Φ(ω) = 
𝜔𝑛(𝜔)

𝑐
 L              (3.15) 

To know more about Φ(ω), it can be expanded in Taylor series around the central 

frequency 𝜔0 as [77]: 

   Φ(ω) = 𝛷0 + ( 
𝑑𝛷

𝑑𝜔
)(𝜔 – 𝜔0) + 

1

2
 ( 

𝑑2𝛷

𝑑𝜔2
)(𝜔 – 𝜔0)

2 + 
1

6
 ( 

𝑑3𝛷

𝑑𝜔3
)(𝜔 – 𝜔0)

3    (3.16) 

The optical pulse 𝐴(𝑧, 𝑡) in time domain is related to the frequency domain spectrum 

Ã𝑧(𝑧, 𝜔 – 𝜔0 ) by the following expression (Inverse Fourier Transform): 

 Ê(r, ω – 𝜔0 ) = 
1

2
  ∫ 𝐴(𝑧, 𝜔 – 𝜔0 )𝑒

𝑖𝛷(𝜔) 𝑒−𝑖𝛷(𝜔 – 𝜔0)𝑡𝑑𝜔 
∞

−∞
        (3.17) 

Now, by substituting Eq. (3.16) into Eq. (3.17), as discussed in [77] that, the first 

term 𝛷0 has no influence on the propagated pulse’s temporal shape and has an 

influence only on the phase shift. The second term does not have any effect on the 

pulse’s temporal shape; rather it generates the time delay of the propagated pulse 

through the medium. This can be obvious by comparing the first derivative of Eq. 

(3.15) with the group velocity, vg as mentioned in Eq. (3.12): 

    
𝑑𝛷

𝑑𝜔
 = 

𝑛

𝑐
 (1 +  

𝜔

𝑛
 
𝑑𝑛

𝑑𝜔
 ) L = 

𝑑𝛽

𝑑𝜔
 L = 

𝐿

𝑣𝑔
 = tg                  (3.18) 

Here, tg is the time required by the spectral component moving at the group velocity 

vg to cover the distance L. The third term [ 
1

2
 ( 

𝑑2𝛷

𝑑𝜔2
) (𝜔 – 𝜔0)

2 ] in Eq. (3.16), has 

an influence on the temporal shape of the optical pulse. Now, assuming  = 
𝑑2𝛷

𝑑𝜔2
 = 
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constant and substituting this value to Eq. (3.17), the following expression can be 

obtained [77]: 

  E′ (t) = 
𝐸0

√2+𝑖 
 𝑒−𝑡

2/ 2 ′ 2 𝑒
𝑖 


2
 
𝑡2

2 ′ 2
 
           (3.19) 

Here, the modified pulse duration in time-domain is: 

 c = 0 √1 + 
 𝑐
4

 0
4               (3.20) 

Where, c = √|| = √(
𝑑
2
𝛷

𝑑𝜔2
) L = √𝛽2𝐿                       (3.21) 

From the above analysis, it is understandable that the nonlinear term  

[ 
1

2
 (
𝑑2𝛷

𝑑𝜔2)(𝜔 – 𝜔0)
2] results the temporal broadening and this broadening happens 

due to different group velocities for different wavelength components of an optical 

pulse which cover the optical path L in different times. This effect is known as GVD 

[77]. It is also summarized in [77] that, the GVD effect becomes important for pulses 

of picosecond time scale or shorter. The nonlinear effects of the refraction index 

begin to play an important role in fast optical transmission speeds > 100Gb/s. It was 

also mentioned that, fast transmission requires fast modulation and this fast 

modulation generates pulses in the form of quasi-monochromatic wave packet in a 

given spectral range. As because the refraction index n(ω) of every material depends 

on the radiation frequency, every frequency component in the pulse propagate with a 

bit different group velocity vg. The wider spectral range, the larger would be the 

GVD. 
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3.4  Dispersion Management Techniques 

In high bit rate digital communication, it requires short optical pulses as data 

carriers. However, effective management of optical pulse broadening of these shorter 

and shorter pulses and the subsequent inter-symbol-interference due to dispersion 

effects becomes increasingly challenging. The conventional way to reduce the 

chromatic dispersion is to apply optical fibres with high negative CD coefficient 

known as ‘dispersion compensation fibre (DCF)’ [85]. DCF becomes the part of the 

total fibre length, which is usually one sixth of the total length. DCF in fact 

compensates the delays of the individual light impulses at varied wavelengths. 

Normally the dispersion coefficient of DCF is equal to ‘four to eight times’ 

compared to that of SMF fibre. To get this higher dispersion level, the diameter of 

the DCF fibre core is reduced which produces the transmission loss and limits the 

optical power; that can be transmitted effectively through the optical fibre [86]. 

These DCF fibres have higher attenuation, which are about 0.5 dB/km (roughly 2~3 

times that of SMF) and susceptible to nonlinear effects [87]. Another commonly used 

cost-effective method of dispersion compensation is the usage of fibre Bragg gratings 

(FBGs). However, the control of FBG chirp is the key to achieve very fine dispersion 

compensation [88]. In case of the chirped fibre Bragg grating (CFBG), a grating is 

written near to the fibre core where the index of refraction varies periodically along 

the grating length [89]. The spectral signal components, which propagate faster, are 

reflected later by the grating producing a longer delay; on the other hand, the spectral 

components propagating slower are reflected earlier. As an outcome, the optical 

pulses are compressed and dispersion compensated, which are reflected from the 

CFBG and using the optical circulator, these can be subtracted. One important 
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advantage of FBG based dispersion compensation modules (FBG-DCM) is lower 

insertion loss (IL). As for example, a FBG-DCM has IL in the range of 2 to 4 dB, 

while an equivalent DCF has IL of 10 dB or higher [86]. IL originates in DCF mainly 

due to the attenuation of the DCF fibre itself as the core diameter is reduced to get 

the desired dispersion compensation (DC) as mentioned earlier resulting in linear 

increase of IL with the span length. On the other hand, as the length of FBG is very 

short, it has only a fraction of the total loss. This is because the IL of FBG-DCM is 

governed mainly by the other design components such as circulators, tilt filters etc. 

Some other approaches are the usage of new modulation schemes, chirp pre-

compensation methods, electronic dispersion compensation, digital filters [88, 90, 

91] etc. The use of equalization circuits are commonly used to compensate dispersion 

by electronic dispersion compensation (EDC) [90].  

3.4.1 Need for Tuneable Dispersion Compensation 

Dispersion management using the conventional method (DCF) is not a very 

practical approach if a short length of SMF-28 has to be added requiring 

compensation by matching the length of the DCF fibres. The use of ultra-short 

optical carriers demands a high (sub-picosecond) dispersion compensation accuracy 

[92]. Here, the main disadvantage of DCF for fine CD tuning is the bulky nature of 

this approach. There is, therefore, a widely recognized need for tuneable dispersion 

compensation techniques. Tuneable dispersion compensators are required for the 

following reasons [89]: 
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(1) In case of the DWDM system, the channels at the extreme 

transmission bands are seen over or under compensated while a fixed CD 

compensation is used for the centre channel of the band. 

(2) Due to the rerouting or for the optical add/drop multiplexing, in case 

of reconfigurable networks, the residual CD can always change. 

(3) Very fine CD compensation is necessary for upgrading the 10 Gb/s 

link to 40 Gb/s as the tolerable threshold for dispersion becomes smaller. 

Many types of tuneable dispersion compensators such as chirped fibre Bragg 

gratings (CFBG), adaptive tuneable dispersion control, dispersion equalization by 

monitoring extracted-clock power level, virtually imaged phase arrays (VIPA), 

microelectromechanical systems (MEMS), tuning (thermal) of free space or FBG 

coupled-cavities Gires-Tournois etalons (GTE's) and other methods were 

demonstrated [93, 94, 95, 96, 97, 98, 99]. In [93], the devices such as fibre Bragg 

gratings with on-fibre integrated heaters are used to get the tuneable chirp and 

dispersion compensation. The disadvantages of this technique are, they are suitable 

for per channel operation and require optical circulators to get back the reflected 

signals. In [95], variable dispersion compensation method utilizing the virtually 

imaged phase array (VIPA) was shown to mitigate the dispersion tolerances in 40 

Gb/s DWDM system. Compared to FBG and PLC devices, the periodical 

characteristics of VIPA based compensators were found advantageous because a few 

modules were required to cover the whole C or L bands. In [6], the tuneable 

dispersion compensation was shown for a single and for a multichannel 40 Gb/s 

systems and the devices known as nonlinearly chirped fibre Gratings (NC-FBGs) 
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were used.  The advantages of the technique are wide tuning ranges, negligible intra-

channel third-order dispersion and obtaining both positive and negative dispersion 

values. In [7], a planer light-wave circuit (PLC) based dispersion equalizer formed of 

numbers of asymmetric Mach-Zehnder interferometers in cascade were used and the 

equalization was suitable for both the values of positive and negative dispersions by 

adjusting the phase-shift differences of the interferometric arms. In [94], an adaptive 

tuneable dispersion compensation technique was demonstrated where an error was 

calculated first from time-domain waveform of the output signal and the dispersion 

compensation was achieved by a tuneable dispersion compensator controlled by 

minimizing the errors through steepest-descent method. In [8], a virtually imaged 

phased-array (VIPA) and spatial light modulator (SLM) based tuneable dispersion 

compensator was demonstrated. This system provided an accurate CD compensation 

of -4080 to +850 ps/nm and was independent of the polarization state at the input for 

its operation.  

3.4.2 System Performance 

As studied in Chapter-2, to increase the bitrate for 2D-WH/TS OCDMA 

systems, the bit-width and consequently the related chip size must be shortened [11]. 

As a result, the performance of the system will be severely affected by dispersion 

effects [40] even though the data rate is only 2.5 Gb/s (400 ps bit-width), the chip 

size can be just a few picosecond which will be investigated further in this research. 

The main factor that limits the system performance is autocorrelation time skewing 

[40]. For the multi-wavelength ultra-short (picosecond) optical code carriers, such as 

incoherent OCDMA system, dispersion related broadening with time-skewing has 
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been studied in [11, 100, 101, 102, 103, 104]. In [11], it was mentioned as an 

example that for a 3-wavelength and 7-chiptime optimized code, a 10-Gchip/sec 2D-

WH/TS OCDMA system is limited to just under 4 km due to time skew effect but 

could operate up to 80 km mainly due to pulse spreading. As shown in [100], it has 

been investigated that even a meagre 50 m SMF-28 fibre mismatch from the fully 

dispersion compensation state would lead to 1 dB power penalty. The performance 

degradation of 2D-WH/TS system due to GVD effects including pulse broadening, 

peak power reduction and time skewing is also studied in [105]. An impact of fibre 

CD on the BER performance of an optical CDMA IM/DD transmission system was 

analysed in [103]. The calculated results obtained in [12] also indicated that 

dispersion due to fibre temperature changes can affect the recovered OCDMA 

autocorrelation function and BER. As shown in [106], the OCDMA system 

transmission quality and the BER are affected by the pulse shape. As such, a skewed 

pulse profile of the recovered OCDMA auto-correlation will also impact the system 

BER and the overall system performance. In the research works mentioned in later 

Chapters (4-6), the consequence of fibre dispersion resulting in received optical pulse 

broadening and the subsequent mitigation technique to restore its widths will be 

discussed. However, the BER characterization of system performance used in the 

investigation of this thesis was not carried out because the related analysis has 

already been done in various studies as mentioned above. In this Chapter, as for 

example, the Section-3.5 describes the consequence of fibre dispersion for incoherent 

OCDMA. It is required to find a suitable method to perform the tuneable dispersion 

compensation for this type of multi-wavelength picosecond OCDMA system. This 
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will be investigated and exploited further in subsequent Chapters. Before that, some 

short pre-ambles on this methodology are explained in the next paragraphs: 

3.4.3 Chirp and Its Relation to Fibre Dispersion 

The effect of fibre dispersion was observed on an optical pulse propagating 

through a fibre medium. It is required to explore more about other influential effects 

such as chirp on the propagated optical pulse. Subsequently, the main goal would be 

to find a way to fine-tune the dispersion affected optical pulse broadening. A signal 

is chirped if its frequency increases or decreases with time. The presence of chirp in 

an optical pulse is distinguishable by the time dependence of the pulse’s 

instantaneous frequency. For a chirped optical pulse, its carrier frequency changes 

with time and this ‘frequency change’ is related to the phase derivative. A parameter 

‘C’ governs the linear frequency chirp imposed on an optical pulse. The spectrum of 

an optical pulse is broadened considerably because of the frequency chirp imposed 

on it. The pulse broadening is undesirable as mentioned in the previous sections of 

this Chapter. The frequency chirp can limit the performance of a fibre optic 

communication system. This is because a directly modulated semiconductor laser 

always accompany phase modulation caused by the carrier-induced change in the 

refractive index of the waveguide [107]. In [108], for a high bit-rate transmission 

system, the fibre CD penalty was measured as a function of modulation chirp 

parameter using a Ti:LiNbO3 based optical modulator. With proper optimization or 

adjustment of the frequency chirp the impairments due to dispersion were minimized 

for the given transmission links. It was also observed that, the positive value of chirp 

C led to additional dispersion penalty. On the contrary, with the controlled 
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implementations of negative chirp C could mitigate the pulse broadening resulting in 

reduced dispersion penalties [108]. Now the question is, “Is it possible to control the 

chirp parameter to overcome the dispersion related impairments in some other 

tuneable ways?” The next paragraph will focus on this issue.  

3.4.4 SOA and Chirp Control 

The SOA based chirp control was first demonstrated in [109] where the 

single wavelength system comprised with an electro-absorption (EA) modulator 

producing a positive chirp. An SOA was used to control the generated chirp by 

utilizing the phase modulation via the SOA [110]. An SOA is in fact a gain medium. 

