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Abstract 

 

In seeking efficient last-mile solutions for high-capacity, optical code division multiple access 

(OCDMA) emerges as a promising alternative high-speed optical network that can securely 

support a multitude of simultaneous users without requiring extensive equipment. This 

multiplexing technique has recently been the subject of comprehensive research, highlighting 

its potential for facilitating high-bandwidth multi-access networking. When contrasted with 

techniques such as wavelength division multiplexing (WDM) and optical time division 

multiplexing (OTDM), OCDMA offers a more effective and equitable split of available fibre 

bandwidth among the users. This thesis presents my research focused on the incoherent 

OCDMA under the influence of optical fibre impairments that uses picosecond multi-

wavelength pulses to form two-dimensional wavelength hopping time-spreading (2D-WH/TS) 

incoherent OCDMA codes. In particular, self-phase modulation, temperature induced fibre 

dispersion, chromatic dispersion, as well as the impact of semiconductor optical amplifier  SOA 

devices deployment on 2D-WH/TS OCDMA code integrity were investigated. These aspects 

were investigated using a 17-km long bidirectional fibre link between Strathclyde and Glasgow 

University. In particular, I investigated the impact of temporal skewing among OCDMA code 

carriers and the importance of selecting small range of wavelengths as code carriers where wide 

range manifest high dependency on wavelength. This wavelength dependency is exploited 

furthermore to measure the induced temperature dispersion coefficient accurately and 

economically. I have conducted experiments to characterise the impact of SOA-device on 2D 

OCDMA code carries which is evaluated under different bias conditions. This evaluation 

addressed the potential challenges and ramifications of the gain recovery time of SOA and its 

wavelength dependency with respect to gain ratio and self-phase modulation (SPM). The 

OCDMA code was built using multiplexers and delay lines to create a 2D OCDMA code to 

allow studying the impact of deploying a SOA under different conditions on each wavelength. 

The concept described above is then extended to the investigation of the SOA’s impact on a 

2D-WH/TS OCDMA prime code under high bias current/gain conditions. The overall 

performance of two different 2D-WH/TS OCDMA systems deploying the SOA was also 

calculated. I have also investigated the possibility of manipulating chirp in 2D-WH/TS 

incoherent OCDMA to counteract the self-phase modulation-induced red shift by using single 

mode fibre and lithium crystals. I have investigated the performance of the picosecond code 

based optical signal when subjected to temperature variations similar to that experience by 

most buried fibre systems. I have proposed and demonstrated a novel technique, which I 
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examined analytically and experimentally, that utilises a SOA at the transmitter to create a new 

code with a new wavelength hopping and spreading time sequences to achieve a unique 

physical improved secure incoherent OCDMA communication method. A novel fully 

automated tuneable compensation testbed is also proposed of an autonomous dispersion 

management in a WH/TS incoherent OCDMA system. The system proposed manipulates the 

chirp of OCDMA code carriers to limit chromatic dispersion detrimental effect on transmission 

systems.  
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Chapter 1 

Introduction 

 
1.1 Motivation  

 

Information and communication technology has seen a remarkable rise in demand over the 

last ten years, such that almost every element of modern life has been impacted by information 

technology. Applications that require a lot of bandwidth are constantly being developed for an 

ever-ready pool of consumers, the majority of whom are eager to try out the newest information 

access methods [1]. The rise of the internet has completely changed how we interact, play, and 

communicate. On-demand television, which delivers information utilising a broadband 

connection to the home, is replacing more outdated traditional television access methods like 

terrestrial broadcasting. Moreover, by using cutting-edge multimedia communication 

technology to connect headquarters with other branch offices that may be dispersed all over 

the world, businesses are reducing the cost of travel while increasing productivity and 

profitability [2]. 

With the development of several large-capacity datacentres where data can be stored and 

retrieved at any time, cloud computing, text-, audio-, and video-based social media, internet-

based radio, and television, as well as the necessity to store a lot of data, computing has 

undergone a revolution. 

All the technologies discussed above depends on effective internet accessibility to both 

homes and businesses. As a result, telecom companies are continuously developing efficient 

ways to supply greater broadband speeds. The majority of service providers currently use 

digital subscriber line (DSL), which offers a bandwidth of roughly 1.5 Mbps, as their primary 

access network technology. As part of the entire service provider network, this causes a 

significant bottleneck in the access network. It will be difficult to guarantee that the end users 

will receive broadband-based services such as video-on-demand (VoD) if the main distribution 

infrastructure is not able to deliver the same capacity, regardless of how much money is 

invested in high-capacity backbones in the core of the service provider network infrastructure. 

As a consequence, efficient technologies have now been rolled out in order to maximise the 
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number of bits of information that can be pushed down to each consumer as fast as possible 

[3]. This entails redesigning the transport, distribution, and access networks of the 

telecommunications provider and substituting fibre optic-based technologies such as fibre to 

the cabinet (FTTC), fibre to the building (FTTB), and fibre to the home (FTTH) for the legacy 

copper-based digital subscriber lines to the consumer premises. 

Service providers need to utilise the capacity of the current fibre infrastructure in order to 

offer dependable, effective, and cost-effective access options. Several access approaches, 

which allow multiple users to share the same physical infrastructure without sacrificing 

security and speed, have made this viable [4]. 

Due to the success of the Code Division Multiplexing (CDMA) technology in the wireless 

industry, various ideas have been put forward and investigated in an effort to replicate the 

successful deployment of the CDMA technology using optical fibre. As potential advantages 

of implementing OCDMA, scalability and security have been highlighted in particular. 

However, the majority of the findings previously published in the literature have mostly been 

based on theoretical calculations that do not account for the unique physical properties and 

constraints of the optical fibre medium. The simplest OCDMA implementation is the 

incoherent method [5] [6], which has been the focus of numerous studies since the 1980s. It 

merely needs direct detection (power summation) of the optical signal pulses and intensity 

modulation. However, in contrast with coherent OCDMA bipolar codes cannot be obtained, 

because incoherent OCDMA techniques can only employ the intensity of the optical pulse, 

which could reduce the number of concurrent users [7]. 

For usage in fibre optic networks, optical time division multiplexing (OTDM) [8] and 

OCDMA [9] have been developed. Researchers have become interested in the incoherent 

OCDMA family of codes based on two-dimensional wavelength hopping time spreading (2D-

WH/TS) in recent years [9]. The 2D-WH/TS OCDMA utilises multi-wavelength picosecond 

code carriers in order to support and achieve superior cardinality and a large number of 

simultaneous users [10]. Nonetheless, OCDMA is not yet standardised since research is 

currently being done to establish the optimum way to implement it, and employing picosecond 

code carriers could have unfavourable dispersion effects [11] during data transmission if the 

issue is not adequately addressed. The goal of this PhD study is to analyse the impact of 

dispersion on 2D-WH/TS OCDMA fibre transmission and to identify strategies for reducing 

it. 

The traditional approach to compensating for chromatic dispersion (CD) frequently 

involves employing Dispersion compensating fibre (DCF)modules with matched lengths. 
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When dealing with multi-wavelength picosecond incoherent OCDMA systems, this method 

can be time-consuming, complex, and challenging to execute if the fibre lengths are unknown 

beforehand or the dispersion is changing as a result of environmental changes. The dispersion 

correction mechanisms may need to be tuneable in nature due to a number of troublesome 

problems. For instance, dispersion management with great accuracy is required in practically 

all 40+ Gb/s systems, preferably employing tuneable dispersion compensators as detailed in 

[12]. OCDMA codes are created in OCDMA systems by distributing the multi-wavelength 

picosecond pulses over a data bit-width. These brief multi-wavelength pulses travelling in the 

optical fibre would be widened and impacted by a phenomenon known as time-skewing due to 

CD or temperature-induced dispersion (TD). As a result, the recovered OCDMA 

autocorrelation function varies in shape, particularly in width, at the receiver side. The bit error 

rate (BER) and overall number of concurrent users of the OCDMA system may be significantly 

impacted by this [13], [14]. Dispersion management is therefore essential to preserving system 

performance. This motivated this research to explore these behaviours of the 2D-WH/TS 

OCDMA systems with an emphasis on codes produced utilising picosecond optical pulses. 

 

1.2 Research Aims and Contributions  

 

In order to better understand how optically encoded data behaves during transmission in 

the optical fibre while being affected by optical fibre impairments, the practical elements of 

incoherent 2D WH/TS OCDMA implementations are studied in this thesis. The entire thesis is 

only focused on incoherent 2D-WH/TS OCDMA. 

 

1.2.1 Summary of Contributions from Thesis 

 

1. Evaluate a common used equation to anticipate the impact of temporal skewing 

on OCDMA code carriers and the effect of temperature induced fibre dispersion on 

OCDMA prime code. Additionally, an adjustment is proposed to the equation to make 

it applicable to a broader spectral range. 

2. The measurement of skewing among OCDMA codes is the first demonstration 

of a straightforward and economically advantageous way for precisely measuring the 

temperature dispersion coefficient in 2D-WH/TS incoherent OCDMA. 
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3. To achieve best utility and understanding of any challenges underly deploying 

SOA in incoherent OCDMA, stimulating the SOA effect in various derive current in 

the OCDMA system is examined and system's performance is assessed using bit error 

rate. 

4. Investigation of the possibility to manipulate chirp in 2D WH/TS incoherent 

OCDMA to counteract the self-phase modulation-induced red shift by using single 

mode fibre and lithium crystals. 

 

5. The use of SOA at the transmitter to generate a new code with a new wavelength 

hopping and spreading time sequence is proposed, tested, and studied in a unique 

physical improved secure incoherent OCDMA communication method. 

6. The temperature variation-induced dispersion effect on the OCDMA 

autocorrelation peak is proposed to be eliminated using a unique completely automated 

tuneable compensation mechanism. 

 

1.3 Organisation of the Thesis 

 

 The motivation, the goals and aims of the thesis, and an overview of the major 

contributions of this research are all summarised in Chapter 1. Following that, Chapter 2 

provides an overview of optical code division multiple access systems. It also provides a 

detailed analysis of current OCDMA implementations, with a special emphasis on incoherent 

2D-WH/TS OCDMA. Also reviewed are a number of background subjects that are important 

to the discussions in later chapters. 

The transmission impairment is covered in Chapter 3. Subsequently, the dispersion in the 

fibre optic system is focused on. The theory and impact of chromatic dispersion are highlighted, 

as well as how it affects the multi-wavelength OCDMA system. Here, a number of methods of 

compensation are also covered. Additionally, dispersion and nonlinearity are treated separately 

in the derivation of the nonlinear Schrodinger equation. Also highlighted is the analysis of the 

dispersion effect on 2D-WH/TS OCDMA based on multi-wavelength picosecond carriers. 

In Chapter 4, it is shown that the temperature-induced dispersion coefficient is 

wavelength dependent, and it examines the impact of temperature on OCDMA prime codes 

and the effects of temporal skewing on OCDMA code carriers. A simple and cost-efficient 
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novel configuration to accurately measure the temperature dispersion coefficient in 2D-WH/TS 

OCDMA by the measurement of skewing among OCDMA codes is proposed and analysed. 

In Chapter 5, it is for the first time investigated how the use of semiconductor optical 

amplifier-based devices in photonic networks may affect the performance of multi-wavelength 

picosecond code carriers of 2D-WH/TS incoherent OCDMA systems. It also shows how these 

impacts can be minimised by using pre-compensation methods at the transmitter. 

Chapter 6 proposes, demonstrates, and analyses a novel physical enhanced secure 

incoherent OCDMA communication system using SOA. A novel fully automated tuneable 

compensation system is also proposed in this chapter to eliminate the temperature variation 

induced dispersion effect on the OCDMA autocorrelation peak. 

Chapter 7 discusses the results and the future directions for the project. 

It is important to note how this thesis is structured, with background research and theories 

pertinent to the research issue being covered in the first section of each chapter (4-6) and a 

summary given at the end of each chapter, followed by the experiments. 
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Chapter 2 

 
2.1 Overview of CDMA  
 

One kind of multiplexed communication methods is called CDMA, or Code Division 

Multiple Access, which offers a way to "simultaneously multiple access to the network." One 

such network “medium” may be a radio channel that is used concurrently by a number of users 

using various and distinctive orthogonal code sequences. Numerous CDMA-based 

technologies have been developed to aid in wireless networks and radio transmission [15]. 

Spread Spectrum Multiple Access, sometimes known as SSMA, is another name for CDMA. 