The gain is a result of carrier injection into the active region of the SOA. The 

injected carriers occupy energy states in the conduction band of the active material 

and leave holes in the valence band. In this case, electrons and holes recombine 

radiatively or non-radiatively and release the recombination energy in the form of 

photons [111]. Now, the change in phase Δ at the SOA output depends on a number 

of factors such as: (1) confinement factor Γ, (2) the net power gain change Δg, (3) 

the device length L and alpha-factor  of SOA as expressed mathematically as 

follows: [111]: 

Δ (N) =  Γ Δg L /2              (3.22) 

In case of bulk or QW structures, high confinement factor Γ and  values of 

2-8 are observed. The alpha-factor relates the ‘change in refractive index’ with the 

‘change in gain’ that happens while an optical signal is introduced into a medium or 

an electrical bias applied to a diode changes. Although the refractive index and the 
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material gain or absorption are related by the more complex Kramers-Kronig (KK) 

integral expression [112], the alpha-factor relates the two quantities with a simple 

constant. In an SOA, the expression for alpha-factor is defined as the ratio of change 

in refractive index and the change in gain with respect to a change in carrier density 

N [113].  

α = − 
4π

𝜆
 
∂𝑛r/∂𝑁

∂𝑔/∂𝑁
  − 

4π

𝜆
 
Δ𝑛r

Δ𝑔
             (3.23) 

Here, Δ𝑛r is the change of the real part of effective refractive index n, ∆g is the 

change of modal gain g in the medium of SOA, and λ is the wavelength in vacuum. 

Further description for the origin of chirp in SOAs with a summary of a typical SOA 

including gain profiles with drive current, linear, non-linear operations can be found 

in [65]. SOA is also suitable for multi-wavelength communication systems. In the 

investigation for SOA based chirp control for multi-wavelength OCDMA system, the 

salient features of SOA, which will be used, are as follows [114]: 

(1) Kamelian OPA-20-N-C, having wide optical bandwidth exhibiting a 

~80 nm optical gain bandwidth at the 3dB drop from the peak. 

(2) The SOA used can operate in single and multi-wavelength 

environments. 

(3) In multi-wavelength scenarios, the level of chirp produced is 

proportional to the amount of gain compression the signals are subject to and 

all multi-wavelength ps 2D-WH/TS code carriers will be subject to chirp. 

At this point, from section 3.4.2, it is known that the chirp is nothing but the 

change on phase of an optical pulse with time. It is also known that the Eq. (3.22) is 
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the expression for the phase changes Δ. How this phase change or chirp via the 

usage of SOA can be exploited to overcome the dispersion in the multi-wavelength 

picosecond incoherent OCDMA system will be demonstrated in the rest of the 

Chapters of this thesis.  

The impact of SOAs on fibre dispersion compensation was initially 

demonstrated with theoretical foundations in [115]. In [115], the phase compensation 

mechanism using optical amplifiers was studied to overcome the pulse broadening in 

optical transmission system. The chirping parameters for light sources and 

semiconductor laser amplifiers (SLA) were analysed which clearly showed their 

opposite phase characteristics that determine the chirping cancellation conditions. 

Similar solutions based on SOA associated with electro-absorption modulated laser 

(EML), have also been proposed in [109, 116]. 

First and foremost, the consequence of fibre dispersion on an incoherent 

OCDMA system will be analysed in the next Section and then in further up the 

Chapters, the chirp control methodology will be exploited in more detail both 

experimentally and analytically in an initiative to fine-tune the chromatic and 

temperature induced dispersion on this system. 

3.5 Analysis of Dispersion Effects on 2D-WH/TS OCDMA Based on PS 

Multi-Wavelength Carriers 

The chromatic dispersion (CD) in multi-wavelength picosecond OCDMA 

code carrier becomes very serious issue. The consequences are severe even for a few 

meters length of fibre mismatch from full CD compensation [11, 103, 117, 118].  



44 

 

It is known that, the index of refraction for the fibre optics core is a 

wavelength dependent quantity. As such, different wavelengths of light propagate at 

different speeds. Consequently, the propagating data pulse widens as the 

transmission distance increases, defined as CD. The mathematical expression for 

total CD is: 

σ = DCD  ∆λ  L              (3.24) 

Here, σ is the total broadening of an optical pulse, DCD is the dispersion 

coefficient for the optical fibre in ps/nmkm, ∆λ is spectral linewidth in nm, and L is 

the total fibre length in km. The relative pulse broadening due to CD effect is 

therefore more significant when the optical pulses are shorter because they occupy 

more optical spectrum ∆λ. After propagation through the fibre, pulse will spread into 

adjacent chips causing an inter symbol interference (ISI). The ISI effect becomes a 

serious issue with ultra-short data pulses [119]. Here the communication can 

completely stop for excessive dispersion of signals [78]. As for example, at 40 Gb/s, 

the signals are 16 times more sensitive to CD than that at 10 Gb/s [120]. In 2D-

WH/TS OCDMA based on picosecond multi-wavelength carriers, different 

wavelengths will travel at different velocities through the fibre link and produce 

skewing effect. It is, therefore, necessary to fully understand the dispersion effects 

affecting 2D-WH/TS incoherent OCDMA system and find the control mechanism to 

overcome dispersion related impairments. 

Before going for in-depth analysis for the 2D-WH/TS OCDMA based on 

multi-wavelength picosecond code carriers affected with slight fibre mismatch or CD 

effects, it is required to understand the dispersion effects of a single wavelength  
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Fig. 3.6: Illustration of a single wavelength optical pulse broadened due to 

dispersion.  

optical pulse moving a distance L of SMF-28 fibre. The graphical representation for 

this single wavelength optical pulse and the link residual dispersion effect on it is 

illustrated in Fig. 3.6. It has been observed that the initial optical pulse of FWHM 

width   has been broadened by  due to fibre dispersion effects after its 

propagation through a link length L. The theoretical bases are: 

 (1) To obtain a single wavelength Gaussian optical pulse, the expression 

is: 

S (t) = 𝑃0𝑒𝑥𝑝{−2.77 [
𝑡

𝜏
]
2

}             (3.25) 

Where, 𝑃0 = 1 is the single wavelength normalized peak power.  

(2) To obtain the CD effects on a single wavelength Gaussian optical 

pulse due to fibre re-location by small amount of SMF-28 fibre, the expression is: 

S (t) = 𝑃0𝑒𝑥𝑝{−2.77 [
𝑡

𝜏+∆𝜏 
]
2

}                        (3.26) 

Where,  

∆𝜏 = DCD × ∆λ × ∆L              (3.27) 

 +
Δ

Time [ps]

λ1

λ1


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∆𝜏 is the FWHM width changes due to chromatic dispersion for SMF-28 

fibre mismatch away from full CD compensation state. The spectral line-width for a 

single wavelength carrier is ∆λ, the chromatic dispersion coefficient, DCD = 

17 ps/nm.km and ∆L is the fibre mismatch. 

As for example, the Gaussian optical pulse can be represented as in Fig. 3.7a. 

Here, the overall fibre link’s residual dispersion (CD) is zero for a particular length 

of fibre, which has been fully compensated by using equivalent amount of DCF. 

However, for only a few meters of mismatch say for 50m or 100m  

           

                       (a)              (b)                                (c) 

Fig. 3.7: Gaussian shape for a single wavelength optical pulse; (a) Single-

wavelength Gaussian pulse with full CD compensation; (b) Single-wavelength 

Gaussian pulse with 50 m fibre mismatch away from full compensation; (c) Single-

wavelength Gaussian pulse with 100 m fibre mismatch away from full 

compensation. 

(SMF-28 fibre mismatch from the full-compensation point), the Gaussian optical 

pulse shape will be broadened by 0.7 ps and 1.4 ps respectively. That means, the new 

FWHM value of the received optical pulse for fibre re-location or mismatch by 50 m 

or 100 m from the chromatic dispersion compensation (CDC) point, would be 12.7 

ps and 13.4 ps respectively and this is for single wavelength Gaussian optical pulse 

(Fig. 3.7b and 3.7c respectively). 

Single Wavelength Gauss Shape

12 ps

5 ps / div

12.7 ps

5 ps / div

13.4 ps
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(3) In 2D-WH/TS family of codes, the number of multi-wavelength 

picosecond pulses is arranged in both, wavelength and time domain to form a family 

of codes for use by a varied number of network users. At a receiver site, the 

incoming data are recovered for each user by a decoding process, which produces a 

so-called OCDMA autocorrelation function. During data transmission, it is very 

important to preserve its undistorted shape in order to maintain the highest 

performance of OCDMA systems [121]. To obtain the multi-wavelength picosecond 

OCDMA autocorrelation function and the distortion due to fibre re-location, the 

following expression is used: 

S (t) = ∑ 𝑃0𝑒𝑥𝑝{−2.77 [
𝑡−𝑘∆𝑡

𝜏+∆𝜏 
]
2

}𝑤−1
𝑘=0             (3.29) 

Where, the expression for ∆𝜏 is as same as that in Eq. (3.27) and the temporal 

skew ∆𝑡 due to fibre re-location is given by: 

∆𝑡 = DCD × ∆ × ∆L              (3.30) 

∆ is the spectral spacing of OCDMA code carriers. As mentioned before, 

∆L is the fibre mismatch by small amounts of SMF-28 fibres.  As in the experiment, 

the 2D-WH/TS OCDMA code consists of four wavelength code carriers (λ1 = 

1551.72 nm, λ2 = 1550.92 nm, λ3 = 1552.52 nm, and λ4 = 1550.12 nm). The spectral 

linewidth for each wavelength carrier is ∆λ = 0.8 nm and the code carriers’ spectral 

separation is also ∆ = 0.8 nm. The recovered OCDMA autocorrelation function at 

the decoder receiver after propagation of code carriers for a particular fibre length 

with full CD compensation will be calculated as shown in Fig. 3.8. For the OCDMA 

autocorrelation envelope for four wavelength code carriers, the FWHM value τ = 
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12 ps may be represented as in Fig. 3.8 (blue shape). Here, the overall fibre 

dispersion (CD) is zero as the fibre link has been fully compensated by using 

equivalent amount of DCF. However, for only a few meters of mismatch (say for 

50m or 100m SMF-28 fibre mismatch from the full-compensation point), the 

OCDMA autocorrelation function will be broadened by 0.8 ps and 1.8ps 

respectively. That means, the new FWHM value of OCDMA autocorrelation 

function for fibre re-location or mismatch by 50 m or 100 m, would be 12.8 ps (red 

envelope as in Fig. 3.8) and 13.8 ps (magenta envelope as in Fig. 3.8) respectively. It 

is seen that the CD effect on OCDMA autocorrelation for relocation of fibre link by  

 

Fig. 3.8: OCDMA autocorrelation at room temperature (blue shape for full CD 

compensation, red shape for 50 m fibre mismatch away from full compensation, 

magenta shape for 100 m fibre mismatch away from full compensation). 

small amount of SMF-28 is more severe compared to the single wavelength optical 

pulse (compare Fig. 3.7 and Fig. 3.8) propagation through a particular fibre link. 

3.6  Discussion 

In this Chapter, the basic concept of fibre dispersion related to a fibre optic 

communication system have been discussed. The common causes and effects of fibre 

dispersion for a single mode fibre (SMF-28) link was enumerated clearly. The 
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different types of CD as transmission impairments were stated. The important 

parameter such as GVD was analytically deducted and how the optical pulse is 

broadened for a Gaussian optical pulse propagated through a transparent medium 

was stated. The importance of conventional dispersion compensation techniques was 

also described. The urgent need for the ‘management of tuneable dispersion 

compensation’ for ultra-short pulse communication system was established in the 

study. In the later part of this Chapter, the basic relation of chirp with dispersion was 

explained and the SOA based chirp control technique was depicted clearly. Then the 

analysis of dispersion effects on multi-wavelength picosecond 2D-WH/TS OCDMA 

autocorrelation function was mentioned. The following Chapters will deal with the 

tuneable ways to mitigate the dispersion related broadening on 2D-WH/TS OCDMA 

autocorrelation based on picosecond multi-wavelength carriers. 
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Chapter 4 

Investigation of SOA Use as Tuneable Dispersion 

Compensator 

 

4.1 Introduction 

CD management is important for high data rate incoherent fibre-optic 

communication [122] but is essential for incoherent OCDMA transmission based on 

schemes using multi-wavelength picosecond code carriers [102, 123]. As these code 

carrier pulses are short, transmitted codes will be strongly affected by CD, even if the 

transmission distance changes by a few meters. One example is the addition of an 

optical fibre in order to relocate the OCDMA transmitter or receiver [123]. If CD is 

not properly implemented, the recovered OCDMA autocorrelation by an OCDMA 

decoder will show temporal skewing among individual wavelength code carriers, 

thereby severely influencing OCDMA system performance [102]. The impact of CD 

on 2-D WH/TS codes was analysed in [118] and also investigated in the previous 

Chapter. It has been shown that the CD related pulse distortion and related time 

skewing will cause undesirable broadening of recovered OCDMA autocorrelation. 

The autocorrelation surrounding cross-correlation will also be impacted by CD, 

leading to a reduced auto-to-cross-correlation ratio. This in turn will increase the 

multi-access interference noise and cross talk leading to performance degradation 

and a drastic reduction in the number of simultaneous users [118]. To mitigate fully 
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the CD impact on the OCDMA system would therefore require addressing both auto- 

and cross-correlation compensations. 

In this Chapter, the use of an SOA for chromatic dispersion compensation 

(CDC) of a data transmission that uses a single wavelength as the data carrier [124] 

and then on a multi-wavelength PS OCDMA system was investigated. The 

advantage of using an SOA is that it offers a convenient tuneable approach to CD 

compensation [124, 125, 126, 127]. The concept behind using an SOA for distorted 

OCDMA autocorrelation width adjustment is based on exploiting refractive index 

and gain changes in a biased SOA [110, 124, 128]. Such changes can be introduced 

in a variety of ways: 

- varying the SOA bias current,  

- through an SOA gain depletion, 

- injecting an optical continuous wave (cw) called a continuous-wave 

holding beam (CW/HB) together with a data signal at the SOA input, or  

- using an optical pulse stream called an optical pulse holding beam (for 

short OP/HB).  

The above will result in the SOA’s refractive index changes [128]. Now, the 

interaction between the chirp triggered by these SOA changes and the incoming data 

pulses affected by CD can be exploited for managing CD effects [109].  

The common picture of the experimental setup in a lab is shown in Fig. 4.1.  
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Fig. 4.1: Picture of the setup in a lab. 

4.2 The Investigation of SOA for Dispersion Compensation in Single 

Wavelength System 

4.2.1 SOA Control by Bias Current 

The experimental setup used for the investigation is shown in Figure 4.2. 

Here, the ps ML Laser produces a 1.8 ps single wavelength (1545 nm) optical clock 

at OC-48 rate (bit-width equal to ~400ps), which is then passed through an optical 

supercontinuum generator (OSG) by PriTel, Inc. (Naperville, IL, USA). The OSG 

consists of a high-power erbium doped fibre amplifier and dispersion decreasing 

fibre (DDF). The optical clock from the ps ML Laser that was cantered at 1545 nm 

after the amplification by an 18 dBm erbium doped fibre amplifier (EDFA) is 

injected into approximately a 1 km long DDF. This way, a 3.2 nm wide optical 

supercontinuum is generated in a spectral region of 1550–1553.2 nm. The 

supercontinuum is then spectrally sliced by an OCDMA encoder (OKI Industries, 

Irving, TX, USA), which is based on four FBGs (central frequencies are: λ1 = 

1551.72 nm, λ2 = 1550.92 nm, λ3 = 1552.52 nm, λ4 = 1550.12 nm) matching the 100 
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GHz ITU grid. An add/drop AWG module is used after the encoder to select a single 

wavelength λ2 which is then transmitted down the optical fibre. Optical Spectrum 

Analyser (OSA) Agilent 86146B and Sampling Oscilloscope (OSC) Agilent 

Infiniium DCA-J 86100C with 64 GHz optical sampling head are used to monitor the 

optical data at various system test points A-F.  

 

Fig. 4.2: Experimental setup for a chromatic dispersion compensation in optical fibre 

by use of SOA.   

Before proceeding further, the accuracy of pulse-width measurements by the 

OSC was first validated by an optical autocorrelator (Femtochrome Research Inc FR-

103XL) as indicated in Fig. 4.3. Typically, autocorrelators are used to measure 

ultrashort pulses in the time domain [129, 130]. The basic principle using an 

autocorrelator is that, the pulse is used to measure itself and its operation is similar to 

an interferometer. The incoming optical pulse generated by an optical source is split 

into two beams of equal intensity. An adjustable optical delay is inserted into one of 

the arms. These two optical pulses are then recombined within a nonlinear material 
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such as a second harmonic generation (SHG) crystal. The emitted SHG signal is then 

photo-detected and observed by the “slow” oscilloscope [40]. 

            

                   (a)                      (b) 

Fig. 4.3: (a) 8 ps pulse using Agilent Infiniium DCA-J 86100C; (b) validated 8 ps 

pulse at the output of Femtochrome Research Inc FR-103XL. 

Now, coming back to the experiment, as seen from Fig. 4.2, the compensated 

optical data pulses having FWHM = 23 ps first pass through a band-pass filter (BPF) 

and then enter an SOA for a final fine dispersion tuning. By varying the SOA drive 

current, the chromatic dispersion compensation i.e., optical pulse compression or 

expansion was controlled. At the input of SOA (point D), the measured pulse-width 

of the data pulse was 23 ps (Fig. 4.4). By adjusting the SOA drive current, it was  

                   

                           (a)                                                                     (b) 

Fig. 4.4: (a) Frequency Domain representation of returned data at the SOA input; (b) 

Time Domain representation of returned data at the SOA input. 
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found that the pulse-width could be compressed to 20 ps for the SOA drive current of 

29 mA (Fig. 4.5). After changing the SOA drive current to 70 mA (Fig. 4.6), the 

pulse-width of the data signal has reached again to 23 ps (the same value of input 

data). But at this condition, the input signal has been amplified to -10 dBm peak  

            

                     `(a)                                                            (b) 

Fig. 4.5: (a) Frequency Domain representation of the compressed data pulse at the 

output for 29 mA SOA drive current; (b) Time Domain representation of the 

compressed data at the output for 29 mA SOA drive current. 

          

                    (a)                                                                          (b)  

Fig. 4.6: (a) Frequency Domain representation of the data pulse at the output for 

70 mA SOA drive current; (b) Time Domain representation of the data at the output 

for 70 mA SOA drive current. 
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                           (a)                                                                       (b) 

Fig. 4.7: (a) Frequency Domain representation of the broadened data pulse at the 

output for 150 mA SOA drive current; (b) Time Domain Representation of the 

broadened data pulse at the output for 150 mA SOA drive current. 

level. This is an added advantage of this technique since it can also alter the received 

signal power level to compensate for the insertion loss in optical network [109]. 

At the SOA drive current of 70 mA there was no compression or expansion, 

but just a gain change of the passing signal. After further increase in SOA drive 

current to 150 mA, the pulse-width expanded to 25 ps (Fig. 4.7). It is important to 

note that, both pulse compression and expansion are possible by varying the SOA 

drive current. This is an important feature for fine-tuning of optical fibre dispersion 

and achieving compensation or expansion of optical pulses traveling in optical 

networks. This will enable us to fine-tune chromatically dispersion compensated 

fibre optic networks for sudden small changes of dispersion. This simple approach 

demonstrates that by controlling the SOA drive current, a pulse compression or 

expansion can be achieved. This gives a great operational flexibility to network 

operators for managing high-speed optical communication systems to mitigate 

detrimental effects of dispersion.  

-50

-40

-30

-20

-10

0

1549.5 1550 1550.5 1551

P
o
w

er
 (

d
B

m
)

Wavelength (nm)

25 ps  

FWHM 



57 

 

In this experiment, the SOA drive current of 70 mA may be considered as the 

“neutral” setting point where there is neither compensation nor expansion of optical 

signal data pulses. By increasing or decreasing the drive current around this value, 

the signal pulse-width can be expanded or compressed. In such a way, the practical 

requirement of CD fine tuning needs in high speed communication networks can be 

fulfilled.  

4.2.2 SOA Control by OP/HB 

The setup for the chirp control in SOA by varying the locally generated 

optical clock power is shown in Fig. 4.8. The experimental setup was described in 

the last section. The amplified signal from EDFA is passed through an SOA with an 

intention to control and fine tune the residual dispersion of the coarsely CD 

compensated 17 km long fibre optic transmission link. At the same time, an optical 

clock signal locally generated by the picosecond mode locked laser was introduced at 

the SOA input using a 21 coupler. 
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Fig. 4.8:   Experimental setup for automatic dispersion compensation using clock 

power where ps is picosecond, ML Laser-Mode Locked Laser, OSA-Optical 

Spectrum Analyser, OSC-Sampling Oscilloscope, BPF-Band Pass Filter, FBG-Fibre 

Bragg Gratings, AWG-Array Waveguide Grating, EDFA-Erbium Doped Fibre 

Amplifier, ODL-Optical Delay Line, SOA-Semiconductor Optical Amplifier).  

An optical attenuator was used to set different clock power levels during the 

experiment. Optical Spectrum Analyser (OSA) Agilent 86146B and Sampling 

Oscilloscope (OSC) Agilent Infiniium DCA-J 86100C with 64 GHz optical sampling 

head were used to monitor the optical data at various system test points A-F. During 

the experiment, the optical clock power was varied from 0 to 12.5 mW. The full 

width at half maximum (FWHM) of the incoming data pulses at the input of SOA 

(point D) was measured as 23 ps [125]. Here, an optical delay line (ODL) is used to 

synchronize the data signal with the clock to affect the gain in active region of SOA. 

As a result, the desired compression of the data signal pulses is achieved. The 

different pulse-width ratios between output and input optical data pulses vs clock 

power for varied SOA drive currents are shown in Fig. 4.9.  
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Fig. 4.9:   Data output /input pulse width ratio vs clock power for different SOA 

drive currents. 

From the experiment, it is seen that below the SOA drive current of 100 mA 

and for different clock power settings, only the pulse compression happens. But at 

above the SOA drive current of 100 mA such as 200 mA, both pulse compression 

and expansion can be achieved for different settings of optical clock powers. 

Mentionable here that SOA gain becomes saturated at a drive current of ~150 mA 

[125]. This means that the pulse compression occurs bellow the SOA saturation 

point. Above the SOA saturation conditions, only expansion of data pulses occurs. It 

is found that input data pulse-width of 23 ps FWHM can be compressed up to 15 ps 

FWHM at SOA drive current of 29 mA with clock power setting of 12.5 mW. The 

maximum pulse expansion observed was 25 ps FWHM at SOA drive current of 200 

mA with the optical clock disabled condition. The holding beam (HB) effect on SOA 

is further analysed in [131]. This technique is used as a versatile approach to improve 

saturation characteristic, to reduce pattern fluctuation, and to shorten carrier recovery 
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time in SOA. It is also applicable for any types of SOA for ultrahigh bit-rates and the 

gain is easily tuneable by varying the HB power or changing the applied current into 

the SOA. 

Managing CD in fibre optic networks is a necessity because a fine 

readjustment of dispersion compensated fibre links for ultra-high speed incoherent 

communication is always required. This is becoming even more desirable as the 

serial signal data are approaching Tbit/s rates. This can be accomplished by using 

SOA via its chirp control by varying the locally generated optical clock power and 

SOA’s pump current in the harmony with the incoming data when passing through 

this SOA. By choosing the clock power levels between 0 to 12.5 mW for a different 

SOA gain levels, the inbound data pulse-width can be efficiently manipulated. It has 

been demonstrated that the pulse compression can be achieved for the SOA pump 

currents up to 100 mA with a varied optical clock powers. On the other hand, if SOA 

pump current is set above 100 mA, a data pulse expansion (broadening) is observed. 

Using this technique, both pulse compression and expansion are possible. 

4.3 The Use of SOA in Multi-Wavelength OCDMA 

In this section, an experimental investigation was shown using SOA to 

mitigate the effect of CD on 2D-WH/TS OCDMA autocorrelation width based on 

multi-wavelength picosecond carriers. The approach was applied to the recovered 

OCDMA autocorrelation of an incoherent OCDMA system based on two 

dimensional wavelength-hopping time spreading codes, with 8 ps multi-wavelength 

pulses as code carriers. 
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A 17 km long OCDMA testbed, as shown in Fig. 4.10 was used to study the 

effectiveness of an SOA for simultaneous multi-wavelength CD compensation. This 

was for the transmission of an incoherent OCDMA system based on short multi-

wavelength code carriers (four wavelengths, each pulse featuring 8 ps FWHM). The 

data traffic was generated by User-1 OCDMA encoder. After propagation in the 

testbed, it was presented to a User-1 OCDMA decoder, which was matched to the 

USER-1 encoder, producing a code weight four OCDMA autocorrelation peak. The  

 

Fig. 4.10: OCDMA testbed to evaluate SOA CDC capabilities. OS, optical 

supercontinuum; OC, optical circulator; EDFA, erbium-doped fibre amplifier; BPF, 

tuneable band pass filter; SOA, semiconductor optical amplifier; OSA, optical 

spectrum analyser; SO, sampling oscilloscope; ODL, optical delay line; Att, optical 

attenuator; ps ML Laser, picosecond erbium-doped fibre mode-locked laser; CW 

HB, continuous-wave holding beam; OP/BH, optical pulse holding beam. 

OCDMA used 2D-(4,47) WH/TS prime codes [35]. WH/TS prime codes are a class 

of two-dimensional (2D: wavelength–time) incoherent (direct detection), 

asynchronous codes that support wavelength hopping within time-spreading codes 

over a Galois field of prime numbers with zero autocorrelation side lobes (for ease of 
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self-synchronization) and periodic cross-correlation functions of at most one (for 

minimal multiple-access interference) [35]. 

Each code consisted of four wavelength carriers with a 100 GHz (i.e., a 0.8 

nm) separation: λ1 = 1551.72 nm, λ2 = 1550.92 nm, λ3=1552.52nm, and λ4 = 1550.12 

nm. These were positioned into 47 time chips (each of 8 ps duration) to create 2D-

(4,47) WH/TS USER-1 code. Wavelength carriers were generated by spectral slicing 

of a 3.2 nm wide optical supercontinuum (OS). The OS resulted from a compression 

of a 1.8 ps FWHM laser pulse generated by an erbium-doped fibre mode-locked laser 

(PriTel Inc.) running at 2.5 Gb/s. The OS was supplied into a User-1 OCDMA code 

generator based on FBG encoder (OKI Industries, Japan), producing a unique 2D-

(4,47) WH/TS OCDMA code. User-1 code uses all four wavelengths by positioning 

them accordingly into chips. The chips occupied by the User-1 code is (1-λ2, 21-λ4, 

24-λ1, 39-λ3). This output from the User-1 was then re-amplified by an 18 dBm 

EDFA-1 and launched into a 17 km long bidirectional fibre link connecting the 

University of Strathclyde and the University of Glasgow. The link was then 

compensated for CD by using a commercially available dispersion-compensating 

fibre module (DCM). The matching DCM was selected based on the testbed link 

length determined from OTDR measurements. Both BPF-1 and BPF-2 are 3.2 nm 

wide tuneable band-pass filters with the central wavelength set to 1551.32 nm to 

ensure all four 2D-WH/TS OCDMA code wavelength carriers are passed and block 

amplified spontaneous emission (ASE) from EDFA-2 and the SOA, respectively. 