Time-Division Multiple-Access (TDMA), in contrast to CDMA, requires time synchronization 

for every user. Similarly, Frequency-Division Multiple-Access (FDMA) requires the allocation 

of bandwidth, whereas CDMA does not. In radio frequency communication systems like 2G 

and 3G cellular telephone networks, the CDMA technology is widely employed [16]. 
 

2.2 CDMA Implementation in Optical Fibre Networks  

 

The usage of optical fibre has fundamentally changed the world of telecommunication. 

Optical OCDMA (OCDMA) can be referred to as a "next generation CDMA" technique that 

makes use of fibre optics [17], where data is transferred by light pulse streams through optical 

fibres. Optical signals have a higher bandwidth. The conversion of low information rate 

electrical data into high-data rate optical signals is made possible by the extra bandwidth 

provided by optical fibre for use by “fibre-optic” CDMA [18]. Other communication 

technologies use a technique called WDM, or Wavelength Division Multiplexing, to separate 

data channels (users) from each other. Each user in WDM uses a different light wavelength. 

OCDMA, on the other hand, employs a different strategy, in which every piece of information 

is encoded and spread over a number of time slots and wavelengths. By using OCMA based 

systems it is possible to establish a rapid and secure link to the network backbone [19]. 
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OCDMA is also able to send data asynchronously without experiencing packet collisions or 

loss. OCDMA systems utilise the current fibre-optic backbones, therefore their implementation 

is less complicated than that of other technologies [16]. OTDM (Optical Time-Division 

Multiplexing), OWDM (Optical Wavelength-Division Multiplexing), and OCDMA 

technologies are thoroughly compared in Table 2.1.  

Table 2. 1. Comparisons of OWDM, OCDM, and OTDM techniques [20] [21] 

Multiplexing 

Techniques 
Main Advantages Disadvantages  Applications Operational Cost 

OWDM 

1. More advanced 

methods. 

2. Extremely high 

bandwidth effectiveness. 

3. High system capacity. 

4. 10 Tbit/s rate can be 

attained, according to 

experiments, with a 

single fibre. 

1. Precise laser 

source is 

required;  

2. Laser source 

synchronisation is 

strictly enforced;  

3. Low-rate 

multiplexing sites 

are lacking.  

Backbone 

networks and the 

primary 

multiplexing 

method currently 

employed in 

optical 

communications  

1. Expensive 

equipment overall.   

2. Yet very cost-

effective due to 

significant 

bandwidth 

expansion.  

OCDMA 

1. Fewer conversions 

between optical, 

electronic, and optical.   

2. Extremely private and 

secure transmissions.   

3. Access that is 

asynchronous.   

4. Strong interference 

resistance   

5. No precise 

synchronisation is 

required.   

1. There are 

currently just a 

few effective 

coding sequences 

and 

encoder/decoders 

in use.   

2. The realisation 

advancement has 

made few ground-

breaking 

improvements.  

Hardly ever 

actual 

applications at 

this time.  

1. Less expensive 

than an OWDM 

system in terms of 

equipment and 

system support 

costs.  

OTDM 

1. Large bitrate to 

bandwidth ratio.   

1. Synchronisation 

in high-rate 

transmissions that 

Practical 

applications are 

1. Low overall 

equipment costs.   
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2. Minimal nonlinear 

impact on optical 

equipment during 

transmission.  

is extremely 

precise.   

2. Limited system 

capacity. 

only partially 

achieved.  
  

2. But poor system 

capacity results in 

low cost-

effectiveness.  

 

Figure 2.1 illustrates the fundamental properties of OTDM, OWDM, and OCDMA with 

respect to various time slots and wavelengths. OCDMA can be seen of as a hybrid of OWDM 

and OTDM, however instead of allocating each user their own set of OWDM and OTDM 

channels, OCDMA encrypts the data bit of each user employing sets of various time slots and 

wavelengths. Importantly, binary data streams made up of +1 and -1 signals cannot be 

transmitted via an optically based communication system; instead, binary data in the form of 0 

and 1 is required. The reason for this is that an optical system cannot distinguish between 

different light or optical signal phases. 

 

 

Figure 2. 1. Basic characteristics of OTDM (a), OWDM (b) and OCDMA (c). 

 

As a result, an optical system can only detect signals by determining how much power or 

energy the light signals have. The use of several repeaters on the optical trunk line is required 

to compensate for the significant attenuation loss over long distances, which is a downside. 

Given that fibre-optic cables are commonly installed across long distances, sometimes even 

beneath the ocean, this drawback is rather inevitable [17]. OCDMA makes it possible for 

several users to connect to the network at once and asynchronously. Due to its nearly delay-
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free operation and minimal need for optical signal processing, it has become increasingly 

popular in recent years.  OCDMA employs asynchronous data transfer, which can simplify 

network management and control. OCDMA is hence suitable for LANs (Local Area Networks) 

and other network applications. Every node can run in an asynchronous manner without the 

need for a global clock owing to OOC (Optical Orthogonal Code). There is no need for a central 

node to arbitrate disputes between channels because the number of network nodes and the 

number of codes is equal. If additional codes are available, adding new users is also 

straightforward. If additional codes are not readily available, a system upgrade to add more 

time slots and wavelengths can be performed. OCDMA provides dynamic coding, which 

greatly increases the security of the network connection [17] [22] [23]. That makes it extremely 

difficult for listeners to intercept a communication without having access to the key [19] 

because optical codes can be changed at any time, and the frequencies employed change 

frequently and quickly. For instance, it would take an eavesdropper more than a thousand years 

to check every possible combination of 961 chips or time slots and 41 wavelengths at the rate 

of codes per second, reducing the likelihood of a security breach to a minimum. Since distinct 

categories of multimedia may be categorised using multi-rate OOC, where the data rate is the 

quantity of delivered data bits within a specific amount of time. Moreover, OCDMA also offers 

service differentiation, where for example low-rate codes can be used for file transfer and e-

mail communication, while high-rate codes can be used for video or audio data [24] 

 

2.3 Incoherent OCDMA   

 

An incoherent OCDMA is a sub-set of OCDMA systems that can be summed up as 

follows: each user is given a special code sequence (unique in time and wavelength) to 

represent the user data bit. The receiving end obtains and recognises this specific code 

sequence, which is then used to demodulate the data that has been received.  

- The most crucial component for accurate detection is that these code sequences are 

completely orthogonal thus there is no crosstalk with any code sequences of other users.  

- Each of this code sequence in the wavelength domain encoding contain a set of 

wavelengths received from, for example, a "single broadband optical source" with its output 

spectrally sliced into numerous narrow optical wavelengths bands.  

- Each of this code sequence in the time domain for time-spreading coding represents a 

sequence of time slots (chips) positions allocated within the data bit.  
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When the unique combination of the above is accomplished a generation of orthogonal 

code sequences is guaranteed.  

- All network users can be then connected via a star coupler featuring a bi-directional 

data stream, as is shown in Figure 2.2. This bi-directionality makes it simple and 

affordable way to add more users.  

- At the receiving end the signal intended for a given user can be decoded and removed 

from the network traffic by a ‘matched to the transmitter, data receiver [16].  

 

  

Figure 2. 2. Schematic of OCMDA System.  

  

In conclusion, by following these above steps every data stream is encoded as follows:  

(a) Data bit is time-spread and spectrally-hopped encoded by a different (unique) code 

sequence;  

(b) Encoded signals can all be fed into a star coupler simultaneously and asynchronously; 

 (c) Mixed signals travel through the star coupler over a variable distance to its destinations; 

 (d) Encoded signals are decoded at the receiving ends a matched decoder [25].  

 

 Some wideband incoherent OCDMA systems use broadband Amplified Spontaneous 

Emission (ASE), whilst other incoherent OCDMA systems use coherent laser sources [9]. 

Due to its potential to offer a flexible bandwidth provisioning, phase insensitivity, 

asynchronous network access, and resilient performance, the incoherent OCDMA has attracted 

a lot of attention. It is anticipated that incoherent OCDMA will be the technology to be used to 

meet the enormous bandwidth requirements of fibre-to-the-home (FTTH) services. In 

particular, as we will see later, the more advanced Wavelength-Hopping Time-Spreading 

(WH/TS) 2D incoherent OCDMA systems, has proven to have a number of advantages over 

other incoherent approaches. [26]. 
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2.4 One-dimensional (1D) OCMDA Code 

 

As already mentioned, the one-dimensional (1D) OCDMA coding can be carried out in 

either the time or frequency domain. Due to its simplicity, 1D coding is frequently employed 

in both coherent and incoherent systems, where it is implemented using various algorithms. 

Each data bit is spread into multiple brief time intervals, called chips, in OCDMA systems with 

temporal coding, and the intensities or phases of these chips are modified in accordance with a 

pre-designed code sequence. Similarly, spectral coding involves slicing the spectrum of each 

data bit into a number of small bandwidths, known as frequency bins, and manipulating the 

intensities of these frequency bins. Although the structures of the algebraic congruence codes 

in 1D incoherent OCDMA codes are straightforward and easily implemented in hardware, they 

have weak correlation characteristics and cardinalities, which are limited to prime integers. 

Significant developments with regards to their performance have been made, but they still fall 

short of practical expectations. The drawback of 1D incoherent OCDMA codes is that the 

cardinality of the code is inversely correlated with the spreading length [27]. Additionally, from 

a practical standpoint, it is challenging to make optical pulse widths less than the order of 

picoseconds in optical fibre communication systems.  

The 1D incoherent OCDMA codes are single carrier codes (code weight of 1) in which a 

particular sequence of prime numbers uniquely describes the spreading pattern. In 1983, the 

initial set of prime codes for OCDMA applications was released [7]. The extended Reed-

Solomon code and the prime code have a close relationship [28]. Later, the finite field arithmetic 

algorithm, often known as the Galois field, was used to create the first prime code [29]. In its 

basic form, to construct a prime sequence, 𝑆!   =  ?𝑠!,#,  𝑠!,$,  𝑠!,%,   … ,  𝑠!,& ,   … ,  𝑠!,'($B, each 

element 𝑠!,& can be obtained by the relationship  

𝑠!,# = 𝑖, 𝑗 (𝑚𝑜𝑑  𝑝) (2.1) 

  

where p is a prime number, and 𝑠!,&, i, j are all elements of the Galois field GF (p). The 

maximum cross-correlation value of 2 for prime codes is a result of their unique construction 

[30] [31]. The unique properties of prime codes that contribute to their low cross-correlation 

values include: 

1. Balanced code: A prime code has an equal number of 1s and -1s, which ensures that its 

mean value is zero. This balance helps to reduce cross-correlation values [32] [33] [34]. 
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2. No consecutive 1s or -1s: In a prime code, there are no two consecutive 1s or -1s, which 

reduces the chances of high cross-correlation values [32]. 

3. Unique phase shifts: Prime codes use unique phase shifts to differentiate between users, 

which results in low cross-correlation values [32]. 

This low cross-correlation value is desirable because it reduces the interference between 

different users' signals. 

This and other practical factors have led to certain tight restrictions being placed on the 

original prime code. For instance, the code weight, length, and cardinality restrictions for a 

prime number p are as follows: p, 𝑝%, and p, respectively [35] [7]. Extended prime code, 

synchronised prime code, generalised prime code, and modified prime code are variations of 

prime codes [7]. To reach a maximum cross correlation value of 1, which is a 50% reduction 

from the cross-correlation value of the original prime code, the extended prime code [36]was 

developed. The generalised prime code [37] is built in a way that allows for more flexibility in 

terms of code weight, code length, and cardinality without compromising the correlation 

features. 

 

2.5  2D-Wavelength-hopping Time-spreading (2D-WH/TS) Codes 

 

Due to its superior correlation capabilities when compared to 1D coding, the hybrid 

Wavelength-Hopping/Time-Spreading (WHTS) 2D coding has recently garnered increasing 

attention. A well-designed 2D code can reduce user interference to the absolute minimum and 

significantly increase BER. Although it has not been thoroughly studied yet, the hybrid 2D 

system is still a contender for the OCDMA system of the future. In the following, the idea of 

an overview of 2D codes is provided. 

The data bit is encoded in the wavelength domain in addition to the time domain in the 2D 

OCDMA system. This results in separate optical pulses being coloured with various time slots 

and wavelengths, as shown in Figure 2.3 [15]. 