63 

 

4.3.1 Management of Multi-Wavelength Dispersion Compensation 

First, the operation of SOA-based compensation will be discussed. The SOA 

used was Kamelian OPA-20-N-C with a gain recovery time of τG = 75 ps. At 2.5 

Gb ∕s data rate, the User-1 autocorrelation peaks are separated by τACsepar = 400 ps. 

The decoding of User-1’s own 2D-WH/TS code produces a User-1 autocorrelation 

with the code weight w (no autocorrelation side lobes) and the cross-correlation 

bound to one (if also simultaneous users are transmitting) [35]. If User-2 to User-4 

were also transmitting (i.e., the number of simultaneous users was N = 4), due to the 

User-1 decoding process, the cross-correlation surrounding the decoded User-1 

autocorrelation peak would be represented by 12 [w × (N – 1)] code carrier pulses 

separated from each other by τCCsepar ∼ T ∕ 12 = 33 ps (assuming an even cross-

correlation spreading). Note that τCCsepar is much smaller than the SOA recovery time 

(τG = 75 ps). Now, when the autocorrelation peak surrounded by the cross-correlation 

enters the SOA compensator, only the highest intensity autocorrelation peak can 

significantly influence the SOA gain dynamics via full or partial depletion of its gain. 

Because the autocorrelation peak separation τACsepar = 400 ps is greater than τG = 75 

ps, there is enough time for the SOA to fully recover its gain before the next one 

arrives, and the compensation can take place each time the autocorrelation passes the 

fully recovered SOA.  

As indicated earlier, the separation between adjacent cross-correlation pulses 

τCCsepar ∼ 33 ps is much less than the SOA gain recovery τG = 75 ps. Therefore, to 

simultaneously compensate both, the auto- and cross-correlation, an SOA with a 
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recovery time shorter than τCCsepar is needed. Ideally, an SOA with τG < τchip, where 

τchip is the chip width, would be desired.  

Before starting the experimental investigation, to mimic the receiver 

relocation, first the “residual level” of CD into the fibre-optic testbed was introduced 

by adding a few meters of SMF-28 optical fibre. Since no commercial equipment 

was available, the “residual” level of CD was determined as follows:  

First, the FWHM value ΔBB of the OCDMA autocorrelation peak produced 

by the OCDMA USER-1 FBG decoder was determined from back-to-back  

               

              (a)                         (b)        (c)                      

Fig. 4.11: (a) OCDMA autocorrelation as seen at the OCDMA User-1 decoder 

output for back-to-back measurements. FWHM value is ΔBB = 10 ps. (b) Illustration 

of the OCDMA autocorrelation. (c) OCDMA autocorrelation after 17 km of 

propagation in a partially CD-compensated fibre link. The FWHM value is Δ = 16 

ps. [Data were recorded by a sampling oscilloscope, Agilent Infiniium DCA-J 

86100C, with a 64 GHz optical sampling head].  

measurements (the case when CD does not affect OCDMA autocorrelation). The 

results are shown in Fig. 4.11(a). Figure 4.11(b) illustrates that the OCDMA auto- 

correlation consists of all four wavelength pulses aligned by the FBG decoder to ‘sit’ 

on top of each other. It is noted here that the polarization is not considered in any 

λ3

λ1

λ2

λ4



65 

 

detail with the research. It is an important parameter, which influences system 

performance owing to the polarization sensitivity of the SOA [132]. 

Second, the FWHM value of the autocorrelation was measured after a 17 km 

long OCDMA data transmission to point C (see Fig. 4.10) with the CD compensation 

implemented. Prior to taking this measurement, the signal was amplified by EDFA-2 

and the recovered USER-1 OCDMA autocorrelation (spectral width 4 × 100 GHz) 

was then passed through a 3.2 nm band pass filter (BPF-1) with its centre wavelength 

set to 1551.32 nm. The results obtained are shown in Fig. 4.11(c). All FWHM 

measurements were carried out using an Agilent Infiniium DCA-J 86100C equipped 

with a 64 GHz optical sampling head. By comparing the results shown in Fig. 4.11(a) 

and 4.11(c), it was found a 6 ps under-compensation of the transmission link. This 

value was then compared with results published in [123]. It was concluded that the 6 

ps broadening of the USER-1 OCDMA autocorrelation observed is due to the CD 

compensation mismatch, which is equivalent in length to 66 m of SMF-28 fibre. To 

make the testbed “fully” CD compensated, this length would need to be deducted 

from the existing testbed length. Therefore, to account for this, it was decided to 

determine if an SOA could be utilised for such compensation instead. This 

investigation was then performed for incoherent OCDMA transmission based on 2D-

WH/TS codes with 8 ps multi-wavelength pulses as the code carriers. 

4.3.2 Dispersion Compensation by Changing the SOA Bias Current (SOA 

Gain) and by Varying the Optical Power of the CW/HB 

In this investigation, the OCDMA autocorrelation produced by the USER-1 

decoder after a 17 km propagation in the partially CD-compensated fibre link was 
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first amplified by EDFA-2. The OCDMA autocorrelation was then passed through a 

band pass filter (BPF-1). It was then injected into an SOA (Kamelian OPA-20-N-C 

with a gain recovery time τG = 75 ps), which was kept at a constant temperature of 

20C by a current-temperature controller. BPF-1 was used to reject the out-of-band 

ASE noise [133] produced by EDFA-2.   

It was determined that an SOA bias current of I = 30 mA corresponds to an 

SOA gain G = 1 (0 dB), while I = 125 mA led to SOA gain saturation [124]. Figure 

4.12(a) shows a parameter R as a function of the SOA bias current I, where R = ΔI / 

ΔBB. Here ΔBB = 10 ps is the measured FWHM value of the back-to-back OCDMA 

autocorrelation produced by the USER-1 OCDMA decoder [see Fig. 4.11(a)] and ΔI 

is its value measured at point E after 17 km long transmission in the testbed with a 6 

ps CD mismatch and the SOA bias current set to value I. 

The meaning of parameter R is analysed as:  

-   When ΔI = ΔBB, the parameter R = 1, which means that the OCDMA 

autocorrelation width after passing the biased SOA has the same value as for 

the back-to-back measurements. This indicates that the effect of transmission 

link CD on the OCDMA autocorrelation has been compensated for by the 

SOA.  

-  When R < 1, ΔI < ΔBB at the SOA output and the compression will be 

observed as shown in Fig. 4.13.  

-  When R > 1, ΔI > ΔBB at the SOA output indicates autocorrelation 

broadening by the SOA, as shown in Fig. 4.12. 
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In Fig. 4.12(a), it is seen that R ∈ (1.8 - 2.15). The value R = 1.8 corresponds 

to I = 30 mA and ΔI=30 = 18 ps, while R = 2.15 corresponding to I = 100 mA (SOA’s 

saturation point) leads to ΔI=100 = 21.5 ps. 

                 

                   (a)                                 (b)   

Fig. 4.12: (a) Coefficient R versus SOA bias current I – no ASE from EDFA-2. (b) 

Coefficient R versus CW/HB optical power for the case of four different SOA bias 

currents I when ASE from EDFA-2 was not present. (Point I = 50 mA and CW/HB 

optical power of 12.9 mW is indicated for cross referencing). 

The experimental results are in line with the theory presented in [134], where the 

pulse spectrum changes due to self-phase modulation (SPM) via nonlinear refractive 

index changes introduced by the SOA bias current variations, i.e., SOA gain and in 

turn the SPM-induced chirp affects the SOA traversing USER-1 OCDMA 

autocorrelation. Results shown in Fig. 4.12(a) clearly show the autocorrelation 

FWHM broadening with an increasing SOA drive current, i.e., gain. 

   Next, a CW/HB generated by an 18 dBm EDFA (EDFA-4 in Fig. 4.10) was 

introduced to investigate how the coefficient R changes with different values of SOA 

bias current I in the presence of different optical power levels of the CW/HB. The 

results are shown in Fig. 4.12(b). Greater compression, smaller R values, R ∈ (1.5 - 

2.0), are observed with the presence of increasing CW/HB optical power than 

without CW/HB, R ∈ (1.8 - 2.15).  
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4.3.3 Dispersion Compensation by Varying the Optical Power of OP/HB at 

SOA Input 

To exploit the gain dynamics of the SOA, it has been investigated how the 

presence of a short optical pulse as the holding beam (OP/HB) affects the SOA’s 

ability to modify CD. Based on availability, for OP/HB, optical pulses (λOP/HB = 1545 

nm, 2 ps FWHM) generated by the ML laser was used (see Fig. 4.10). Both BPF-1 

and BPF-2 are 3.2 nm wide tuneable band-pass filters with the central wavelength set 

to 1551.32 nm to ensure that all four 2D-WH/TS code wavelength carriers are 

passed, but ASE from EDFA-2 and λOP/HB on the SOA output are blocked. OP/HB 

was injected into the SOA in line with the USER-1 OCDMA autocorrelation via an 

optical delay line (ODL) set to produce a 0 ps relative delay between them. The 

varying OP/HB optical power via an optical attenuator, Att (Agilent 8156A, Fig. 

4.10), changes the value of R. The results are shown in Fig. 4.13. The full CD 

compensation by the SOA (R = 1) was observed for one of the following settings:  

-  OP/HB optical power 1.3 mW and I = 30 mA; 

-  OP/HB optical power 5.16 mW and I = 40 mA; 

-  OP/HB optical power 8.19 mW and I = 50 mA.  

A maximum achieved compression by the SOA (Rmin = 0.8) resulted in 

FWHM ΔI = 8 ps for the following setting: 

-  OP/HB power level 12.9 mW and I = 30 mA. 
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Fig. 4.13: Coefficient R versus OP/HB optical power for four different SOA bias 

currents for the case when ASE from EDFA-2 is not present. 

4.3.4 Dispersion Compensation by Varying the Optical Power of the OP/HB at 

SOA Input in the Presence of ASE 

Next, it was investigated how the presence of ASE at the SOA input affects 

the ability of the OP/HB to vary CDC. Again, 2 ps FWHM optical pulses from the 

ML laser as OP/HB (see Fig. 4.10) were combined with ASE from EDFA-2 (BPF-1  

 

Fig. 4.14: Coefficient R versus OP/HB optical power for four different SOA bias 

currents I when ASE from EDFA-2 was present. (Point I = 50 mA and OP/HB 

optical power of 12.9 mW is indicated for cross-referencing).  

was removed at the EDFA-2 output, Fig. 4.10) and then injected into the SOA 

together with the USER-1 OCDMA autocorrelation via the ODL. The values of R 
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obtained versus the OP/HB optical power for different SOA bias currents I are shown 

in Fig. 4.14. It can be seen that, for a given OP/HB optical power, lower R values are 

achieved for lower SOA bias currents, i.e. lower gain. By comparing the results 

obtained, R ∈ (0.8, 2.1) in Fig. 4.13 with R ∈ (1.5, 2.1) in Fig. 4.14, it can be 

concluded that the presence of ASE limits the ability of the OP/HB to achieve the 

OCDMA autocorrelation compression (values R < 1) observed without ASE.  

In the absence of ASE, the SOA traversing OCDMA autocorrelation 

experiences a red-shift of its leading edge (negative chirp), while a negligible blue-

shift (positive chirp) is imposed over its trailing edge. This leads to a stronger-in-

average negative chirp if compared to the case when ASE is present. In other words, 

compression will increase with increasing negative chirp [109]. The presence of ASE 

slightly reduces the amount of red-shift (negative chirp) at the leading edge but 

significantly increases the blue-shift (positive chirp) of its trailing edge due to the 

ASE-induced SOA recovery speed-up. The net result is a predominantly linear chirp 

across the central part of the OCDMA autocorrelation. All of the above indicate that 

the SOA produces a more negative chirp in the “absence of ASE” at its input than in 

the “presence of ASE” and therefore more compensation (smaller R) is possible. In 

addition, the narrower the OP/HB pulses are (steeper the leading edge) the more 

“instantaneous” the SOA gain change becomes and as such, a larger value of 

compression can be achieved. The use of an SOA for CDC will also positively 

mitigate the influence of multi-access interference from the other encoders as was 

shown in [135]. 
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4.3.5 The Role of Relative Delay between OP/HB and OCDMA 

Autocorrelation 

The position of OP/HB relative to the USER-1 OCDMA autocorrelation peak 

at the entry point of the SOA was investigated in the presence of ASE. The ODL 

(Fig. 4.10) was used for delay adjustments. The results obtained are shown in Fig. 

4.15. It can be seen that more compression (i.e. smallest R) was achieved when  

  

Fig. 4.15: Coefficient R vs relative delay between OP/HB and the USER-1 OCDMA 

autocorrelation for the case when I = 50 mA, OP/HB optical power was 12.9 mW, 

and ASE from EDFA-2 was present (no BPF-1 present). 

OP/HB entering the SOA was overlapped with the USER-1 OCDMA autocorrelation 

peak (0 ps delay). This is because the combined optical peak power from both 

overlapping pulses (relative delay equal to zero) maximizes the SOA gain depletion 

and thus creates preferred conditions for the compression by the SOA. 

In addition, instead of using a locally generated OP/HB for controlling the 

SOA gain dynamics, an all-optical clock recovery from the incoming OCDMA 

traffic [136] can be implemented for OP/HB generation. This will also help to 

eliminate a possible timing jitter between the locally generated OP/HB and the 

recovered OCDMA autocorrelation. 
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4.4 Discussion 

The SOA was investigated for its use to compensate the OCDMA 

autocorrelation broadening/skewing due to the fibre link CD. The investigation was 

applied to an incoherent OCDMA transmission system based on 2D-(4, 47) WH/TS 

OCDMA codes with multi-wavelength picosecond pulses as code carriers. The 

results were obtained for different SOA control parameters such as: (1) varying drive 

current, (2) changing the power of CW and optical pulses used as holding beams 

(CW/HB and OP/HB), (3) the presence of ASE from EDFA at the SOA input, and 

(4) the role of a relative delay between OP/HB and the OCDMA autocorrelation at 

the SOA input. Also shown that if the compensation was applied directly to the 

recovered OCDMA autocorrelation, only a single control pulse per the data bit was 

needed to simultaneously affect all four wavelength code carriers. To conduct the 

investigations, a 17 km long fibre-optic testbed connecting the University of 

Strathclyde and the University of Glasgow was used. It was shown that the back-to-

back 10 ps FWHM OCDMA autocorrelation composed of multi-wavelength 

picosecond code carriers, when distorted by a 17 km long propagation in the partially 

compensated fibre-optic testbed, could be either compressed down or further 

broadened to values between 8 and 21 ps by controlling the SOA chirp. This makes 

the demonstrated SOA approach to OCDMA autocorrelation compensation an 

attractive option for implementation in incoherent OCDMA systems based on 

picosecond multi-wavelength code carriers. To fully mitigate the impact of CD on 

the OCDMA system performance would also require addressing cross-correlation 

compensation by using an SOA with its gain recovery time shorter than the chip 

width. 
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Chapter 5 

Mitigation of Temperature Induced Dispersion by SOA 

 

5.1  Introduction 

Fibre optic cables are buried at least 2-4 feet beneath the ground facing an 

average of 20 °C temperature variations [137]. In a number of countries, fibre optic 

cables are carried on pools above the ground where they are exposed to even higher 

temperature fluctuations [138]. As of today, there has been a very limited number of 

studies [10, 11, 137, 138, 139, 140] investigating the effects of temperature induced 

dispersion variations in optical fibres and how a high speed data communication 

and/or OCDMA based on picosecond multi-wavelengths data carriers will be 

affected. In [10], it has been reported that ON/OFF keying 40-Gb/s systems will 

require mitigation of temperature induced dispersion. In [11, 141], it has been 

predicted that CD induced temporal skewing (consequently leading to 

autocorrelation broadening) has a strong detrimental effect on bit-error-rate (BER) of 

OCDMA systems with 2D-WH/TS codes using multi-wavelength picosecond pulses 

as their carriers. In [103] it is shown that a CD imposed pulse broadening and 

resulted power penalty will limit the number of simultaneous users and degrade the 

OCDMA system BER. Uncontrolled CD results in pulse-broadening, inter-symbol 

interference and can lead to a complete collapse of data transmission [10, 142]. The 

calculated results obtained in [12] indicate that fibre temperature changes can 

similarly affect the recovered OCDMA autocorrelation function and BER but no 
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experiments were performed. Various methods have been investigated for chromatic 

dispersion compensation (CDC). Manual and automatic /tuneable ways of realizing 

CDC have been considered [10, 143, 144]. For example, tuneable dispersion 

compensation can be implemented by varying the chirp on fibre Bragg gratings with 

external perturbation [143]. In [124] and [125] were reported that SOA can be used 

to mitigate optical pulse-width changes inflicted by the anomalous CD in optical 

fibre. In [125], a study of using SOA for CD mitigation in case of a single 

wavelength data carrier was demonstrated in a 17 km long SMF-28 based fibre optic 

testbed. By varying the SOA bias current, both pulse compression and expansion 

between 20 ps to 25 ps of the original 23 ps optical pulse was achieved. In [124], 

combination of SOA bias current changes and injection of the optical holding beam 

at various power levels into SOA synchronously with a single wavelength data 

carrier were investigated to control the data carrier pulse width. This Chapter 

incorporates the issue of temperature effects on fibre link transmission and the 

resulting distortions on optical pulses. It is also discussed the need for mitigating the 

temperature induced dispersion on fibre cable lines, distortion due to transmission 

link temperature changes and its effect on OCDMA system. 

5.2 Distortion of OCDMA Autocorrelation due to Transmission Link 

Temperature Changes 

The temperature induced dispersion (TD) for SMF-28 has been determined to 

be -0.0015 ps /nm /km /ºC [83]. This value seems to be negligible compared to a CD 

value of +17 ps /nm /km for SMF-28. However, this small value of TD can affect 

OCDMA systems based on multi-wavelength picosecond code carriers even when 
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the fibre CD is fully compensated. This varying temperature induced dispersion will 

affect the propagating 2D-WH/TS OCDMA codes by producing the time-skewing 

among code carriers, which will then lead to the OCDMA autocorrelation function 

distortion [12].  

In order to investigate how the 2D-WH/TS OCDMA autocorrelation function 

can be affected by an improper CD compensation, the transmission link was first 

fully CD compensated with a sub-picosecond accuracy using DCF. Then its length 

was ‘slightly’ varied from its full CD compensation during the measurements. In this 

investigation, the 19.5 km fibre link was kept at the room temperature of 25 ºC and 

the transmission link’s length was varied from its full CD compensation by adding 

/removing 50 m of SMF-28. At the receiving end, the signal was then decoded by a 

matched OCDMA decoder. Figure 5.1c and 5.1d are the examples of a distorted 

OCDMA autocorrelation function when the transmission link was not properly CD 

compensated due to subtracting (which resulted in over-compensation) or adding 

(resulted in under-compensation) about a 50 m of SMF-28. For the better clarity, Fig. 

5.1a illustrates an undistorted OCDMA autocorrelation function, which in the 

experiment was composed of four multi-wavelength code carriers: λ1 to λ4. Figure 

5.1b shows its distortion due to skewing resulted from the incomplete CD 

compensation of the transmission link. The time-skewing among wavelength code 

carriers λ1 to λ4 is a result of group velocity changes induced by the incomplete CDC.  
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            (a)                  (b)                          (c)                              (d) 

Fig. 5.1: (a) Illustration of OCDMA autocorrelation function; (b) Illustration of its 

distorted shape by skewing due to CD mismatches; (c) and (d) Obtained result. 

(Measurements were taken at a room temperature of 25 ºC). 

 

Fig. 5.2: Experimental setup for investigating OCDMA autocorrelation distorted by 

temperature induced dispersion in optical fibre.               

In order to investigate the sole effect of the temperature-induced dispersion 

on OCDMA systems using 2D-WH/TS codes based on multi-colour picosecond 

pulses, a 19.5 km fibre link (a spool of SMF-28) was placed inside of the temperature 

control chamber (shown in Fig. 5.3).  
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Fig. 5.3: Fibre spools placed in the temperature control chamber. 

The DCF module used to fully compensate for the link CD was kept at the 

room temperature outside of the chamber (see Fig. 5.2). The recovered OCDMA 

autocorrelation function on the receiver side was observed by an oscilloscope, OSC. 

As OSC a Digital Communication Analyser Agilent Infiniium DCA-J 86100C with a 

64 GHz optical sampling head was used. The measurements are in Fig. 5.4a and Fig. 

5.4b and show the received OCDMA autocorrelation functions affected by the 

transmission in optical fibre kept at 5 °C and 45°C, respectively. 

Then the results in Fig. 5.1 were compared with those in Fig. 5.4. It is found 

that at the fibre temperature of 45 ⁰C (Fig. 5.4b) the autocorrelation function’s shape 

becomes similar to the shape seen in Fig. 5.1c. Similarly, for the fibre temperature 

5 ⁰C (Fig. 5.4a), the autocorrelation function’s shape becomes similar to the one seen 

in Fig. 5.1d. This means that, increase in the fibre temperature makes the originally 

fully CD compensated fibre link ‘over-compensated’ and decrease in the fibre 

temperature will make it ‘under-compensated’. In this particular case, in order to 

make the fibre link fully dispersion compensated again at 5 ⁰C /(45 ⁰C), it would 
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require removing /(adding) approximately ~80 m of SMF-28 to its original length, 

respectively.  

 

                            (a)               (b)         

Fig. 5.4: Temperature induced autocorrelation distortion due to different fibre 

temperatures: (a) 5 °C; (b) 45 °C.  

5.3 Another Effect of Fibre Temperature on OCDMA Autocorrelation  

In this section, experimental demonstration of fibre temperature induced 

effects on 2D-WH/TS OCDMA autocorrelation based on multi-wavelength 

picosecond pulses as code carriers and the mitigation of these effects by deploying an 

SOA in the OCDMA receiver were reported. The performed calculations are in good 

agreement with experimental observations.   

There is a number of codes [35] developed to support a coherent OCDMA. 

The coding is done by manipulating the code carrier phase. An example would be 

Hadamard codes often referred to as Walsh codes, Gold codes, and Kasami codes. 

Codes developed to support an incoherent OCDMA do not use the code carrier phase 

for coding. They are one-dimensional unipolar codes known as optical orthogonal 

codes, prime codes including 2D-WH/TS code. A 2D-WH/TS prime code is a class 

Distortion due to temperature changes 

At 5 ⁰C At 45 ⁰C

20 ps /div 20 ps /div
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of two dimensional (2D: wavelength-time), incoherent (direct-detection), 

asynchronous codes that support wavelength-hopping within time-spreading over 

Galois field of prime numbers with zero autocorrelation side-lobes (for ease of self-

synchronization) and periodic cross-correlation functions of at most one (for minimal  

          

                      (a)                                                                  (b) 

Fig. 5.5: (a) 2D-WH/TS OCDMA User-1 code 1-λ2, 21-λ4, 24-λ1, 39-λ3; where, λ1 = 

1551.72 nm, λ2 = 1550.92 nm, λ3 = 1552.52 nm, and λ4 = 1550.12 nm. The code 

length is 400 ps; (b) optical spectrum occupied by the code. 

 

                        (a)             (b)                 (c) 

Fig. 5.6: (a) Unaffected 2D-WH/TS OCDMA autocorrelation (λi are code carrier, λ4 

< λ2 < λ1 < λ3); (b) Illustration how the code carriers skewing influences the 

autocorrelation width; (c) Illustration how changed carriers’ width also contributes to 

already skewed OCDMA autocorrelation width. 

multiple-access interference). They offer good cardinality and can support a large 

number of simultaneous users. 2D-WH/TS OCDMA codes usually occupy only a 

small portion of the fibre spectrum. They usually use a set of few picoseconds wide 
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multi-wavelength pulses as the code carriers. In this investigation, four different 

wavelength carriers are used that occupied 3.2 nm of spectrum (see Fig. 5.5). Their 

temporal width will be affected by both, fibre chromatic dispersion and temperature 

induced dispersion. As a consequence, the recovered OCDMA autocorrelation will 

be broadened by changes in code carriers’ temporal width and by their temporal 

skewing as is illustrated in Fig. 5.6. This effectively reduces the originally designed 

number of chips/bit i.e., a maximum number of simultaneous users with error-free 

BER [35, 103].  

The temporal pulse width change of each code carrier λi due to the fibre CD 

can be expressed as ∆τ = DCD  ∆λi  L [11, 102]. DCD is the chromatic dispersion 

coefficient of the optical fibre link (DCD = 17 ps/nm•km for SMF-28), ∆λi is the code 

carrier’s spectral width and L is the propagation distance. When the transmission link 

is fully CD compensated, it is assumed that ∆τ = 0 and therefore no code carrier’s 

broadening due to fibre chromatic dispersion is observed and no OCDMA 

autocorrelation distortion due to temporal skewing will take place. However, if the 

temperature of the CD compensated transmission link changes by ∆T, the 

temperature induced fibre link dispersion DT will come into play and will induce a 

pulse width change ∆τTi on each wavelength code carrier λi.  

∆τTi  = DT   L  ∆λi  ∆T   

= (DT-SMF   LSMF +DT-DCF   LDCF)  ∆λi  ∆T                     (5.1) 

For the SMF-28 fibre the temperature induced dispersion coefficient DT-SMF = 

-0.0016 ps/nm•km/°C, for DCF fibre DT-DCF = +0.004 ps/nm•km/°C [145] and LSMF 



81 

 

(LDCF) is the corresponding fibre length, respectively. It is worth noting that the 

temperature induced dispersion coefficient for SMF-28 has an opposite sign when 

compared to DCD.   

In the investigations, the four code carriers are spectrally adjacent (see Fig. 

5.5(b)) and also have the same spectral width ∆λi = 0.8 nm. Therefore, the total 

spectrum the 2D-WH/TS OCDMA code and related autocorrelation occupy is  

∆ = ∆λi  w = 0.8   4 = 3.2 nm              (5.2) 

where w = 4 is the number of wavelengths (code carriers) used by the 2D-

WH/TS code; w is also known as the code weight.  

Due to a temperature induced dispersion, each code carrier travels at a 

different speed vi. When resulting fibre link DT < 0 and λ4 < λ2 < λ1 < λ3 (see Fig. 

5.5(b)) then vλ4 < vλ2 < vλ1 < vλ3. Because of differences in carriers’ arrival times, at 

the fibre receiving end, the recovered OCDMA autocorrelation width will be affected 

firstly, by the temporal skewing ∆τsk between code carriers. This is illustrated in Fig. 

5.6(b). The amount of ∆τsk is decided by skewing between code carriers with the 

lowest and the highest speed (i.e., λ4 and λ3, respectively - see Fig. 5.6(b)). Secondly, 

because the code carriers’ linewidth ∆λi is not infinitely narrow, their temporal width 

will also change thus additionally contribute to the width change of the already 

skewed OCDMA autocorrelation. This contribution can be estimated as ∆τc (see Fig. 