The 2D OCDMA technology is a combination of time-spreading and wavelength-hopping 

communications. As a result, 2D codes are created by combining two different 1D codes that 

originate from both OOC and prime sequence codes. One of these 1D codes is used as a 

spreading code, while the other is used as a hopping code to tint the optical pulses within a 

code sequence so that they are centred at various wavelengths. Since research studies of the 2D 

OCDMA are lacking, the majority of 2D codes are derived from 1D codes that already exist. 
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Although different combinations of 1D coding schemes, such as spatial/time-spreading, 

spatial/wavelength-hopping, and wavelength-hopping/time-spreading (WHTS) coding, can be 

used in 2D OCDMA systems, the WHTS coding scheme has received the most attention due 

to its high feasibility, high security, and low cost. Compared to one-dimensional codes, this 

coding is capable to support a significantly higher number of codes [39]. An example 

wavelength hopping time spreading OCDMA code produced using a 2D algebraic method is 

shown in Figure 2.3.  

 

  

Figure 2. 3. A concept of 2D-Wavelength-Hopping Time-Spreading (2D-WH/TS) OCDMA 

code for different users in the network, where pi is number of used time chips and w is 

number of used wavelengths (code weight). The various colours correspond to distinct 

wavelengths within the code sequence of each user. 

 

 

The binary (0, 1) matrices of length p1 p2... pk, weight w, with k being a collection of 

prime numbers {p1 p2... pk} are used to represent the code sequences (p1 p2 … pk). It is worth 

noting that p1 p2... pk is the number of columns, which corresponds to the length of the 

matrices, and w is the number of rows, which corresponds to the quantity of accessible 

wavelengths [31, 33]. One pulse (i.e., a binary one) appears in each row of each matrix, and 

each pulse in a matrix is connected to a unique carrier wavelength. Further, the code has zero 

autocorrelation side lobes (λa = 0) and a cross-correlation function of at most one (λc = 1). 

Each pulse in a matrix is connected with a unique carrier wavelength. Any 2D-WH/TS code 
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matrix can therefore be thought of as a collection of ordered pairs, where an ordered pair (w, 

pk) records the vertical and horizontal position of a binary one from the bottom-left corner of 

the matrix, where w stands for wavelength, and t displays the position of the binary one in the 

matrix (time or chip) [40]. This makes the wavelength hopping time spreading code a class of 

(w, p, 0, 1), where w is the number of wavelengths and p is the number of chips.  

Correlation qualities, the maximum supported user number, and BER are the three key 

criteria used in the OCDMA system to evaluate a signature code. These three characteristics 

are mutually exclusive and directly related. For a certain code-length sufficient correlation 

qualities, or good code designs are required, in order to retain as many users as feasible within 

a reasonable BER. While a large code-length (CL) will increase security and correlation 

qualities as well as BER performance, it will also limit system throughput and complicate the 

transceiver architecture. When the CL is large enough, the correlation qualities will be 

worsened while the SNR is increased at the receiving end, lowering the BER. Because one of 

these attributes affects the others, all of them are taken into account to enable the signature 

code to support as many users as possible with the least amount of interference (MAI, etc.) 

between users. Since it is difficult to create a signature code with entirely perfect 

characteristics, a trade-off between these elements must be identified. Improving one 

component would either improve or deteriorate the others. In other words, all of them need to 

be evaluated in conjunction and an optimised signature code has to be developed, that can serve 

as many users as possible with the least amount of disturbance, also taking cost and security 

into consideration. 
 

2.6 2D-WH/TS incoherent OCDMA and coding approaches 

 

OCDMA networks provider high speed data communications for multiusers. The key 

elements for that are laying in the construction of OCDMA encoders and decoders. The 

complexity and expense of optical transmitters and receivers, power loss, the number of users 

in a network, and the reproducibility of the encoder and decoder can all be strongly impacted 

by their architectures and implementations [38]. The optical source and the encoder are the two 

primary components of the transmitter, whereas the decoder and the photo receiver make up 

the receiver. There are numerous encoding techniques that explore various technologies and 

methodologies that have been demonstrated for usage with incoherent OCDMA encoders. 

These consist of the employment of holographic Bragg reflectors (HBR) [39], fibre Bragg 

gratings (FBG) [40], and thin-film filters (TFF) in combination with optical delay lines (ODL) 
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[41]. A wavelength-hopping pattern is initially produced using a WH/TS encoder based on 

array waveguide gratings (AWG) and TFFs before a time-spreading pattern is produced. The 

constituent wavelengths of a code sequence are each individually delayed, enabling the 

employment of a quickly tuneable timeslot tuner for dynamic code modification. However, an 

HBR-based encoder inhibits independent control and delay of each wavelength by tightly 

combining the generation of the wavelength-hopping and time spreading patterns. Encoders 

built on a linear array of FBGs enable independent wavelength control, whereas independent 

wavelength delay necessitates a complicated system [9].  

 

2.6.1. Arrayed Waveguide Gratings OCDMA Encoder   

 

Due to their potential for low insertion loss, arrayed waveguide gratings (AWGs) on 

silicon and lithium niobate technologies have received a lot of attention since the early 1990s 

[42] [43] [44]. A phased array of optical waveguides that serves as a grating is depicted in 

Figure 2.4. An assortment of planar waveguides receives the input signal via coupling. The 

waveguides are at various lengths to provide the signal in each waveguide with various phase 

shifts. Due to the frequency dependence of the mode-propagation constant, these phase changes 

are likewise wavelength-dependent [45]. 

 

Figure 2.4. Schematic of Arrayed Waveguide Gratings. 

 

Polarisation dependency, temperature sensitivity, a good flat spectrum response, and 

insertion loss less than 3 dB are typical features of AWGs [9]. They are simple to combine with 

a photodetector and offer a cross talk threshold which is better than -35 dB. AWGs have a 

variety of uses, including WH/TS encoders and decoders [46]. The complete WH/TS 

encoder/decoder can be included into the AWG, which is a mature technology today and has 
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the benefit of having a smaller footprint [9]. Fig. 2.5 illustrates the use of two AWGs in a 2D-

WH/TS encoder together with the delay length 𝐷𝐿$ − 𝐷𝐿). 

 

 

 

Figure 2. 5. 2D-WH/TS encoder Schematic diagram. 

 

2.6.2 Thin-Film Filters OCDMA Encoder  

 

Fabry-Perot (FP) etalons with several reflecting dielectric thin-film layers that are utilised 

to create the mirrors encircling the etalon cavity can be thought of as thin-film filters (TFF). 

TFFs can function as bandpass filters in a manner akin to an FP etalon. TFF performance is 

governed by the principles of thin-film optics [47], which have been investigated for a number 

of applications, including edge filters, anti-reflection coatings, and high-reflectance coatings 

[48]. By cascading a number of these filters and adjusting delay duration 𝐷!, a 2D-WH/TS 

encoder/decoder can be created using a TFF-based WDM multiplexer and demultiplexer, as 

shown in Fig. 2. 6. The wavelength 𝜆# is passed through the first filter in the cascade, while all 

other wavelengths 𝜆$,  𝜆%,   … ,  𝜆! are reflected into the second filter. The following filters pass 

some wavelengths while reflecting others. After that exposure to various delays 𝐷!, the filters 

on the right-side multiplex 𝜆! again. 
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Figure 2. 6. Schematic diagram of a 2D-WH/TS encoder exploiting TFF where I is input 

port; T is transmitted port; R is reflected port. 

 

Due to their adaptability, low loss and cost, as well as passive temperature correction, TFFs 

have become a dominating filter technology in commercial sectors. At low channel counts, 

they offer the lowest loss option, whereas at high channel counts, they offer loss that is 

comparable to AWG. The device is also exceptionally stable to temperature changes and 

insensitive to the polarisation of the signal. TFFs have been used in a variety of optical 

networking applications, including switchable add-drop filters and optical switches [49] [50]. 

The usage of TFFs in a WH/TS system suggests that the optical pulse width is the only factor 

limiting chip size. In contrast, the distance between neighbouring gratings introduces an extra 

limitation in FBG-based encoders and decoders. Thus, the larger code matrix that results can 

be leveraged to improve system performance, which has been shown in recent trials, where 

TFFs have been used for WH/TS encoders and decoders [21] [51]. 

 

2.6.3 Fibre Bragg Gratings based OCDMA Encoders 

 

Fibre Bragg gratings (FBGs) have recently been used in optical networks for a variety of 

purposes [52] [53]. Applications include wavelength routing and add/drop multiplexing in 

WDM networks, as well as techniques for dispersion compensation and wavelength 

stabilisation in fibre lasers. A number of OCDMA encoding techniques, including spectral 

amplitude coding [54], spectral phase coding [55], temporal phase coding [56], and WH/TS 

[57] [58], have also been implemented using FBGs. The benefits of the usage of FBG-based 

techniques in OCDMA are the all-fibre encoding and decoding, greater efficiency and the 

ability to allow reconfigurable systems using tuneable devices. It is a well-known method to 

employ FBGs for WH/TS optical code encoding and decoding in OCDMA systems by 
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spreading multiple wavelengths across a bit period, storing them in time chips at the transmitter 

end, and finally reciprocally de-spreading them to create an autocorrelation peak at the 

reception end [40]. There are two categories of fibre gratings: those that couple co-propagating 

waves (usually working in transmission mode and referred to as long-period gratings) or those 

that couple counter-propagating waves (often operating in reflection mode) [59]. 

Consider FBG written into an optical fibre with the Bragg condition given by equation 2.2. 

 

l  = 2𝑛$%%Ʌ (2.2) 

 

where l is the wavelength of the incident light, 𝑛*++ is the effective refractive index of the 

propagating mode, and Ʌ is the grating period. If the wavelength of the incident light satisfies 

this condition, the input light will be reflected by the refractive index perturbation [52] and the 

reflected waves will add coherently. Otherwise, it will cancel out with each reflection and go 

out of phase over time. This means that coherent reflection of the incoming light happens when 

the Bragg condition is met (otherwise it is mostly transmitted). Utilising strain, it is possible to 

tune the FBG centre wavelength to some extent. 

Implementations of FBGs for WH/TS code generation are based on two structures: the 

linear array of FBGs or chirped Moiré gratings (CMGs) [60] [58] [61] [62]. 

The utilisation of a single passive grating structure to accomplish WH/TS 

encoding/decoding is made possible by CMGs structures, which are made up of superposed 

linearly chirped FBGs [63]. The number of codes that can be used, however, is constrained by 

the linear relationship between wavelengths and time as well as the intrinsic coupling between 

the wavelength-hopping and time-spreading patterns in CMGs. The function of wavelength 

filtering is integrated with appropriate time delays in a single fibre device, making FBG, 

considering its low cost, a very promising approach to miniaturisation and complexity [64]. A 

schematic of an FBG-based WH/TS encoder is shown in Fig 2.7. Here an optical pulse from 

the broadband source such as a supercontinuum (SC) source is sent to four consecutive Bragg 

gratings written into optical fibre via an optical circulator (OC) to generate a 2D-WH/TS 

OCDMA code. 
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Figure 2. 7. Schematic of a WHTS encoder utilising FBG, where OC is optical circulator; 𝐷! 

is delays. 

 

2.6.4. Holographic Bragg Reflector  

 

Recently, a new platform for an integration technology was created using the volume 

holography principle. Holography is a technique that uses coherent light (laser light) to record 

the phase and amplitude characteristics of a three-dimensional (3D) object on a 2D 

photographic plate [45]. The end product is a hologram, which is an opaque representation of 

intricate whorls and stripes on the plate. In order to interact with certain signal beams and 

provide signal routine and wave-front transformations with strong spectral control, practically 

flawless 2D volume holograms can therefore be built. A subset of these volume holograms is 

represented by photonic crystals [65]. Utilising silica as the substrate, the technique has been 

demonstrated for use in coarse and dense WDM systems as well as for spectrum comparison 

[66]. The HBR [26] [67] serves as the fundamental building piece of the platform. An HBR 

applies a specific spectral filtering function while imaging the signal from an input to an output 

port. Like TFFs and FBGs, it offers good channel-specific pass-band control, and the spatial 

separation of the input and output ports eliminates the need for large circulators or lossy power 

splitters. The fact that HBRs can simultaneously provide spectrum slicing and temporal delay 

suggests that HBR-based WH/TS encoders/decoders can have very tiny physical footprints. 

Multiple HBRs can be superimposed, interleaved, or overlaid to design multiport devices [68].  
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Chapter 3 

Optical Fibre Impairments on 

Transmission 
 

3.1 Introduction 

 

At larger information rates, extending the range of optical transmissions becomes a 

significant difficulty. The quality of the optical signal throughout the propagation path will 

generally be reduced by transmission impairments, which will also degrade optical 

transmission. Linear and nonlinear impairments are two types of physical or transmission 

issues that affect optical communications [69] [70] [71]. In the context of fibre optics, the 

phrases linear and nonlinear refer to intensity independent and dependent phenomena, 

respectively. When the impairment of an optical element is linear and independent of the 

optical strength of the signals it transmits, the impairment is said to be caused by the optical 

element. Contrarily, nonlinear flaws are dependent on the optical power of the signals being 

transmitted, and as a result, the degree of degradation is greatly influenced by the strength of 

the optical signals [69] [70] [71]. Nonlinear impairments are dynamic in nature, whereas linear 

impairments are static. 