5.6(c)). The contribution from both these effects can be expressed as: 

∆τT  = ∆τsk  + 2  ∆τc                            (5.3) 
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If the code carriers’ temporal shapes approximate as being rectangular and 

following illustrations in Fig. 5.6, 

∆τsk = DT   ∆λi  (w –1)  L  ∆T                                      (5.4) 

For ∆τc the following expression can be derived,  

∆τc = DT   L  ∆T  ∆λi /2                  (5.5) 

and by substituting Eq. (5.2), Eq. (5.4), and Eq. (5.5) into Eq. (5.3), 

∆τT  = DT   ∆  L  ∆T                                                                 (5.6) 

This simplified approximation would allow to estimate a scenario when DCF 

is kept at a constant temperature (DT-DCF = 0) and only SMF-28 is exposed to a 

temperature change. After considering values DT = DT-SMF = -0.0016 ps/nm•km/°C, 

∆ = 3.2 nm, transmission distance L = 19.5 km, and the fibre transmission link 

temperature change ∆T = 30 °C, the estimated numerical value for the OCDMA 

autocorrelation broadening using this simplified rectangular temporal code carriers 

envelope shape is ∆τT  ~ 3 ps. It would be seen later that the experimentally 

measured ∆τT value was ~1 ps.  

A more accurate approximation for ∆τT can be obtained by assuming a 

Gaussian shape of the OCDMA multi-wavelength code carrier pulses. Based on [12] 

and by realizing that in this investigation a ∆λi linewidth of each wavelength code 
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carrier is equal to a code carrier’s spectral separation ∆i, the temperature dependent 

OCDMA autocorrelation envelope 𝑆𝑇
𝐿(t) can be represented by: 

𝑆𝑇
𝐿(t) = ∑ 𝑃0𝑒𝑥𝑝 

𝑤−1
𝑘=0 {−2.77 [

𝑡−𝑘 ∆𝜏𝑇𝑖

𝜏−∆𝜏𝑇𝑖
]
2

}             (5.7) 

where P0 = P(L = 0, ∆T = 0) = 1 is the wavelength code carrier’s normalized peak 

power and ∆τTi is given by Eq. (5.1). By using a measured temporal width of each 

wavelength code carrier at 20 °C τ = 12 ps, DT-SMF = -0.0016 ps/nm•km/°C,   DT-

DCF = +0.004 ps/nm•km/°C, temperature change ∆T = 30 °C, LSMF = 19.5 km, LDCF = 

3.32 km, ∆i = 0.8 nm, ∆λi = 0.8 nm, three scenarios were investigated. Results for 

𝑆𝑇
𝐿(𝑡) were plotted in Fig. 5.7: (a) the fully CD compensated link (i.e., SMF-28 + 

DCF) at T = 20°C; (b) SMF-28 + DCF at T = 50 °C; (c) SMF-28 at T = 50 °C but 

DCF at T = 20 °C.  

 

              (a)             (b)                     (c) 

Fig. 5.7: (a) Unaffected OCDMA autocorrelation envelope S(t) after code 

transmission in the CD compensated fibre link at 20 °C; (b) after raising link 

temperature to 50 °C; (c) when only SMF-28 section is heated to 50 °C and DSF 

section is kept at 20 °C.  

By analysing the calculated results of the OCDMA autocorrelation FWHM 

change, one can conclude: (a) There is no autocorrelation width change for a CD 

compensated link kept at the constant temperature. (b) A 0.5 ps width broadening 
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from 12 ps to 12.5 ps for a 30°C temperature increase of an entire transmission link. 

(c) A 0.9 ps width broadening from 12 ps to 12.9 ps for a 30°C temperature increase 

of the SMF-28 fibre section only (DCF is kept at a room temperature). 

5.3.1 Experimental Setup for the Investigation of Fibre Link Temperature 

Effect on OCDMA Autocorrelation 

The experimental setup used for this investigation is shown in Fig. 5.8. It 

consists of an OCDMA transmitter, OCDMA receiver, environmental chamber, 19.5 

km of SMF-28 optical fibre on a spool, chromatic dispersion compensating fibre 

(DCF), and diagnostic equipment. Both OCDMA transmitter and receiver are based  

 

Fig. 5.8: Experimental setup; OSCG - Optical Supercontinuum Generation, OC - 

Optical Circulator, EDFA - Erbium Doped Fibre Amplifier, DCF - Dispersion 

Compensating Fibre, SOA - Semiconductor Optical Amplifier, OSC - Oscilloscope, 

OSA - Optical Spectrum Analyser.  

on FBG technology. An integral part of the OCDMA transmitter was an optical 

supercontinuum generator (OSCG) producing a 3.2 nm wide optical supercontinuum. 

The supercontinuum was fed into an FBG OCDMA encoder (OKI Industries, Japan) 

for generation of a 2D-WH/TS OCDMA code. The code consisted of four 

wavelength code carriers (λ1 = 1551.72 nm, λ2 = 1550.92 nm, λ3 = 1552.52 nm, and 
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λ4 = 1550.12 nm). After its amplification by a 15 dBm EDFA-1, the code was 

launched into a fibre transmission link represented by a 19.5 km long SMF-28 fibre 

followed by a 3.32 km long DCF fibre for the link DC compensation. During the 

investigations, the temperature of the link (or its portion) was varied between 20 °C 

(room temperature) and 50 °C using temperature control chamber (SM-32C from 

Thermatron Industries).  

In order to separate CD effects from the temperature induced dispersion 

effects, the transmission link was fully CD compensated with the sub-picosecond 

accuracy by using a matching DCF Module.  

On the receiving site, the received OCDMA signal was decoded by a matched 

FBG-based OCDMA decoder. This produced an OCDMA autocorrelation, which 

was amplified by EDFA-2. An Oscilloscope, OSC (Agilent Infiniium DCA-J 

86100C with an optical sampling head) and Optical Spectrum Analyser (OSA) then 

evaluated the autocorrelation. 

5.3.2 Investigation of Fibre Transmission Link Temperature Effects on 

OCDMA Autocorrelation and Its Mitigation by SOA 

First the environmental chamber holding transmission fibre was set to match 

the room temperature (20 °C). For future reference, the OCDMA autocorrelation 

𝑆𝑇
𝐿(𝑡) was then recorded by OSC using the experimental setup shown in Fig. 5.8, no 

SOAs were present. The experimental result is shown in Fig. 5.9(a) in black. For a 

comparison, the calculated result from Fig. 5.7(a) is overlaid (red line). Then the 

chamber temperature was increased to 50 °C with SMF-28 section only, DCF section 
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was kept at 20 °C. After reaching a steady state (after ~ 4 hours), the OCDMA 

autocorrelation was recorded. The experimental result is shown in black in Fig. 

5.9(b). For a comparison, the calculated result from Fig. 5.7(c) is overlaid (blue line). 

It is seen that the amount of autocorrelation broadening ∆τT = 1 ps  

 

                                            (a)                                                (b)                              

Fig. 5.9: (a) OCDMA autocorrelation when CD compensated transmission link is at 

20 °C: black - experiment, red - calculation; (b) when SMF-28 section is at 50 °C 

and DCF at 20 °C: black - experiment, blue - calculation.  

agrees with a 0.9 ps value predicted by the calculations. Misalignments observed at 

the pulses base are due to a minor FBG encoder/decoder miss-match resulted from 

manufacturing imperfections. Because of the setup resolution, it was not possible to 

experimentally confirm the calculation results shown in Fig. 5.7(b) predicting the ∆τT 

= 0.5 ps autocorrelation broadening. 

The effect of the temperature can be explained as follows. The SMF-28 fibre 

produces the anomalous chromatic dispersion (DCD > 0) leading to the negative chirp 

C < 0. By adding a matching length of the dispersion compensating fibre (DCF has a 

normal chromatic dispersion, D < 0), the fibre transmission link becomes CD 

compensated. From this point on, a fibre temperature change (introduces DT < 0) will 

“flip” the overall transmission link dispersion balance towards the normal dispersion. 

Simulation

Experiment

12.9 ps

Simulation

Experiment
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The normal dispersion leads to a positive chirp C > 0, and a lower group velocity for 

higher-frequency components. This means the leading edge components of optical 

pulses travel slower than the rest of the pulse, the trailing edge components travel 

faster and as a whole, the temporal width of each optical pulse becomes narrower. 

This way all four multi-wavelength code carriers λi are affected. In addition, code 

carriers with the longer wavelength will travel faster than those with the shorter 

wavelength. This causes their temporal skewing leading to OCDMA autocorrelation 

temporal broadening with any fibre temperature increase. 

To experimentally study a possibility of using an SOA to mitigate the effects 

of temperature induced dispersion (DT < 0), an SOA (Kamelian OPA-20-N-C) was 

inserted between points B and C in the experimental setup (see SOA1 in Fig. 5.8). It 

is then investigated if by changing the SOA1 gain/bias current it would be possible to 

eliminate the observed temporal change of the OCDMA autocorrelation width 

caused by the temperature-induced dispersion. The investigation was started by 

setting the temperature of the chamber to 50 °C. At this temperature the recorded 

OCDMA autocorrelation FWHM was found to be 13 ps (see Fig. 5.10(a)). Now, by 

changing the bias current of SOA1 it was tried to restore the OCDMA 

autocorrelation FWHM back to the value previously recorded at a room temperature 

of 20 °C (see Fig. 5.9(a)). By manipulating the bias current I, it was observed that the 

autocorrelation width would broaden for I > 23 mA. For I < 23 mA, the 

autocorrelation was compressed. To allow for a better visualization, the resulting 

signal was then amplified by SOA2. The result is shown in Fig. 5.10(b). By 

comparing it with the recorded OCDMA autocorrelation taken at 20 °C shown in  
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                            (a)                                                (b)             

Fig. 5.10: (a) OCDMA autocorrelation observed at 50 °C; (b) Adjusted OCDMA 

autocorrelation seen at 50 °C to its value measured at 20 °C; I = 10 mA is the bias 

current of SOA1. 

Fig. 5.9(a), one can conclude that both autocorrelations have a very similar shape and 

the measured FWHM value of 12 ps. 

The above can be explained as follows: a pulse broadening by SOA will 

occur for pulses positively chirped (C > 0) when transiting the SOA1 [146]. As 

discussed earlier, the temperature induced dispersion DT in the fibre transmission 

link imposes a positive chirp (C > 0) on optical pulses (OCDMA code carriers). This 

causes the additional skewing, therefore more broadening of the OCDMA 

autocorrelation when transiting the SOA1 at bias currents I > 23 mA. At low SOA 

bias currents, I << 23 mA (unsaturated gain), compression by the SOA is observed. 

Reducing the SOA bias current I to 10 mA changed the chirp value in the opposite 

direction leading to compression observed at the SOA-1 output [146]. SOA2 had no 

measurable effect on the passing autocorrelation other than amplifying the signal for 

its better detection. 

So far, SOA was used by placing it at the receiver site of the incoherent 

OCDMA link to see its usage to overcome the dispersion-induced impairments as 

investigated in Chapter-4 and including this Chapter-5. In the next Chapter-6, it will 
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be investigated how SOA can perform if it is located at the transmission site of the 

link to overcome the dispersion related distortions for an optical fibre link. 

5.4 Discussion 

The effect of fibre temperature on the OCDMA autocorrelation when the 

temperature of a 22.8 km long CD compensated link or its SMF portion increases 

from 20 °C to 50 °C is studied in this Chapter. The OCDMA system under 

investigation used 2D-WH/TS codes based on multi-wavelength picosecond optical 

pulses as the code carriers. It has been shown by calculations that the link’s 30 °C 

temperature increase would broaden the recovered OCDMA autocorrelation FWHM 

by a 0.5 ps from 12 ps to 12.5 ps. It has also experimentally demonstrated and then 

confirmed by calculations that if this 30 °C temperature change applied to its 19.5 

km long SMF section, this would alter the FWHM value of the recovered OCDMA 

autocorrelation from 12 ps to 13 ps (12.9 ps when calculated). The measured 1 ps 

autocorrelation broadening is in a very good agreement with a 0.9 ps prediction, 

which assumed a Gaussian temporal shape of code carriers. Also demonstrated that 

the SOA could be used to mitigate the observed amount of the broadening. 
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Chapter 6 

SOA as a Chirp Manipulator 

 

6.1 Introduction 

The deployment of incoherent OCDMA systems that use picosecond pulses 

as code carriers requires a CD compensated transmission link. If the link is not 

properly CD compensated, then the distortion due to pulse broadening and time-

skewing would cause OCDMA autocorrelation function distortion at the receiving 

end. This would affect optical communication at chip level, cause inter chip 

interference resulting in bit-error-rate (BER) degradation, [11, 103, 102]. It is 

therefore important to ensure that any deviations from the link’s CD compensation 

are under control preferably via tuneable means.   

One approach to achieve tuneable CD control is to exploit the signal’s chirp 

before its transmission in the optical fibre. In [147], a laser pulse with a positive 

chirp was passed through SMF-28 fibre producing a negative chirp (due to fibre 

anomalous dispersion) leading to pulse compression. At the same time, due to GVD, 

pulses have experienced broadening while propagating in optical fibre. At a distance 

known as the dispersion length (LD), the pulse-width becomes equal to its initial 

value, seen at the fibre input due to the action of both of these simultaneous effects. 

After passing a distance LD, the propagated pulse will start to expand again until 

reaching the end of the fibre [134]. It is known that, either the initial positive chirp of 
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a laser pulse or the resulting negative chirp due to fibre anomalous dispersion can be 

adjusted further to compress the optical pulse. The initial positive chirp of the 

generated laser pulse can be reduced, or the length of SMF-28 fibre can be changed 

to vary the resulted chirp from laser pulse propagation in an optical fibre with 

anomalous dispersion.  

It has been reported that, an SOA can also change the chirp of the optical 

laser pulse passing through the SOA by changing its bias current [148]. In Chapter-5, 

the effect of temperature-induced fibre dispersion on the OCDMA autocorrelation 

was mitigated by changing the gain of an SOA placed on the receiver side of the link. 

Through changes of the SOA gain dynamics and by introducing an optical holding 

beam (cw and/or optical pulse synchronized with OCDMA autocorrelation at SOA 

input), the effect of fibre CD was investigated in Chapter-4 by placing SOA at the 

receiver site. These control mechanisms affect the refractive index inside the SOA 

via gain changes (as predicted by Kramers-Kronig relations) resulting in a varied 

amount of chirp being imposed by the SOA on optical pulses passing through the 

SOA.  

In this Chapter, the use of an SOA placed on the transmitter site was 

investigated to compensate OCDMA autocorrelation broadening on the receiver side 

caused by fibre CD. This is achieved by controlling the chirp of multi-wavelength 

OCDMA code carriers before the code is launched into a 16~17 km testbed. A 

developed equation allows theoretical and experimental investigation of chirp 

changes imposed by the SOA on the OCDMA autocorrelation. The calculations are 

in a good agreement with experimental results. 
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6.2 Experimental Setup for the Investigation of SOA as Chirp 

Manipulator for Multi-Wavelength OCDMA Code Carriers 

Figure 6.1 represents the experimental setup used for the investigations. The 

OCDMA transmitter Tx produces a 2D-WH/TS OCDMA code based on four 

wavelengths (λ1 = 1551.72 nm, λ2 = 1550.92 nm, λ3 = 1552.52 nm, λ4 = 1550.12 nm) 

with 10 ps FWHM pulses as the code carriers. All pulse carriers have a positive chirp 

resulted from spectral slicing of the optical supercontinuum by a FBG based 2D-

WH/TS OCDMA encoder. 

A 2D-WH/TS prime code is a class of two dimensional (2D: wavelength-

time), incoherent asynchronous codes that support wavelength-hopping within time- 

spreading over the Galois field of prime numbers with zero autocorrelation side-

lobes and periodic cross-correlation functions of at most one [35]. 

 

Fig. 6.1: Experimental setup. Tx – OCDMA transmitter, SOA – Semiconductor 

Optical Amplifier, EDFA – Erbium Doped Fibre Amplifier, DCF – Dispersion 

Compensating Fibre, SMF – Single Mode Fibre, Rx – OCDMA receiver, OSC – 

Oscilloscope, OSA – Optical Spectrum Analyser. 
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This transmitted code (2D-WH/TS OCDMA code, 1-λ2, 21-λ4, 24-λ1, 39-λ3) then 

propagates through a 16 km long CD compensated testbed. A related OCDMA 

autocorrelation signal is then recovered by an OCDMA decoder (Rx) matched to the 

OCDMA encoder (Tx) at the fibre-receiving end (point-4). For signal amplification, 

the EDFA-2 amplifier is used and the output is analysed using an Optical Spectrum 

Analyser (OSA - Agilent 86146B) and a Digitizing Oscilloscope, OSC (Agilent 

Infiniium DCA-J 86100C with an optical sampling head).  

The transmission link (Fig. 6.1) was first CD compensated by using the 

commercially available DCF module selected to match the 15 km SMF-28 fibre link. 

After its installation, it was found that there was a small CD mismatch and the link 

was narrowly over-compensated. That means the overall link is in the normal 

dispersion region (β2 > 0) having its equivalent link GVD parameter β2 = 0.2 ps2/km. 

To achieve tuneability in CD compensation, and to make the link fully compensated 

without further adjustment of the DCF length, the use of SOA to fine-tune the 

compensation was investigated.  

First, by performing ‘back-to-back’ measurements the OCDMA 

autocorrelation temporal width in the absence of SOA was obtained at the Tx side 

(point-1). Then the autocorrelation was obtained after 16 km propagation at the Rx 

receiver side (point-4). The results measured using the digitizing oscilloscope (OSC) 

are shown in Fig. 6.2(a) and 6.2(b), respectively. 
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       (a)                                                (b) 

Fig. 6.2: Measured recovered OCDMA autocorrelation: (a) back-to-back at point-1; 

(b) after 16 km long fibre transmission at point-4. 

From Fig. 6.2(b), it is seen that, as the multi-wavelength picosecond OCDMA pulses 

(code carriers) propagate through this 16 km long fibre testbed, the FWHM width of 

the recovered OCDMA autocorrelation function by the decoder Rx (point-4) has 

broadened from 10 ps to 14 ps when compared to the ‘back-to-back’ measurement 

shown in Fig. 6.2(a).  

For β2 = 0.2 ps2/km, the CD value DCD [149] can be calculated as: 

DCD =  (2πc/λ2) × β2                    (6.1) 

Here, c is the velocity of light in a vacuum. From Eq. (6.1), the obtained 

value of DCD is: 

DCD =  0.157 ps/(nmkm) for the λ = 1550 nm region.  

Now, to investigate the possibility of adjusting the FWHM temporal width of 

the recovered OCDMA autocorrelation function at the receiver end via controlling 

chirp of code carriers at the transmitting end by using SOA, an SOA (Kamelian 

OPA-20-N-C) was inserted between the points 1 and 2 (see Fig. 6.1). 

Results

Autocorrelation Function for 16 km 

link (Without SOA Control)

Autocorrelation Function at

(back-to-back)

14 ps

5 ps /div

10 ps

5 ps /div
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6.3 Theoretical Background and Analysis 

6.3.1 Optical Pulse Chirp 

A pulse is chirped if its carrier frequency changes with time. The frequency 

change relates to the phase derivative. Parameter C can be introduced to describe the 

linear frequency chirp imposed on the pulse. It depends on whether the instantaneous 

frequency of optical pulse is increasing or decreasing with time [148]. In the normal 

dispersion region, the GVD parameter β2 is positive and the chirp is also 

positive,    C > 0. At this condition, the higher frequency components’ speed towards 

the pulse’s leading edge is lower than the lower frequency components’ speed at the 

trailing edge. On the other hand, in the anomalous dispersion region, the GVD 

parameter β2 is negative and the chirp is also negative, C < 0. The higher frequency 

components’ speed towards the pulse’s leading edge is faster than the lower 

frequency components’ speed at the trailing edge. If the optical pulses generated by 

Tx (at point-1) have a positive chirp then after propagation through a normal 

dispersion region (β2 > 0), the positive chirp will become more positive (i.e., higher 

frequency components speed towards the leading edge will be even slower) and as a 

result, the pulse will be broadened. On the other hand, if these optical pulses will 

pass through a region with an anomalous dispersion (β2 < 0), then the positive chirp 

can be brought to zero. This will happen after traveling a distance known as LD. This 

leads to the compensation of GVD effect. Further propagation in the fibre (when 

distance L exceeds length LD) will lead to the pulse broadening as the effect of GVD 

becomes positive [77]. To summarize, an initial pulse narrowing happens if the 

product Cβ2 < 0, and the travel distance L < LD, then if L > LD, the pulse broadens 
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(until the end of the fibre link). The scenario described will also occur for optical 

pulses at the Tx output having a negative value of C (C < 0) where they would 

propagate in the optical fibre with normal dispersion (β2 > 0 and DCD < 0), also 

leading to Cβ2 < 0.  

6.3.2 Effect of Code Carriers Chirp on OCDMA Autocorrelation Temporal 

Envelope and Its Width 

A temporal Gaussian shape of an optical pulse affected by chirp C is 

represented as [149]: 

PL(t) = 𝑃0 exp [−2.77(1 + 𝑖𝐶) (
𝑡

𝜏
)
2

]              (6.2) 

where t is time, P0 is a peak power and coefficient 2.77 indicates a pulse 

width τ measured at FWHM. 

In the investigation, four multi-wavelength picosecond pulses as 2D-WH/TS 

OCDMA code carriers, each of linewidth ∆λj and spectrally separated by ∆j where 

j = 1, 2, 3, 4, respectively are used. In light of Eq. (6.2), by following [12], for the 

OCDMA autocorrelation temporal envelope recovered by the Rx receiver (Fig. 6.1 

point-4) an expression is written as:  

SL(λ1 – λ4)(t) = ∑ 𝑃 exp [ −2.77(1 + 𝑖𝐶) (
𝑡 − 𝑘∆𝜏0

𝜏 − ∆𝜏0
)
2

]𝑤−1
𝑘=0                     (6.3) 

In the above expression, w = 4 is a number of code carriers (wavelengths) 

also known as the code weight. The numerator (𝑡 −  𝑘∆𝜏0) represents time skewing 
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among wavelength carriers, the denominator (𝜏 − ∆𝜏0) reflects their spectral 

broadening due to dispersion effects and 

∆𝜏0 = DCD × L × ∆λj                (6.4) 

where DCD = - 0.157 ps/(nm•km) represents the dispersion of the partially 

compensated fibre testbed, L = 16 km is the testbed length, and ∆λj = ∆j = 0.8 nm.  

By following [149], from Fig. 6.3, one can obtain the value of chirp C 

affecting the resulting OCDMA autocorrelation SL as: 

C = [(⧍ × 𝑎0) 2 − 1] ½  = [(⧍ × 
𝜏

1.665
) 2 −1] ½  = + 2.36              (6.5) 

 

 Fig. 6.3: Spectrum recorded during Back-to-Back measurements at point-1. 

Here ⧍ = 3.42 nm (see Fig. 6.3) is the spectral width of the OCDMA 

autocorrelation found from the measurements at point-1 by the OSA (Agilent 

86146B), and 𝑎0 = τ /1.665 reflects the use of the ‘back-to-back’ FWHM value of τ = 

10 ps (see Fig. 6.2(a)).  
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The frequency domain representation of the OCDMA autocorrelation 

envelope after L = 16 km of propagation in the optical fibre can be obtained from Eq. 

(6.3) as follows [150]:  

SL(λ1 – λ4) ( f ) = fft {SL(λ1 – λ4) (t)} × {exp (-i ɷj
2 × β2  / 2) × L}            (6.6) 

where β2 = 0.2 ps2/km is the fibre link group velocity dispersion coefficient; 

ɷj is an angular frequency of a particular code carrier j; and {exp (-i ɷj
2 × β2  / 2) ×L} 

factors in the GVD effects imposed by the propagation in the fibre. 

In order to obtain the OCDMA autocorrelation function at the fibre end in the 

time domain, an inverse Fourier transform on Eq. (6.6) was performed: 

SL(λ1 – λ4) (t)  = ifft {SL(λ1 – λ4) ( f )}                   (6.7) 

Now, using C = +2.36 found from Eq. (6.5) and substituting Eq. (6.3) and 

(6.6) into Eq. (6.7), it is possible to calculate the 2D-WH/TS OCDMA 

autocorrelation envelope SL recovered by the matched OCDMA receiver Rx at point-

4 after L = 16 km long transmission (Fig. 6.4(b)) and the related FWHM width is 

14.2 ps. The corresponding experimental measurement shows the FWHM value of 

14 ps (Fig. 6.4(a)). For a comparison, the ‘back-to-back’ measured and calculated 

FWHM widths for the OCDMA envelope are also shown in Fig. 6.4(a) and 6.4(b), 

respectively each having the same value of 10 ps. 

Based on [77] it is seen that, the larger C > 0 code carriers have at Tx output, 

the more broadening they will experience during their fibre propagation. However, if 
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the C value can be reduced, the OCDMA autocorrelation widths observed at the fibre 

output will be also reduced. This will be explored next.  

      

                    (a)  Experiment             (b)  Calculations 

Fig. 6.4: (a) Measured 2D-WH/TS OCDMA autocorrelation recovered by a matched 

OCDMA decoder Rx for back-to-back (L = 0) and after L = 16 km propagation; (b) 

Calculations for the same.  

6.3.3 Chirp variation by SOA 

To explore the possibility of reducing the C value, an SOA has been added 

after the Tx in between the points 1 and 2 (see Fig. 6.1). This allows to vary the 

SOA’s gain dynamics through a change in bias current I (carrier density), which 

results in refractive index changes thus causing a phase shift [77, 149]. Before going 

any further, the optical spectrum of 2D-WH/TS code immediately after passing the 

SOA biased at I = 7 mA was taken. The measured result is shown in Fig. 6.5. Now  

 

 Fig. 6.5: Spectrum recorded at SOA output (point-2) at bias current I = 7 mA. 
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recall, Fig. 6.3 shows the code optical spectrum at the SOA input. By comparing it 

with Fig. 6.5 the respective spectral frequency shifts ⧍ν(λ4) = 9.98 GHz for λ4, 

⧍ν(λ2) = 7.48 GHz for λ2, ⧍ν(λ1) = 9.97 GHz for λ1 and ⧍ν(λ3) = 9.96 GHz for λ3 

imposed by the SOA biased at I = 7 mA resulting in a frequency chirp of ⧍ν = 9.34 

GHz was obtained. In order to find the related chirp parameter Cout induced by SOA, 

the following expression is used [151]: 

Cout = ⧍ν (GHz) × 2πσ = 0.25                                                (6.8) 

where σ = τ /2.35 and τ = 10 ps are the measured FWHM value of code 

carriers entering the SOA. The coefficient 2.35 is a result of conversion between the 

FWHM width τ of a Gaussian shape pulse and standard deviation σ. Now, after 

substituting C = Cout = 0.25 into Eq. (6.3) and following steps as before, from Eq. 

(6.7) it is possible to calculate the 2D-WH/TS OCDMA autocorrelation envelope SL 

recovered by the OCDMA decoder Rx after an L = 16 km long fibre transmission at 

point-4 and the related FWHM width value. The result of this calculation is shown in 

Fig. 6.6(b) as curve C = 0.25. Its calculated FWHM width is 10.6 ps. In contrast, the 

curve marked I = 7 mA in Fig. 6.6(a) is the experimentally recovered OCDMA 

autocorrelation at point-4 for SOA current I = 7 mA. The corresponding FWHM 

value is 11 ps. Results of measurements for different I values are also included in 

Fig. 6.6(a) together with results of OCDMA autocorrelation envelope calculations 

for different chirp values C in Fig. 6.6(b). Then OCDMA autocorrelation FWHM 

values as a function of SOA current I were extracted from Fig. 6.6(a).  
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              (a)  Experiment                (b)  Calculations 

     

           (c)  Experiment                 (d)  Calculations  

Fig. 6.6: (a) Measured 2D-WH/TS OCDMA autocorrelation envelope for different 

SOA bias currents I after L = 16 km fibre propagation; (b) Calculated 2D-WH/TS 

OCDMA autocorrelation envelope after 16 km fibre propagation for different values 

of chirp C; (c) OCDMA autocorrelation FWHM width vs SOA bias current I; (d) 

OCDMA autocorrelation FWHM width vs chirp C. 