Attenuation, chromatic dispersion (CD), polarisation mode dispersion (PMD), insertion 

loss (IL), and others are some significant linear impairments. The main nonlinear impairments 

are stimulated Raman scattering (SRS), stimulated Brillouin scattering (SBS), and nonlinear 

crosstalk [69] [72], which is caused by the Kerr effect and includes four-wave mixing (FWM), 

self-phase modulation (SPM) and cross-phase modulation (XPM). While attenuation primarily 

impacts the optical signal-to-noise ratio (OSNR), polarisation mode dispersion (PMD) and 

chromatic dispersion among these impairments generate temporal dispersion [70]. In actual 

use, optical fibre amplifiers such an EDFA can typically compensate for the OSNR-affecting 

deficiencies [69]. The summary of transmission impairments based on linear and nonlinear 

effects is shown in Figure 3.1 [69]. 

Modal, chromatic, and polarisation mode dispersion are the three types of dispersion. 

Further, material and waveguide dispersion are the two components that make up chromatic 
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dispersion [73]. Intra-modal dispersion refers to the combined effect of material and waveguide 

dispersions for a single mode. Modal dispersion, also known as inter-mode dispersion, is 

brought on by differences in propagation constants between various modes [74]. 

 

 

 

Figure 3. 1. Transmission impairments categories 

 

When there are numerous modes of the same signal, multimode optical fibre exhibits 

modal dispersion. Pulse broadening results from the propagation of pulses along the optical 

fibre at various speeds. However, because there is only one fundamental mode propagating in 

a single-mode fibre, modal dispersion typically does not happen [42] [72]. Even if chromatic 

dispersion no longer exists, modal dispersion still does [74]. Contrarily, even if a multimode 

optical fibre has just a single mode excited, only intramodal chromatic dispersion needs to be 

taken into account [74]. 

Imperfections in the cross-sectional circularity of optical fibres are what lead to PMD. 

PMD may be caused by abnormalities, heating, or external pressures acting on the fibre. The 

dispersion caused by PMD does not depend on wavelength like chromatic dispersion does. 

Additionally, PMD has a smaller magnitude than chromatic dispersion [70]. In terms of linear 

impairments, chromatic dispersion is regarded as one of the most detrimental effects on system 

performance [69] [70]. 
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Chromatic dispersion and self-phase modulation are two optical fibre impairments that 

will be discussed in greater detail in this chapter because they are pertinent to the chapters that 

follow. 

 

3.2 Chromatic dispersion in a single mode fibre 

 

The aperture, core diameter, wavelength, refractive index profile, laser linewidth 

parameters, etc. all contribute to the optical pulse broadening as a pulse of light travels through 

a fibre optic cable [75]. One of the primary limitations on the performance of optical fibre 

systems is this well-known issue. The operation of optical fibres is tailored to a specific 

wavelength. The spreading of the optical pulse is a result of the longer wavelengths travelling 

down the fibre more quickly than those with shorter wavelengths.  

The intermodal dispersion in multimode fibres causes short optical pulses (10 ns/km) to 

be significantly broadened. In comparison to single mode, the signal is significantly worsened 

by dispersion in multimode optical fibres. For long-distance communication, single mode 

optical fibre is used as a result [42], although dispersion also affects optical pulses in single-

mode optical fibre. 

It has to do with the various mode indices (or group velocities) connected to various modes 

in the modal description. Because the energy of the injected pulse is only transmitted via a 

single mode, intermodal dispersion does not exist, which is the fundamental benefit of single 

mode fibres. However, pulse enlargement does not completely disappear. Due to chromatic 

dispersion, the group velocity connected to the fundamental mode depends on frequency. GVD, 

intramodal dispersion, or simply fibre dispersion is the phenomenon when various spectral 

components of the pulse move at marginally different group velocities. After travelling a 

distance through the fibre, this will cause the optical pulse to expand as illustrated in Figure 

3.2. 
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Figure 3. 2. Illustration of refractive index depending on the wavelength induces the group 

velocity dispersion.  

 

Material dispersion and waveguide dispersion are the two sources of group velocity 

dispersion. We take into account both of these and go through how GVD reduces the 

effectiveness of systems using single-mode fibres [42]. 

To characterise chromatic dispersion, one normally specifies the size of the effect per 

distance [76]. One can express the dispersion parameter as follows by including the two 

dispersions of material and waveguide: 

 

𝐷 =
1
𝐿
𝑑𝜏
𝑑𝜆

 (3.1) 

 

where the total of two terms D can be written 

 

𝐷 = 𝐷& + 𝐷' (3.2) 

 

Units of ps/(nm km) are frequently used since the dispersion parameter D represents the 

propagation time difference per distance and per wavelength difference. 

Material dispersion, denoted by 𝐷, ', is a wavelength-dependent contribution resulting 

from the index's dependence on the wavelength, and is a phenomenon present in all bulk 

glasses, not just fibers. The material itself is independent of geometry, but when it comes to 

waveguides, dispersion (𝐷-) is influenced by the specific optical fiber geometry. The core and 

cladding indices in fibers differ slightly [72]. When the wavelength changes, there is a 
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transition from predominantly core index to predominantly cladding index. As a result, the 

effective index exhibits a wavelength dependence [72]. 

 

3.2.1 Material dispersion  

 

Consider a plane monochromatic wave with wave number 𝜔 and angular frequency 𝛽. 

One starts from a series expansion of the propagation constant 𝛽 where 𝛽(𝜔) can be expanded 

using Taylor series at the central frequency of 𝜔#	as: 

 

𝛽(𝜔) = 𝑛(𝜔)
𝜔
𝑐
= 𝛽	) + 𝛽	*(𝜔 − 𝜔)) +

1
2
𝛽	+(𝜔 − 𝜔))+ +⋯ (3.3) 

 

 

With  

 

𝛽	& =
𝑑&𝛽
𝑑𝜔&;

,-,!
 (3.4) 

 

Let us evaluate what 𝛽,  here means. 

 

𝛽	) = 𝛽(𝜔 = 𝜔)) = 𝑘𝑛 (3.5) 

 

Where n is the normal phase index 

 

𝛽	* =
𝑑𝛽
𝑑𝜔

;
,-,!

 

=
𝑑
𝑑𝜔

		(𝑛(𝜔)
𝜔
𝑐
)>
,-,!

 

 

(3.6) 

 

=
1
𝑐
?𝑛(𝜔)) + 𝜔

𝑑𝑛(𝜔)
𝑑𝜔

@
,-,!

A (3.7) 
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When 𝜔 = 2𝜋𝑐 𝜆⁄  is inserted here it becomes 

 

𝛽* =
1
𝑐
B𝑛(𝜆)) − 𝜆

𝑑𝑛(𝜆)
𝑑𝜆

;
.-.!

C (3.8) 

 

The group index, 𝑛., is written in the bracketed expression. 

 

𝑛/0 = 𝑛 − 𝜆
𝑑𝑛
𝑑𝜆

 (3.9) 

 

The equation for 𝛽$ has the following form: 

 

𝛽*𝐿 =
𝐿
𝑐
𝑛/0 = 𝜏 (3.10) 

 

And we obtain 𝛽% as 

𝛽+ =
𝑑𝛽*
𝑑𝜔

=
1
𝑐
B2

𝑑𝑛
𝑑𝜔

+ 𝜔
𝑑+𝑛
𝑑𝜔+C (3.11) 

 

Group velocity dispersion parameter [42] [76], or GVD parameter, is the name of this 

quantity and it is frequently expressed in units of 𝑝𝑠% 𝑘𝑚⁄ . The dispersion coefficient D, which 

is frequently utilised by technicians, is not preferred by theorists as much as the GVD parameter 

is. The conversion is performed through 

 

𝐷& =
𝑑𝛽*
𝑑𝜆

=
𝑑𝛽*
𝑑𝜔

𝑑𝜔
𝑑𝜆

= 𝛽+
𝑑
𝑑𝜆 D

2𝜋𝑐
𝜆 F (3.12) 

 

So that, 

 

𝐷& = −𝛽+ D
2𝜋𝑐
𝜆+ F

= −
𝜔
𝜆
𝛽+ (3.13) 
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3.2.2 Waveguide dispersion  

 

In fibres, there is waveguide dispersion 𝐷- in addition to material dispersion 𝐷,. For step 

index fibres, we indicate that the result can be computed from [76] [77] without providing an 

explicit derivation. 

 

𝐷' = −
𝑉𝑛1∆
𝜆𝑐

𝑑+

𝑑𝑉+
(𝑉𝑏) (3.14) 

 

Where 𝑉 is the normalized frequency, also known as the V-number, which is a dimensionless 

parameter that characterizes mode propagation in the optical fiber. 𝑛/ is the effective refractive 

index of the guided mode in the optical fiber. ∆ is the relative index difference between the 

core and cladding in the optical fiber, which is given by (∆𝑛	/	𝑛$), where 𝑛$	is the refractive 

index of the core. 𝜆𝑐 is the wavelength of light in the optical fiber, typically expressed in 

nanometers. 0!

01!
(𝑉𝑏)	represents the second derivative of the normalized mode field 

distribution with respect to the normalized frequency V, evaluated at the V-number 

corresponding to the desired wavelength, Vb. 
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Figure 3. 3. Illustration of combination of 𝐷- and 𝐷, resulting in total dispersion 𝐷. 

 

As shown in Figure 3.3., the total dispersion D results from the material contribution of 

the core 𝐷, and the waveguide contribution 𝐷-. 

 

3.2.3 Zero, Normal and Anomalous Dispersion 

 

The refractive index for fused silica as determined by Sellmeier's equation is shown in 

Figure 3.4. we can note the following things: 
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Figure 3. 4.Refractive index and group index as a function of wavelength, calculated from a 

three term Sellmeier’s equation. 

 

First, dn/d𝜆 < 0 in the visible and near infrared light, from which it is inferred that ngr = 

𝑛 − 𝜆(𝑑𝑛 𝑑⁄ 𝜆) > 𝑛, implying that the group index is larger than the phase index. The group 

index ngr is almost constant in the near infrared region, hovering about ngr = 1.46. The point 

of inflexion for the refractive index, n (𝜆), is at 𝜆 ≈ 1.27𝜇𝑚. The wavelength at which there is 

no dispersion is said to have zero group delay at this point, when 𝐷, = 𝛽% = 0 and group delay 

is small [42] [76]. This phrase is technically erroneous because only the first order in the series 

expansion of the dispersion vanishes in this situation, even though higher-order terms all 

nevertheless make a contribution. Hereafter, in this thesis, this specific wavelength will be 

referred to as 𝜆#.  

The parameter D = (𝜆 /c)(𝑑%n / d 𝜆2) is negative for 𝜆 < 𝜆0 and in the visible light, in 

particular, when 𝑑%n/ d𝜆% is positive, while D is positive for 𝜆 > 𝜆0. The pattern found there 

was historically thought to be "normal" because the visible range was examined first. Then, 

"normal dispersion" is the case where D < 0. As depicted in Figure 3.5, the opposite scenario, 

where D > 0, is referred to as "anomalous dispersion". If the fibre is employed in the second 

window, close to 1.3 𝜇m, there is a minimum of dispersion (D ≈ 0), but there is anomalous 

dispersion in the third window, close to 1.5 𝜇m. 

It is worth reiterating that the group velocity dispersion is the only type of dispersion that 

is being discussed in this thesis. Similar nomenclature is employed for the refractive index 

dispersion in that both "normal" and "anomalous" dispersion exist there. The term "normal" 

refers to the scenario in which the index declines toward longer wavelengths, which is the norm 

for the majority of transparent range of the material. Only the reverse, known as anomalous 

dispersion, occurs at atomic resonance frequencies of the index. 