These results were shown in Fig. 6.6(c). Similarly, the OCDMA autocorrelation 

FWHM values as a function of chirp C were extracted from Fig. 6.6(b) and results 

were plotted in Fig. 6.6(d). Looking at the calculated results, it was seen that for a 16 

km long propagation in the fibre testbed, C = 0.25 delivered the maximal 

autocorrelation width reduction, from 14 ps to 11 ps. This was then confirmed 

experimentally where for the SOA bias current I = 7 mA, the FWHM value 11 ps 

was also minimal. Any further decreases of I with attempts to achieve a ‘back-to-

back’ τ = 10 ps value of the OCDMA autocorrelation width also for L = 16 km led to 

an impractically low SOA gain. To overcome this, a continuous wave (CW) holding 

beam technique (CWHB) was used [152]. The CW source (see Fig. 6.7(a))  
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                            (a)                               (b) 

Fig. 6.7: (a) Testbed setup after adding CW source as CWHB. (b) Corrected 

OCDMA autocorrelation envelope: red line - measurement after L = 16 km 

propagation (point-4) for the SOA bias current I = 4 mA in the presence of CW and 

blue dot-dashed line - calculation when SOA induced chirp parameter is C = 0.16. 

Brown dotted (green dashed) line is the SL=0km calculation (back-to-back 

measurement at point-1), respectively. 

was an SOA (Kamelian OPA-20-N-C) with its gain set to one. A collinearly added 

CW enhanced the stimulated emission in the SOA [153], and thus the SOA gain 

dynamics. In this configuration and with an SOA bias current of I = 4 mA, it was 

possible to experimentally achieve the OCDMA FWHM value of 10 ps (see Fig. 

6.7(b) red line) which was in an agreement with ‘back-to-back’ measurements (green 

dashed line). Using the steps described earlier, it was found that the resulting value 

of the chirp at point-2 was C = 0.16. By using Eq. (6.7), the ‘corrected’ OCDMA 

autocorrelation envelope SL=16 km was found as shown in Fig. 6.7(b) by the blue dot-

dashed line. It was seen that its OCDMA FWHM value was also 10 ps and matched 

well with back-to-back measurements (green dashed line) and the related 

calculations SL= 0 km (brown dotted line). The misalignments observed at the pulses 

base are due to a minor FBG encoder/decoder miss-match resulted from 

manufacturing imperfections. 
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6.4 Comparative Study of Using SOA at Tx Site or at Rx Site  

In this investigation, a comparative study has been conducted using an 

OCDMA transmission system seen in Fig. 6.8 where the SOA was located at its 

transmission (Option-1) or receiving (Option-2) site, respectively. It has been 

investigated, to what extent a placement of a single SOA would play a role in 

mitigating the CD impairments i.e., the spreading and time skewing which are 

affecting the recovered OCDMA auto-correlation at the receiving site.  

The setup for investigating a chirp control by the single SOA is shown in Fig. 

6.8. The experimental setup has already been described before. The only difference 

was that, the single SOA was located alternatively at the Tx site in Option-1 and  

 

Fig. 6.8. Experimental setup. Tx – OCDMA Transmitter/Encoder, SOA – 

Semiconductor Optical Amplifier, EDFA – Erbium Doped Fibre Amplifier, DCF – 

Dispersion Compensating Fibre, SMF – Single Mode Fibre, Rx – OCDMA 

Receiver/Decoder, OSC – oscilloscope, OSA – Optical Spectrum Analyser. 

the OCDMA autocorrelation widths were measured for varied SOA drive current 

controls and this SOA was again placed at the Rx site in Option-2 and the 

measurements were repeated. 
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First, a back-to-back measurement was performed at Point-1. The obtained 

OCDMA auto-correlation FWHM was found to be 10 ps. Then the measurement was 

repeated after 16 km of propagation in a CD affected transmission link (Point-5). In 

this case, the recovered OCDMA auto-correlation width was found to be 14 ps. Both 

measurements were performed by a digital oscilloscope DCA-J 86100C with a 64 

GHz optical sampling head, OSC. Next, it was investigated how using the SOA 

placement either in position Option-1 or Option-2, would be effective in CD link 

compensation via controlling the chirp. 

6.4.1 CD Management by a Single SOA on Tx Site 

First, the SOA was placed in the testbed as indicated by Option-1 (See Fig. 

6.8). The value R was defined as a ratio of a measured OCDMA auto-correlation 

FWHM value at Point-5 and its back-to-back value of 10 ps found at Point-1. The 

 

Fig. 6.9. R as a function of the SOA bias current I.  SOA is placed at the Tx site. 

obtained values of R as a function of SOA bias current I were plotted in Fig. 6.9. It 

was seen that the SOA by controlling the OCDMA code carriers chirp was very 

effective in restoring the distorted FWHM value of the 2D-WH/TS OCDMA 

autocorrelation (note R 1). A detailed explanation can be found in Section-6.3. In 

short, the positive chirp of the OCDMA code carriers generated by OCDMA Tx and 
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propagated in the testbed makes the speed of the longer wavelength code carriers 

propagate faster than of those with a shorter wavelength. By reducing the carriers 

chirp through the SOA bias current adjustments will reduce the speed of the longer 

wavelengths and increase the speed of the shorter wavelengths code carriers. This 

way, the individual code carrier’s temporal width narrows aided further by the GDV 

induced anomalous propagation through the SMF-28 fibre [77]. 

6.4.2 CD Management by a Single SOA on Rx Site 

Now, the SOA was placed right after the OCDMA receiver/decoder (Option-

2) as indicated in Fig. 6.8. The experiment was repeated and the obtained values of R 

as function of the SOA bias current I are plotted in Fig. 6.10. In this configuration, 

the SOA has the opposite effect on the values of R when compared to pre-chirping by 

the SOA described in Section-6.4.1. It is seen that R increases with an increasing 

SOA bias current, i.e. the FWHM of the OCDMA auto-correlation recovered at 

Point-5 is becoming wider with the larger values of I. Because the SOA at the output 

of the OCDMA Rx decoder is facing four times more optical peak power compare to 

its Option-1 position, SOA becomes gain saturated which leads to an SPM induced 

broadening [134]. 

 

Fig. 6.10. R as a function of the SOA bias current I. SOA is placed at the Rx site. 
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6.4.3 Investigation of Using SOA to Manage Impact of GVD on OCDMA 

Auto-correlation 

Here the effect of a varying value of transmission link average residual group 

velocity dispersion, GVD (parameter β2) on the OCDMA auto-correlation FWHM as 

a function of changing chirp C has been investigated. The obtained results are shown 

in Fig. 6.11. The investigation was done for β2 between (0.10 – 0.20) ps2/nm. It is 

seen that for varying the values of chirp C and β2 the values R  (0.93 – 1.41). 

 

Fig. 6.11. R as a function of chirp C for different values of β2. SOA is placed at the 

Tx site. 

6.5 Discussion 

It has been shown for the first time both experimentally and by calculation, 

that an SOA at the transmission side can be used to control a recovered 2D-WH/TS 

OCDMA autocorrelation function and its width at the receiver end by controlling the 

chirp of picosecond multi-wavelength OCDMA code carriers at the transmitter end. 

The experiments and calculations were conducted for a 16 km long fibre 

transmission in a partially CD compensated fibre testbed. It is found that OCDMA 

autocorrelation and its 14 ps width when CD distorted by a fibre transmission can be 
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restored back to its 10 ps ‘back-to-back’ value by controlling the code carriers’ chirp 

by varying the SOA bias current. Using CW/HB does not offer the same CD tuning 

range as OP/HB [152], however using CW/HB eliminates the need for 

synchronization and simplifies system implementation. Because the SOA faces code 

carriers having low power and equal amplitude, no bandwidth limitations are noted 

which is contrary to [152] where the SOA is implemented on the receiving end. A 

comparative study was also conducted to investigation the effect of OCDMA code 

carriers’ chirp on the OCDMA auto-correlation and its width by placing the SOA 

either at the OCDMA transmitter (Tx) or at the receiver (Rx) site. The OCDMA code 

carriers’ chirp was controlled by varying the SOA gain dynamics through its bias 

current changes. It was observed that controlling the chirp of multi-wavelength code 

carriers by a single SOA located at the Tx site could effectively compensate for the 

observed OCDMA auto-correlation broadening resulted from the fibre link CD as 

well as for the transmission link’s residual GVD changes. With a single SOA located 

at the Rx site after the OCDMA decoder, it was observed that additional OCDMA 

auto-correlation broadening could be imposed by increasing the SOA bias current. 
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Chapter 7 

Conclusions 

 

7.1 Summary of The Thesis 

Chromatic and temperature induced dispersion can severely affect incoherent 

high data rate communication in optical fibre. This is also true for incoherent 

OCDMA system with multi-wavelength picosecond code carriers. Even a relatively 

small deviation from a fully dispersion compensated transmission link can strongly 

impact the overall system performance, the number of simultaneous users, and the 

system cardinality due to the recovered OCDMA autocorrelation being strongly 

distorted, time-skewed, and having its FWHM value changed [11, 12, 102, 103, 122, 

123]. Hence, to preserve the integrity of fibre transmission in incoherent systems 

using picosecond code carriers, the CD must be controlled with high accuracy. This 

can be a very challenging task, particularly in a multi-wavelength environment under 

varying conditions. It is therefore of utmost importance to have a simple tuneable 

means for controlling fibre chromatic or temperature induced dispersion with high 

sub-picosecond accuracy. Tune-ability of dispersion control in an incoherent 

picosecond multi-colour OCDMA system was the main interest of this research 

work. To establish the tuneable dispersion compensation of this system, at first, the 

incoherent OCDMA system was discussed and attention was focused on 2D-WH/TS 

with ps code carriers in Chapter-2. Chapter-3 discussed the basic dispersion 

phenomena in optical fibre and the reason of pulse broadening and time skewing due 
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to GVD effects. Chaper-4 investigated the use of SOA for the tuneable dispersion 

control for OCDMA system using 2D-WH/TS code based on multi-wavelengths ps 

pulses. The SOA was first used on the receiver site for a continuous manipulation of 

the broadened OCDMA autocorrelation due to fibre link CD (CD coefficient DCD > 0 

in SMF-28). The SOA compensation was applied directly on the distorted OCDMA 

autocorrelation composed of four multi-wavelength code carriers. In this 

configuration, the use of a picosecond optical pulse called an OP/HB synchronized 

with the OCDMA autocorrelation at the SOA input was investigated. It has been 

demonstrated that the OCDMA autocorrelation that was broadened by the fibre CD 

can be continuously ‘compressed’. The OCDMA autocorrelation FWHM width 

could be compressed even below its original back-to-back width. In Chapter-5, the 

temperature affected OCDMA autocorrelation broadening for a fully CD 

compensated fibre link was experimentally investigated. It was reported for the first 

time the use of the SOA on the receiver site to continuously compensate for the 

broadening of the OCDMA autocorrelation due to the changing temperature induced 

dispersion in the optical fibre (the temperature induced dispersion coefficient DT < 0 

in SMF-28). The compensation by the SOA was applied directly on the recovered 

distorted OCDMA autocorrelation. It was shown that the broadening of the OCDMA 

autocorrelation width could be mitigated using the twin SOA, by controlling its chirp 

through bias current adjustments. Chapter-6 was devoted to show that, by controlling 

the chirp of the individual multi-wavelength OCDMA code carriers spread over a bit 

period before the code is launched into a fibre link, the OCDMA autocorrelation 

broadening due to the fibre CD (DCD > 0) observed on the OCDMA receiver site, 

could be compensated. The mathematical formula was developed incorporating the 
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chirp parameter and calculated the OCDMA autocorrelation envelope and its width 

changes with the calculated chirp changes by SOA. 

In conclusion, it was shown that SOA could be successfully used for tuneable 

dispersion compensation of an incoherent OCDMA autocorrelation (based on 

picosecond multi-wavelength carriers) broadening affected with chromatic or 

temperature induced dispersion as depicted in various chapters of this thesis. 

7.2 Future Works 

This thesis primarily focused on all-optical tuneable dispersion management 

using the SOA control implemented on 2D-WH/TS OCDMA based on multi-

wavelength picosecond code carriers to overcome the dispersion related 

impairments. Further research may be continued in line with the following 

directions: 

In Chapter-4, a locally generated OP/HB was used to achieve the highest 

compression of the recovered OCDMA autocorrelation width. To make the system 

more robust against the effects of timing jitter, future investigation should be 

focussed on how to generate OP/HB using an all-optical clock recovery technique. 

In case of multiuser incoherent 2D-WH/TS OCDMA systems, different 

techniques of SOA based tuneable dispersion compensation as described and 

depicted in the thesis can also be investigated into to reduce MAI, thereby help to 

increase the system scalability. 
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The OP/HB approach can also be investigated while using the SOA at the 

transmitter site with the goal to achieve more compression of the OCDMA 

autocorrelation widths at the receiving site. 

The future research can also investigate the effects of SOA recovery time on 

the developed compensation techniques. 

Finally, the all-optical tuneable dispersion management using the SOA 

control can also be investigated on 2-D wavelength-time codes, such as the carrier-

hopping prime codes (CHPCs). 
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