In the visible and near infrared light, the waveguide contributes negatively to the overall 

dispersion, with 17 ps/ (nm km) being a typical number for ordinary fibres. It behaves in 

opposition to the material dispersion at long wavelengths [76]. As a result, the zero-dispersion 

wavelength in standard fibres is somewhat skewed toward longer wavelengths when compared 

to bulk fused silica, typically by about 20–30 nm. Next, we will consider the second important 

effect, self-phase modulation. 
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3.3 SOA induced Self-Phase Modulation  

 

Different names for the same kind of device are used in the literature, including Semiconductor 

Optical Amplifier (SOA), Laser Diode Amplifier (LDA), Semiconductor Laser Amplifier 

(SLA), Travelling Wave Amplifier (TWA), and Fabry-Perot Amplifier (FPA). Moreover, a 

semiconductor laser without (or with only very little) optical facet feedback and a SOA are 

very similar. The SOA amplifies an input signal by stimulating emission as it travels along its 

optical waveguide. By electrically pumping the carrier population in the active zone, the optical 

gain is produced. A semiconductor pn double heterojunction, which provides carrier 

confinement and optical guiding, is the foundation of all the many SOA structures that are 

currently accessible [78].The SOA can be deployed in two regions based on the applications 

(linear or non-linear). When SOA is used for the purpose of amplifying the signal then SOA 

must operates in the linear region. This region provides stability of SOA output gain to -3 db 

on maximum level of amplification [42]. In the nonlinear region, SOA gain level is sacrificed 

for enabling patters such SPM, XPM and FWM. In practical, nonlinear region begins from -

3dB of the maximum level of amplification.  

Self-phase modulation is one of the primary nonlinear phenomenones that result in the 

spectral broadening of an optical pulse. Gain saturation, which causes an intensity- dependent 

shift in the refractive index in response to changes in carrier density, was discovered to be the 

fundamental mechanism underlying SPM in SOAs. The nonlinear reaction time of a SOA is 

dependent on its carrier life time (𝜏*++) [9] which determines how quickly the SOA gain 

recovers and is often longer than 0.1 ns [10], whereas the Kerr-based nonlinear response of an 

optical fibre is almost instantaneous [8]. This is due to the fact that the pulse width is only a 

minor portion of the 𝜏*++ gain-recovery time. As the leading edge of the pulse saturates the 

SOA gain, the nonlinear phase increases quickly, and the mode index rises as the carrier density 

falls. The nonlinear phase saturates with just a minor drop in the trailing part of the pulse 

because the gain cannot recover significantly over the pulse duration. To shorten the gain 

recovery time of the SOA, this thesis will also take into account the amplified spontaneous 

emission (ASE) in the saturation region. 

The frequency chirp imposed by the SPM on an amplifying pulse will change depending 

on how the chirp profiles of an optical pulse change as it passes through an SOA. It has a slight 

blue chirp imposed on its trailing edge but a red shift over its leading edge [79] 
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This (chirp) shift in phase Δ𝜑 at the SOA output is dependent on a variety of variables, 

including: (1) confinement factor Γ, (2) the net power gain change Δg, (3) the device length L, 

and (4) the alpha-factor 𝛼 of SOA. This can be expressed mathematically as follows [80]: 

 

𝛥𝜑(𝑁) = 𝛼𝛤𝛥𝑔𝐿 2⁄  (3.15) 

 

A high confinement factor Γ and 𝛼 values of 2–8 are seen for bulk or QW structures. 

Whenever an optical signal is injected into a medium or an electrical bias is applied to a diode, 

the alpha-factor links the "change in refractive index" with the "change in gain." The alpha-

factor connects the two values with a straightforward constant, whereas the refractive index 

and the material gain, or absorption are related via the more complicated Kramers-Kronig (KK) 

integral formula [81]. The relationship between the change in gain and the change in refractive 

index with regard to a change in carrier density N is used to create the formula for the alpha-

factor in an SOA [82]. 

 

𝛼 =
−4𝜋
𝜆

𝜕 𝑛0 𝜕⁄ 𝑁
𝜕 𝑔 𝜕⁄ 𝑁

≈ −
4𝜋
𝜆
𝛥𝑛0
𝛥𝑔

 (3.16) 

 

Here, Δ𝑛2 is the change of the real part of effective refractive index n, Δg is the change of 

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

that follow, a more detailed explanation of the causes of optical pulse chirp and the related 

chirp parameter will be covered. 

 

3.3.1 Chirp parameter in optical fibre communication 

 

When the frequency of a signal changes over time, it is said to be chirping. The time 

dependency of the instantaneous frequency of the pulse allows the identification of the presence 

of chirp in an optical pulse. When an optical pulse is unchirped and is travelling through a 

single mode fibre, the medium of the fibre will cause the pulse to chirp based on the kind of 

medium, as seen in Figure 3.5. 

An optical pulse that has been chirped experiences a change in carrier frequency over time, 

and this "frequency change" is connected to the phase derivative. The linear frequency chirp that 

is applied to an optical pulse is controlled by the parameter C. The frequency chirp that is applied 
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to an optical pulse greatly broadens its spectrum. The performance of a fibre optic communication 

system may be constrained by frequency chirp. It depends on whether the immediate frequency 

of the optical pulse is rising or falling with time [83]. The GVD parameter β% and the chirp are 

both positive in the region of normal dispersion. In this situation, the speed of the higher 

frequency components is slower than the speed of the lower frequency components near the 

leading edge of the pulse. On the other hand, the GVD parameter β% and the chirp, C < 0, are 

both negative in the region of anomalous dispersion. The higher frequency components’ speed 

towards the pulse’s leading edge is faster than the lower frequency components’ speed at the 

trailing edge. 

A Ti:LiNbO3 based optical modulator was used in [84] to assess the fibre CD penalty as a 

function of the modulation chirp value for a high bit-rate transmission system. Dispersion-related 

impairments were reduced for the specified transmission lines by properly optimising or adjusting 

the frequency chirp. Additionally, it was noted that a positive value of the chirp C resulted in an 

increased dispersion penalty. On the other hand, C could limit the pulse broadening, leading to 

lower dispersion penalties, with regulated implementations of negative chirp [84]. Chirp C can 

have an impact on an optical pulse with a temporal Gaussian form and can be characterised as [78]: 

 

𝑃2(𝑡) = 𝑃)𝑒𝑥𝑝 X−2.77(1 + 𝑖𝐶) D
𝑡
𝜏F

+
\ (3.17) 

 

Where 𝑃# is the maximum amplitude and the half-width at the 1/e intensity point is 

represented by the parameter τ. The relation relates it to the full-width at half-maximum 

(FWHM) of the pulse. 

 

𝑇3456 = 2(𝐼𝑛2)* +7 𝑇) ≈ 1.665𝑇) (3.18) 

 

The frequency chirp applied to the pulse is controlled by the parameter C. If the carrier 

frequency of a pulse varies over time, that pulse is said to be chirped. The phase derivative and 

frequency change are connected, and they are represented by: 

 

𝛿𝜔(𝑡) = −
𝜕∅
𝜕𝑡
−
𝐶
𝑇)+
𝑡 (3.19) 
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The Fourier domain makes it simple to express the pulse as 

 

𝑃2(𝑓) = 𝑖𝑓𝑓𝑡{𝑃8(𝑡)} × {𝑒𝑥𝑝	(−𝑗𝜔+ × 𝛽+ 2⁄ ) × 𝐿} (3.20) 

 

Where 𝛽% is the group velocity dispersion parameter for the fibre connection in 𝑝𝑠% 𝑘𝑚⁄ , 

𝜔 is an angular frequency, and Z𝑒𝑥𝑝 ]−𝑗𝜔% × 3!
%
` × 𝐿a takes into account the GVD effects 

brought on by fibre propagation. 

 

3.3.2 The Effect of Self-Phase Modulation on Group Velocity Dispersion  

The dispersion length 𝐿4 and nonlinear length 𝐿)5 are key to understand the trade-off 

between GVD and SPM in fibres, as demonstrated by the two formulas 

𝐿9 =
𝑇)+

|𝛽+|
,													𝐿:8 =

1
𝛾𝑃)

 (3.21) 

The propagation will be dominated by GVD if the dispersion length is significantly less 

than the nonlinear length, LD << LNL, in which case dispersion happens on a length scale 

considerably shorter than that of SPM. In this case, SMP can be roughly neglected. This 

circumstance, also referred to as the group velocity limited (GVD) regime, occurs most 

frequently in optical communication. The low power of the optical pulse and pulse width are 

also taken into account in this section. On the other hand, if the nonlinear length is significantly 

less than the dispersion length, LNL << LD, then SPM happens on a much lower propagation 

length scale than GVD, and we may dismiss GVD to an approximation because the propagation 

will be dominated by SPM [85]. On the other hand, temporal optical solitons are said to exist 

when the dispersion and nonlinear lengths are comparable and must maintain equality between 

GVD and SPM. Soliton transmission makes use of this characteristic of the interaction of SPM 

with anomalous dispersion. The pulse width decreases as a result of the "red" frequencies in 

the rising edge of the pulse being delayed and the "blue" frequencies in the falling edge being 

accelerated. The pulse begins to widen again as the blue frequencies overtake and catch up to 

the red ones. Figure 3.5 summarises the interaction of SPM with fibre dispersion. 
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(a) (b) 

  

Figure 3. 5. SPM followed by negative and positive dispersion where in (a) 𝐷 < 0, 

additional pulse broadening, (b) 𝐷 > 0, pulse compression. 

 

 

3.4 Chromatic Dispersion Compensation Techniques  
 

The temporal breadth of the pulse will eventually depend on the outcome of chromatic 

dispersion in optical fibre, whether it is positive or negative. In optical communications systems 

based on picosecond pulses, dispersion management is crucial, because if the dispersion is too 

large, a group of pulses representing an OCDMA bit can spread in time and merge/overlap, 

making the bit-stream incomprehensible. This restricts the amount of time a signal can be 

transmitted before requiring regeneration. 

Sending a signal at a wavelength where chromatic dispersion is zero (for example, 

approximately 1.3 mm in silica fibres) could be one method to reduce the amount of spreading 

caused by dispersion in pulses. Zero chromatic dispersion accidentally provides circumstances 

for other nonlinear effects like four-wave mixing, which in reality leads to more issues than it 

resolves [86]. 

In spectrally encoded OCDMA systems, dispersion correction techniques [87] [88], and 

[89] have been developed. Techniques that employ compensating elements, such as dispersion 

compensating fibre (DCF) [90], optical phase conjugation (OPC) [91], or chirped fibre grating 

(CFG) [57], can be used to compensate for chromatic dispersion. The idea of compensating for 

chromatic dispersion is shown schematically in Figure 3.6. 
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Figure 3. 6. Illustration of chromatic dispersion compensator rule.  

 

It is noteworthy to point out the significance of dispersion control in EDFAs and short 

pulse lasers. The length of the laser pulses is mostly influenced by the total dispersion of the 

optical resonator. The net negative dispersion created by a pair of prisms can be used to 

counteract the laser gain medium's typically positive dispersion. Dispersive effects can also be 

created by diffraction gratings, which are frequently utilised in high-power laser systems. 

Recently, chirped mirrors have been created as an alternative to prisms and gratings. Various 

wavelengths have varied penetration lengths, and hence different group delays, due to the 

coating on these dielectric mirrors. A net negative dispersion can be achieved by adjusting the 

coating layers. 

 

3.4.1 Chromatic Dispersion Compensating Technique based on Optical Fibre 

 

Fibre-based chromatic dispersion is naturally reliable and offers certain benefits 

technically by keeping unwanted nonlinear effects, such as SPM and FWM, under control. 

Utilising unique tools is another way to get rid of chromatic dispersion [92]. Dispersion 

correcting modules (DCM) are frequently employed in fibre optic transmission systems to 

compensate for chromatic dispersion. A predetermined amount of compensating dispersion 

value is offered by these modules. Between two fibre amplifiers (EDFA), DCM is frequently 

positioned [42] [93].Chromatic DCM can make use of dispersion compensating fibre (DCF), 

fibre Bragg grating (FBG), and optical phase conjugation (OPC). Standard SMF length (in km) 

or the total adjusted value of dispersion (given in ps/nm) [93] are the usual ways to specify the 

DCM length. For several kinds of nonzero dispersion shift fibres (NZDSF) and SMF that can 

be utilised for dispersion compensation, Table 3.1 displays typical dispersion and slope values. 
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Typically, DCM including DCF has large insertion and attenuation losses in the fibre. 

Optical amplification can be used to make up for this loss [94]. Due to nonlinear optical effects 

(NOE), DCF may face some optical signal distortions because its effective core area 𝐴*++ is 

substantially lower than the typical ITU-T G.652 SMF [93]. An efficient core section of a 

typical DCF is  𝐴*++= 12 𝜇𝑚% whereas 𝐴*++ is present in the standard SMF. = 80 𝜇𝑚%. 

Compared to normal SMF, DCF has an attenuation coefficient of 𝛼 = 0.6 dB/km as opposed to 

𝛼 = 0.2 dB/km. In fibres with lower values for 𝐴*++ the nonlinear effects are more pronounced, 

while lowering optical power can reduce the influence of nonlinear optical phenomena [73]. 

 

Table 3. 1. Typical dispersion and slope values in various types of fibres [95]. 

Type of Fibre 

Typical slope 

at 1550nm 

(ps/n𝑚%.km) 

C-Band 

dispersion 

range (1530 to 

1565nm) 

(ps/nm.km) 

L-Band 

dispersion 

range (1570 to 

1620nm) 

(ps/nm.km) 

Conventional 

SMF-28 

0.057  

 
15.9−17.8 18.1−21.0 

NZDSF 

(early) 

Type-

1 
0.067 1.3−8.6 3.9−7.3 

Type-

2 
0.067 2.2−4.6 4.8−8.2 

NZDSF 

(large effective area) 
0.1 1.8−5.3 5.8−10.8 

NZDSF (reduced 

slope) 
0.045 3.5−5.1 5.3−7.5 

NZDSF (new 

large eff. Area 
0.085 2.6−5.5 5.9−10.1 

NZDSF (new 

light fibre) 
0.057 6.8−8.9 9.1−12.0 

 

Negative dispersion of a DCF, with D = -80 ps/(nm.km), is present and it should be 

mentioned that DCF increases polarisation mode dispersion (PMD), with a typical value of 0.1 
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ps/√𝑘𝑚 [93]. The origin of PMD is a result of the pulse broadening that occurs when distinct 

frequency components of pulses with various polarisation states propagate at various speeds. 

For high-speed optical communication systems, PMD becomes a major limiting factor [42]. 

It is also possible to use DCM with chirped FBG to compensate for chromatic dispersion. 

It has a grating period that is not constant but changes linearly across the length of the grating, 

with the shortest grating period found at the beginning [93]. However, these periods gradually 

lengthen as the grating gets longer. Shorter signal wavelengths are reflected more frequently 

and have less propagation delay via the FBG as a result, but longer signal wavelengths must 

penetrate the fibre grating deeper before being reflected back, incurring greater propagation 

delay through the FBG. The length of a fibre grating is typically between 10 and 100 cm [93]. 

An important benefit of employing an FBG-based chromatic dispersion compensation module 

over a DCF fibre module is its very short length and relatively low insertion loss. 

An FBG-based chromatic dispersion compensation module can compensate the same fibre 

span length with an insertion loss of only up to 4 dB, in contrast to commercial DCF, which is 

used to compensate accumulated chromatic dispersion of a 100 to 120 km standard SMF span 

and has about 10 dB of insertion loss [94]. An FBG-based chromatic dispersion compensation 

module can be employed at greater optical powers without causing any nonlinear optical 

effects, in contrast to a DCF-based chromatic dispersion compensation module [42]. 

In addition to DCF-DCM and FBG-DCM, optical phase conjugation (OPC), which 

achieves an inversion of the optical signal phase, can also be used to compensate for the 

accumulated chromatic dispersion. OPC, also known as spectral inversion, is a potential 

technology that can mitigate the impacts of nonlinear optical phenomena like Kerr 

nonlinearities (FWM) and SPM and compensate for cumulative chromatic dispersion in long-

haul fibre transmission systems [96]. Due to the fact that dispersion builds up linearly 

throughout fibre optic transmission links, OPC-DCM placement must be perfect in order to 

receive full dispersion compensation. This is done to make sure that the distortion in the second 

half of the link, which occurs after the OPC-DCM, cancels out the distortion in the first part of 

the link, which occurred before the OPC-DCM. OPC-DCM cannot always be positioned 

precisely in the centre of the fibre transmission link. In order to accomplish complete chromatic 

dispersion adjustment, an additional DCF module might be used [42] [96]. With parameters 

that have low dispersion fluctuations, low insertion loss, low nonlinearity, low cost, and good 

temperature stability, high-quality dispersion compensation modules are available [97].  
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3.4.2 Tuneable Dispersion Compensation Techniques  

 

When a short length of SMF-28 needs to be added, the standard method, DCF, of 

dispersion management is not a particularly practical solution, necessitating compensation by 

matching the length of the DCF fibres. When using ultra-short optical carriers, a high 

dispersion compensation accuracy (sub-picosecond) is required [98]. The bulkiness of DCF for 

fine CD tuning in this case is its biggest drawback. Therefore, the requirement for tuneable 

dispersion correction systems is generally acknowledged. Tuneable dispersion compensators 

[99] are required in DWDM systems, because the channels at the outermost transmission bands 

exhibit over- or under-compensation. However, the central channel of the band employs a set 

CD compensation. When considering reconfigurable networks, the residual CD is always 

subject to change because of rerouting or for optical add/drop multiplexing. Therefore, the 

upgrade from a 10 Gb/s link to a 40 Gb/s link requires very fine CD correction as the acceptable 

dispersion threshold gets smaller. 

There are many different types of tuneable dispersion compensators that have been 

demonstrated, including chirped fibre Bragg gratings (CFBG), adaptive tuneable dispersion 

control, dispersion equalisation 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 (GTEs), and others [100] [101] [102]. 

According to [100], the tuneable chirp and dispersion compensation are obtained using device 

s such as fibre Bragg gratings with on-fibre integrated heaters. The drawbacks of this method 

include its suitability for single-channel operation and the need for optical circulators to recover 

reflected signals. In [102], it was demonstrated that the virtually imaged phase array (VIPA) 

may be used as a variable dispersion correction approach to reduce the dispersion tolerances in 

a 40 Gb/s DWDM system. The periodic properties of VIPA-based compensators were found 

to be advantageous over FBG and PLC devices since just a small number of modules were 

needed to span the whole C or L band. In [103], the nonlinearly chirped fibre gratings (NC-

FBGs) were employed to demonstrate tuneable dispersion compensation for single and 

multichannel 40 Gb/s systems. Wide tuning ranges, little intra-channel third-order dispersion, 

and obtaining both positive and negative dispersion values are benefits of the technique. The 

equalisation was appropriate for both positive and negative values of dispersion by adjusting 

the phase-shift differences of the interferometric arms in [104], which used a planer light-wave 

circuit (PLC) based dispersion equaliser made of a number of asymmetric Mach-Zehnder 

interferometers in cascade. A tuneable dispersion compensator was used to achieve dispersion 
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compensation in [101] using an adaptive tuneable dispersion compensation technique, where 

an error was first calculated from the time-domain waveform of the output signal. The errors 

were then minimised using the steepest-descent method. A tuneable dispersion compensator 

based on a virtually imaged phased-array (VIPA) and spatial light modulator (SLM) was 

demonstrated in [105].  
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Chapter 4 

Ambient Temperature Fluctuations 

Effect on 2D-WH/TS OCDMA Code 

Integrity 
 

4.1 Introduction 

 

In recent years, there has been a steady rise in traffic demand. The optical links between 

the major cities, which are typically terrestrial lines of hundreds of kilometres operating at 10 

Git/s per channel, must be upgraded in order to meet this growing traffic demand. Increasing 

the amount of data transmitted over each channel to 40, 80, or even 160 Gbit/s is one possible 

answer to the problem of upgrading these links. It is not unexpected that the principal operators 

aim to support these high-speed systems by leveraging the cables that have already been laid. 

Typically, the most cost-effective strategy will involve upgrading terminal equipment while 

using the same previously installed links. On the other hand, the bulk of cables currently in use 

are made with G.652 fibres. Within the average spectral window, these fibres exhibit a 

significant amount of chromatic dispersion. In this particular window, the optical gain is 

adjected by erbium-doped fibre amplifiers. High data rate systems must integrate dispersion 

compensation techniques since this is the only method to overcome the severe limitations 

imposed by chromatic dispersion [106]. Diverse technologies and strategies have been 

developed in an effort to meet the demand for precise compensation of chromatic dispersion. 

Using dispersion-compensating fibre (DCF) modules is one of the most prevalent and effective 

solutions for dispersion management. However, because of the imperfect nature manufacturing 

process, the value of chromatic dispersion varies from transmission fibre to another. It is 

important to stress on the fact that the temperature of the environment surrounding an optical 

fibre highly affects its chromatic dispersion. As a result, employing simply DCF modules 
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would make it incredibly difficult to meet the demanding dispersion requirements of such high-

speed signals [107].  

The optical fiber lines are buried at a depth of roughly 1.5 meters under the ground. At this 

depth, seasonal temperature variations of approximately 20 degrees Celsius are discernible. It 

has been determined that SMF-28's temperature-induced dispersion (TD) is -0.0015 in 

ps/nm/km/°C [108] [109]. Comparing this number to SMF-28's CD value of +17 ps / nm / km, 

it appears to be insignificant. 

Nonetheless, considering the fibre CD is fully compensated, this small value of TD can have 

an impact on OCDMA systems based on multi-wavelength picosecond code carriers. 

This fluctuation of the temperature caused by ambient temperature produce instability of 

behaviour of chromatic dispersion and induced time-skewing among OCDMA code pulses 

which will then lead to the OCDMA auto-correlation function distortion [14]. This will be 

explained in more depth during this chapter. 

 

This chapter investigates the temperature induced dispersion coefficient on 2D WH/TS 

incoherent OCDMA system as a function of different wavelengths. The contributions in this 

chapter are extracted from two papers I co-authored [110] and [111]. A thorough background 

and literature review are covered in sections 4.2 and 4.3. The ramification of thermal skewing 

on OCDMA code carriers is experimentally investigated in section 4.4 accompanied by 

evaluation of the conventional equation that was predominantly used to predict the impact of 

the temperature induced dispersion. Additionally, an adjustment is proposed to the equation to 

make it applicable to a broader spectral range. In section 4.5, a novel straightforward and cost-

effective design for precise measurement of the temperature dispersion coefficient is proposed.  

The results obtained in this chapter are discussed in section 4.6 and then summarized in the 

Conclusion. 

 

 

4.2 Temperature Dependence of Chromatic Dispersion in Optical Fiber 

 

The following expression is typically used to represent the total chromatic dispersion, 

which is determined by the material and waveguide contributions [112]. 

𝐷 =	
𝑆;
4
&𝜆 −

𝜆;<

𝜆=
)					 (4.1) 
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where 𝑆6 is the dispersion slope at wavelength 𝜆6 when dispersion is zero wavelength. 

When assuming that both 𝑆6 and 𝜆6 are temperature-dependent, and then compute the 

temperature-dependent derivative of (4.1), we obtain the following: 

 

𝑑𝐷
𝑑𝑇

=
1
4
&𝜆 −

𝜆)<

𝜆=
)
𝑑𝑆)
𝑑𝑇

−
𝑆)𝜆)=

𝜆=
𝑑𝜆)
𝑑𝑇

			 (4.2) 

This expression describes the relationship between temperature and chromatic dispersion 

of the optical fibre over the C and L bands. The two main terms contribute in 04
07

  are  08"
07
	and 

09"
07

. Even though the former term, 08"
07

, is relatively low, the first term in equation 4.2 is 

necessary to obtain an accurate value of 04
07

.  To find out the temperature dependency of 

dispersion around𝜆#, both 𝜆 and 𝜆# set to be identical to obtain the following equation.  

𝑑𝐷
𝑑𝑇
-
.-.!

=	−𝑆)
𝑑𝜆)
𝑑𝑇

					 (4.3) 

The equation 4.2 is essential for determining the significance of temperature in optical 

communication systems. For high-speed systems, however, the slope of the chromatic 

dispersion around the central wavelength is just as significant as the chromatic dispersion itself. 

Using equation 4.1, the slope of the chromatic dispersion can be computed by first taking the 

derivative to obtain the wavelength, which leads in the expression 4.4. 

𝑑𝐷
𝑑𝜆

=
𝑆)
4
&1 + 3

𝜆)<

𝜆<
)						 (4.4) 

It is possible to get an expression for the variation of the dispersion slope with temperature 

beginning with equation 4.4 and again assuming that 𝜆# and 𝑆#  are functions of temperature. 

As obtained in equation 4.5. 

𝑑
𝑑𝑇

𝑑𝐷
𝑑𝜆

=
𝑆)
4
&1 + 3

𝜆)<

𝜆<
)
𝑑𝑆)
𝑑𝑇

+ 3𝑆)
𝜆)=

𝜆<
𝑑𝜆)
𝑑𝑇

						 (4.5) 
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To apply formulas 4.2 and 4.5, one must be aware of four values: the zero-dispersion 

wavelength, the zero-dispersion dispersion slope, and their temperature-dependency. Before 

going any further, just to demonstrate the accuracy of equation 4.2 in two different 

wavelengths. I started by evaluating equation 4.2 with wavelength 1550 nm and 1545 with 

spectral separation of 6.12 nm. All parameter values were obtained from [112]. The 

temperature dispersion for operation wavelength 1550 nm is: 

𝑑𝐷
𝑑𝑇 =

1
4f1550 −

1319.15:

1550: g (−0.7 × 10(;) −
(9.352 × 10(%)(1319.15):

1550: × 0.024 

04
07
= −0.00152		ps/nm/km/C 

The temperature dispersion for operation wavelength 1545 nm is  

 

𝑑𝐷
𝑑𝑇 =

1
4f1545 −

1319.15:

1545: g (−0.7 × 10(;) −
(9.352 × 10(%)(1319.15):

1545: × 0.024 

04
07
= −0.00153		ps/nm/km/C 

08"
07

, 09"
07

 the two terms can be found form [112]. From the equation above the temperature 

induced dispersion is the same for both wavelengths with fraction of change of 0.00001. 

Further in this chapter we will find out if this value can be deployed for all C band or require 

some adjustments.  

4.3 The Influence of Temperature Variations on Incoherent 2D-WH/TS OCDMA Codes 

 

A wavelength-time matrix that represents a logical 1 in a bit sequence makes up the 2D-

WH/TS codes. The number of wavelengths available defines the number of rows in the matrix 

(also known as the code weight (w)), while the number of columns in the matrix determines 

the code length. The formula for establishing the relationship between the bit period (𝑇<) and 

the chip width (𝑇=) is as follows: 
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𝑇> 	= 	
𝑇?
𝑁>
		 (4.6) 

 

Where 𝑁= represents the number of chips (columns) in the code matrix. The design of 2D-

WH/TS codes with a variety of code properties, including cardinality and correlation values, is 

covered in depth in the literature [7] [113]. The study described in this chapter is applicable to 

any incoherent 2D-WH/TS code without restriction. 

The process of decoding the 2D-WH/TS code under ideal circumstances is depicted in 

figure 4.1a. To achieve the perfect conditions, it must be assumed that the codes has been 

transmitted across a fully dispersion-compensated link. In addition, it is assumed that any losses 

caused by the fiber's attenuation have been compensated. Ideal conditions also involve the 

presumption that even after propagating in a fully dispersion compensated fiber link, the 

wavelength pulses contained in the code will still be in their time chips and spaced (in time) as 

originally intended. It is evident that all of the wavelength pulses that were initially spread out 

in time have completely been dispreads after the code has passed through the decoder. The 

wavelength pulses' de-spreading has thus resulted in a single autocorrelation peak. The 

combined power of all the individual wavelength pulses (code weight (w)) that made up the 

autocorrelation peak, as depicted in the figure, determines the height of the autocorrelation 

peak. 

 

 
(a) (b) 

Figure 4. 1. Where (a) The process of decoding a 2D-WH/TS OCDMA code after 

propagation in ideal conditions across a fully dispersion compensated fibre link resulting in 
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undistorted autocorrelation function. (b) Illustration of distorted autocorrelation peak due to 

temporal skewing among code carriers in 2D-WH/TS OCDMA system. 

 

Nevertheless, when the surrounding ambient temperature fluctuates, it alters the thermal 

coefficient of the fibre. This in turn changes the overall dispersion and results in under 

compensated link. Overall, all the optical pulses skewed and arrived in different time window. 

Hence: the OCDMA code will be temporally shifted, and the decoder will output a distorted 

autocorrelation function (see figure 4.1b for illustration). The effect is proportional to the 

average of the temperature change (∆T) and the distance the signal has travelled (L). 

The severity of the misalignment of code carriers detected by the photo detector at the 

receiver is influenced by temperature-induced skewing which govern the thresholding process. 

An elevated bit error rate will be the result of improper thresholding of the distorted 

autocorrelation signal [114] [115]. It is feasible to mitigate this effect by employing delay lines 

that are calibrated to the skewed-chip duration after a predetermined distance; but, doing so 

will complicate the system, particularly when considering the real-world settings of the 

temperature changes. It is important to keep in mind that fluctuations in temperature have an 

effect on both synchronous and non-synchronous OCDMA systems due to the misalignment 

of the pulses during the decoding process. It is important to quantify the temperature variation 

effect on autocorrelation peak for each user. Consequently, I will now analyse the influence 

that varying temperature has on the autocorrelation peak. Considering the pulses which form 

the incoherent 2DWH/ TS OCDMA code to have a pulse width (𝜏) equal to or less than the 

chip width (tc), 𝜏 ≤ 𝑡𝑐; the temperature-driven temporal skew (Δ𝑡) can be expressed as: 

𝛥𝑡 = 𝐷@$&A ∗ 𝛥𝑇 ∗ ∆Λ ∗ 𝐿 (4.7) 

And the pulse shrinking (𝛥𝜏) as; 

∆τ = DBCDE × 	ΔT × 	Δλ	 × L (4.8) 

Where, 𝐷 is the fibre temperature coefficient in ps/nm/km/℃, 𝛥𝑇 (℃) is the average of 

thermal changes of the fibre transmission line with length L measured in km, 𝛥𝛬 is the overall 

spectral spacing of the 2D-WH/TS OCDMA wavelengths in nm, 𝛥𝜆 is the linewidth of each 

wavelength in the code measured in nm. For the purposes of the computations of the 

autocorrelation peak, all code carries are algebraically summed to form the envelope of the 
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autocorrelation function St as described in equation 4.9. Considering all wavelengths in the 

code have Gaussian shape with constant power level among all wavelengths Pp. 

 

𝑆@(𝐿) = 	@ 𝑃A𝑒
FG+.IIJ@G(L∆@)OG∆O P

"
Q'G*

L-)
 (4.9) 

 

Where the constant -2.77 reflects its FWHM values and w is a number of wavelength 

code carriers (also known as a codes weight). 𝑃' is the transmitter power; 𝐷𝑡 is the time 

skewing in picoseconds, and ∆𝜏 is the amount of the pulse width change also in picoseconds. 

 

4.3.1 The scalability of the 2D-WH/TS OCDMA coding 

 

When employing multi-wavelength OCDMA code carriers, it is necessary to choose a 

wavelength spectrum for the OCDMA system. The system's chromatic dispersion management 

is vulnerable to temperature fluctuations. It is well known that more Nc chips allow for the 

development of bigger code sets. This rise in code cardinality will result in more concurrent 

OCDMA users, which will improve scalability [7].  In order to increase the number of chips 

contained within the 2D-WH/TS OCDMA code, it is necessary, according to equation 4.6 to 

reduce the chip width Tc if the data rate remains unchanged. In order to accomplish this in a 

practical manner, the duration of each pulse included in the 2D-WH/TS OCDMA code must 

be reduced. Therefore, the need of ultra-optical pulses to generate the 2D-WH/TS codes is one 

of the most crucial requirements to attain a large code set for the OCDMA system.  

To ensure effective and dependable data transmission during the practical deployment of 

these 2D-WH/TS code-based incoherent OCDMA systems, environmental considerations 

impacting the transmission medium must be taken into account. This will be proven in the 

section that follows. 

 

4.4 Investigation on Temporal Skewing among OCDMA Code Carriers under Fiber 

Temperature Variations 
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4.4.1 Theoretical analysis  

 

To understand the effect of temperature induced fluctuations on the optical pulse position 

during the transmission, Osadola in [14] has studied temporal skewing 𝐷> of code carriers (see 

equation (4.7)) in 2D-WH/TS incoherent OCDMA system. From the experimental study [111], 

which agrees with our results for SMF-28 fiber, time skewing 𝐷> decreases with the increase 

of the fiber temperature. Equation 4.7 holds for cases when the spectral interval for selecting 

code wavelength carriers is considered to be small (only a few nm). 

 

In order to be more general, equation 4.7 needs to be modified in the following way: 

 

∆𝑡R = 𝐷(𝜆R)@$&A × 𝐿 × ∆Λ × ∆𝑇 (4.10) 

 

where, 𝑛	 = 	1, 2, 3, … , 𝑤. Here, w is the code weight [14]. 𝐷(𝜆?)>*,'  is the temperature 

induced dispersion coefficient in ps/nm·km·℃, L is the fiber length in km. ΔΛ is the spectral 

spacing between adjacent wavelengths code carriers. The temperature induced dispersion can 

be re-written as: 

 

𝐷(𝜆R)@$&A =	
∆𝑡R

𝐿 × ∆Λ × ∆𝑇
	 (4.11) 

 

∆𝛬 is the spectral spacing between adjacent wavelengths code carriers and defined as: 

 

∆Λ = 	𝜆0$% − 𝜆R (4.12) 

    

 Where, 𝜆2*+ is the longest wavelength and will be called a reference wavelength. ∆T is the 

rate of change of fiber temperature is defined as 

 

∆T = C𝑇!R!@!S2 − 𝑇%!RS2C (4.13) 

 

To find out the values of 𝐷(𝜆?)>*,' from equation 4.11, an experimental result was obtained. 

The recovered auto-correlation function for 2D-WH/TS OCDMA affected by the skewing and 
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dispersion due to the fibre temperature changes can be calculated by equation 4.9. The k factor 

and ∆𝑡? in equation 4.10 are pictorial described where is k = w-1. For the illustration, see 

figure. 4.2. I will explain the use of the factor k in depth in the discussion section.  

 

Figure 4. 2. Illustration of the 2D-WH/TS incoherent OCDMA code. 

 

The main goal of this investigation was to examine the accuracy of equation 4.7 and then 

determine if using constant (i.e., wavelength independent) value of 𝐷>*,' for the temperature 

induced dispersion coefficient in optical fiber, would be suitable also for a broader range of 

wavelengths if they are used as the optical code carriers in 2D-WH/TS incoherent OCDMA 

system. The approach we followed in this work was using three wavelengths (𝜆$=1545 nm,	
𝜆%=1550.12 nm, 𝜆2*+ =1551.72 nm). Wavelength 𝜆2*+ was used as the reference for calculating 

relative delays ∆> between the individual wavelength pulses’ positions.  

Initially, the delay was fixed, for 𝐷𝑡$ = 27	ps and for 𝐷𝑡% = 36	ps respectively. The fiber 

temperature was T= 0 ℃. This can be seen in figure. 4.4. 
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Figure 4. 3. Illustrates the concept of delays selection. 

 

To investigate the limitations of equation 4.7, we used two different values for spectral 

spacing, a ‘narrow spectral spacing’ of 1.6 nm in case of ∆𝑡$ delay and a ‘wide spectral spacing’ 

of 6.72 nm for D𝑡% delay. In this investigation, the temperature induced coefficient of the 

dispersion compensated fibre (DDCF) was neglected because it has a very small impact in the 

calculation DDCF= 0.0009 ps/(km•nm•℃) [116]. 

 

4.4.2 System Setup 

 

As it is shown in Figure 4.5, a Mode-Locked Laser (MLL) generates optical pulses with a 

central wavelength of 1545 nm having a linewidth of 2.6 nm. Supercontinuum Generator (SCL) 

is then used to produce an optical supercontinuum with its central wavelength of 1550 nm and 

the linewidth of 3.2 nm. By using a Fiber Bragg Grating (FBG) OCDMA encoder (OKI 

Industries, Japan) four optical pules are produced (carved from the supercontinuum) 

𝜆$=1550.92 nm, 𝜆%=1550.12 nm, 𝜆:= 1551.72 nm, and 𝜆@=1552.52 nm. Each wavelength 

pulse has a 0.8nm linewidth. The optical pulse at 1545 nm is then delayed in time by an optical 

delay line and injected along with all four wavelengths 𝜆$ to 𝜆@ by using a 2×1 optical fiber 

coupler. This arrangement would allow us to study the individual relative position changes ∆𝑡 

of the pulses while being propagated in an optical fiber spool made of 19.5 km long Standard 

Single Mode Fiber (SMF-28) made by Corning, Inc. The spool is housed in an environmental 
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chamber (EC) SM-32C from Thermatron Industries (see figure 4.5 to introduce the desired 

temperature changes to SMF-28. The fiber link is fully compensated for chromatic dispersion 

by using a commercial Dispersion Compensated Fiber (DCF). The temporal skewing due to 

the influence of fiber temperature changes was observed using an Agilent Oscilloscope 

(86100C) with an optical sampling head of a limited bandwidth of 65 GHz. 

 

 

Figure 4. 4. Experiment setup. EC -Environmental Chamber, DCF – Dispersion 

Compensating Fibre, Scope – Agilent Oscilloscope 86100C, FBG – Fibre Brag Grating,  

SCL – Supercontinuum source, MLL – Erbium doped fiber mode locked laser. 

 

4.4.3 Experimental Results and calculation 

 

To ensure the experimental setup can support obtaining accurate results, we take in to 

account the following: 

• In each measurement for obtaining ∆𝑡$and ∆𝑡% MLL and SCL settings were always 

rechecked by an optical Spectral Analyzer to ensure the same linewidth is maintain across 

all measurements. 
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• Measurements were taken for temperatures from 0℃ to 40℃ with steps of 10℃ in each 

data taking, the temperature in the Environmental Chamber was let to stabilize for three 

and half hours before changing the temperature settings.  

• Each measurement was repeated 5 times for the same temperature. We used average 

values for obtaining D𝑡$and D𝑡%. 

• All wavelengths are in (nm).  𝜆$< 𝜆@	 

• the frequency spectrum of	𝜆$	 = 𝜆@ = 	0.8	𝑛𝑚 

• The spacing between 𝜆$ and 𝜆@	 is 1551.72 − 1550.12	 = 1.6	𝑛𝑚	 

𝛥𝑡 = 𝐷>*,' ∗ 𝛥𝑇 ∗ ∆Λ ∗ 𝐿 

Set 1 

∆𝑡$ = 27	 − 24.7 = 2.3	ps 

Set 2 

∆𝑡$ = 26.8	 − 24.3 = 2.5	ps	 

Set 3 

∆𝑡$ = 27	 − 24.6 = 2.8	ps 

Set 4 

∆𝑡$ = 26	 − 24.4 = 1.6	ps 

Set 5 

∆𝑡$ = 26	 − 24.8 = 1.2	ps 

 

∆tBCD$ = 	
2.3 + 2.5 + 2.8 + 1.6 + 1.2

5 = 2.08	ps 

𝛥𝑡 = 𝐷>*,' ∗ 𝛥𝑇 ∗ ∆Λ ∗ 𝐿 
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𝐷>*,' = −𝐷𝑡EF*$/(L ∗ ∆Λ ∗ ∆T) = 	2.08/(19.5 ∗ 1.6 ∗ 40) = −0.0016	ps	/	nm. km. C 

Set1  

∆𝑡% = 36 − 22 = 14	ps 

Set2 

∆𝑡% = 36 − 21 = 4	ps 

Set3 

∆𝑡% = 36 − 21.5 = 14.5	ps 

Set4 

∆𝑡% = 36 − 21 = 15	ps 

Set5 

∆𝑡% = 36 − 20.5 = 15.5	ps 

∆tEF*% =
13.5 + 15.2 + 14.8 + 13.8 + 15.1

5 = 14.48	ps 

𝐷>*,' = −
𝐷𝑡EF*%

L ∗ ∆Λ ∗ ∆T =
	14.48

19.5 ∗ 1.6 ∗ 40 = −0.0028	ps	/	nm. km. C 
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Figure 4. 5. Illustration of the impact of ∆𝑡; blue squares define ∆𝑡$; ∆𝑡%was calculated using 

equation 4.7. Red circles define ∆𝑡$; ∆𝑡%was obtained from our measurements. The standard 

deviation for ∆𝑡$ is 0.277 ps and for ∆%is 0.396 ps, respectively. 

 

4.5 Simple method to accurately measure temperature dispersion coefficient 

 

Temperature-induced dispersion necessitates the use of high precision equipment due to it 

is small alterations on each optical pulse. Due to the fact that the temperature coefficient is so 

small (0.0015 ps/nm/℃ )for small spectrum spacing [14], measuring the temperature dispersion 

on optical pulses-width can be a tough and time-consuming endeavour. However, changes are 

noticeable if one of the parameters in equation 4.2 is altered, such as the transmission line 

length, the optical spectrum, the temperature rate, or all of the aforementioned variables.  In 

actuality, this process is not flawless since the addition of extra length brings a new variable 

into the equation. This additional parameter is chromatic dispersion, which is caused by an 

incompatibility between the transmission link and the dispersion compensating link. Also, 

adjusting the optical laser line width will inevitably change the pulse width [117]. And thirdly, 

accelerating the rate of temperature increase exposes the fiber links to higher temperatures, 
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which raises the danger of fibre damage. Moreover, calculating the temperature coefficient 

based on zero dispersion wavelength necessitates knowledge of parameters that are not always 

readily available [108]. 

The following section examines a common approach (pulse broadening) for measuring the 

temperature-induced dispersion and introduces a straightforward and cost-effective design for 

precise measurement of the temperature dispersion coefficient. 

 

4.5.1 System setup 

 

Measuring the TD using pulse-width spreading rate requires equipment with high-speed 

optical sampler. For example, a digital communication analyser with optical sampling head of 

64 GHz can only provide accurate measurement of an optical pulse with not less than 15.6 ps 

pulse duration. In 2D-WH/TS OCDMA pulse duration is one of the key elements which govern 

the number of simultaneous users and interference – the shorter the pulse duration the more 

simultaneous users can be added in the network [118]. The skewing effect among code carries 

in OCDMA can be used as an alternative method to determine TD.  

In order to solely investigate the effects of temperature-induced dispersion on OCDMA 

systems employing 2D-WH/TS codes based on multi-color picosecond pulses, the FWHM of 

all code carriers was set to 8 picoseconds. As part of the experiment, a spool of 19.5 km of 

SMF-28 was placed inside of the environmental chamber to mimic the transmission link. The 

DCM module used to fully compensate for the link CD was kept at the room temperature 

outside of the chamber. These measurements were performed with an oscilloscope (Agilent 

Infiniium DCA-J 86100C with a 64 GHz optical sampling head) for temperatures changes 

between 0 and 42 ℃. The environmental chamber was utilized in order to gather data in 

increments of 4 ℃ In order to verify that the temperature measurements we took were accurate, 

we made sure to wait a minimum 2.5 hours between readings.  
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Figure 4. 6. The experimental set-up utilized to assess the skewing effect caused by 

temperature-induced dispersion in optical fibre among OCDMA code carriers. Ps ML Laser  

– picosecond mode locked laser, OS – optical supercontinuum, OC – optical coupler, EDFA 

– erbium-doped fiber amplifier , DCF – dispersion compensating fibre, BPF – bandpass filter, 

OSC – optical oscilloscope.  

The primary focus of attention is on the two optical pluses 𝜆$ and 𝜆@. They are separated 

in time by 25ps, with 𝜆$ is 1550.12 nm and 𝜆@ is 1551.72 nm. This arrangement of 𝜆$ and 𝜆@ 

in conjunction with the use of a 65 GHz optical sampling header enables me to accurately 

measure the individual relative position changes between the code carriers in the code 

illustrated in figure 4.7.  

4.5.2 Results and analysis  

 

In figure 4.8, OCDMA code using prime time spread sequence and orthogonal optical code 

of four wavelengths 𝜆$ - 𝜆@ for bit duration (T) of 400 ps is illustration.  
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Figure 4. 7. The 2D-WH/TS OCDMA code carriers at the point a at the transmitter side. 

Used to measure the time shifting between 𝜆$ and 𝜆@. 

 

 

Figure 4. 8. The skewing effect is measured between λ1 and λ4 from the OCMDA code. 
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In OCDMA, the temperature dispersion effect differs between the skewing and dispersion 

equations in one important way: while the skewing effect can be expressed as  

∆t = DGDHI × L × ∆Λ × ∆T  

∆t = 	−0.0015 × 	19.5	 × 1.6 × 20 

∆t = 	−0.98	ps	 skewing 

 

the dispersion equation has a distinct difference and can be expressed as 

 

∆τ = DGDHI × 	L × 	Δλ	 × ΔT 

∆τ = 	−0.0015	 × 	20	 × 0.8 × 19.5 

∆τ = 	−0.47	ps	 pulse spreading 

From the calculation the temporal coefficient is the same in both equations. However, 

skewing equation takes into consideration channel spacing (∆Λ) among code carriers not the 

linewidth of wavelength 𝛥𝜆. Meaning, we can double the effect of temperature in order to 

measure the temperature coefficient more accurately. The recovered OCDMA code carriers on 

the receiver side were observed by an oscilloscope, at point B as shown in figure (4.6).  

 

Figure 4. 9. Time shifting measurement in three temperature points; at 0℃, 20℃ and 40℃.  
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Figure 4. 10. Time skewing between code carriers 𝜆$ = 1551.72 nm and 𝜆@= 1550.12 nm 

spectrally separated by 1.6 nm as a function of different fiber temperatures. 

 

4.6 Discussion   

 

It is important to realize that the chromatic dispersion is mostly depends on the fibre 

material [119]. Although, there are several types of SMF on the market, the temperature 

variation dependence of 𝐷>,' for SMFs does not ‘hugely’ change from fibre to fibre [116] and 

is known to be -0.0015 ps/nm×km×℃ [111]. We have experimentally tested the equation by 

considering two spectral spacing, 1.6 nm and 6.72 nm, respectively. When using the narrower 

spectral spacing of 1.6 nm our measurements for 𝐷>,'$	perfectly agree with the literature [120] 

[108]. However, for the large spectral spacing between wavelengths, the measurement data 

related to 𝐷>,'% do not agree with the former. From Figure 4.6, the calculated ∆𝑡% if based on 

the temperature induced dispersion coefficient known from the literature would be ∆𝑡$=-7.86 

ps. Our measurements indicate that ∆𝑡% is equal to -14.48 ps, which can be used to determine 

the temperature-induced dispersion coefficient (𝐷>*,') using equation 4.8. This coefficient is 

wavelength-dependent and has a value of -0.0027 ps/nm×km×℃. Therefore, it is necessary to 

modify the expression of skewing provided in equation 4.7 as  ∆𝑡? = 𝐷(𝜆?)>*,' × 𝐿 × ∆Λ ×
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∆𝑇 where, n = 1, 2, 3, …, w.  

The K factor shown in figure 4.2 are represented by w-1, indicating that the autocorrelation 

function is calculated for four wavelengths with wavelength one always being idle. For the 

other wavelengths in the code, wavelength two is multiplied by the skewing factor Δt and a 

factor of 1, wavelength three by Δt and a factor of 2, and so on. 

In the second part of this chapter, I used the walk-off between two pulses in the OCDMA 

code carriers to determine the temperature-dependent dispersion coefficient. The two pulses 

are temporally positioned equal to or above 15.6 ps from each other gives us way out of having 

to have an oscilloscope with an optical high sampling head to accurately measure the ultrafast 

optical pulse-width. 

The effect of temperature can likely be double noticed by using skewing rather that 

measuring the pulse width. a 2D-WH/TS OCMDA code with four wavelengths spread in time 

as shown in figure 4.7 and figure 4.8. I use the 𝜆$ and 𝜆@ which have 1.6 nm channel spacing.   

 

4.7 Summary chapter  

In this chapter, we have experimentally investigated the temperature induced dispersion 

coefficient for SMF-28 as a function of different wavelengths. Our results showed good 

agreement with the value found in the literature for a narrow spectral spacing between 

wavelengths. In contrast, if using a wider spectral region of wavelengths (namely from 1545 

nm to 1551 nm), we found changing dispersion slope for 𝐷>,'. This clearly indicates 𝐷>,' 

wavelength dependency, i.e. 𝐷>,' = 𝐷(𝜆𝑛)𝑡𝑒𝑚𝑝. Hence, we proposed to modify the 

conventional expression and applying equation 4.8 for finding the temporal width of the 

recovered 2D-WH/TS incoherent OCDMA auto-correlation function by the receiver. This to 

suite wider spectrum enabling the prediction of the temporal coefficient of multi-wavelength 

picosecond code carriers from a wider than a few nanometres spectral range. 

In addition, we have developed a strategy to determine the temperature dispersion 

coefficient by measuring the skewing between two optical pulses. This skewing effect was 

measured as a function of fiber link temperature. 
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Chapter 5 
 

Investigation of 2D-WH/TS OCDMA 

Code Stability in Systems with SOA-

based Device 
 

 

5.1. Introduction  

 

With the increasing demand of spectral and transmission rate, all optical networks has 

become a topic of interest for many researches. Promoting deploying SOAs in the networks to 

implement varies applications. Unlike its counterpart fibre-based amplifiers, advantages from 

its easy integration due to its small size (micrometres), ultra-fast dynamic response and strong, 

wide net gain spectrum (~1530 nm to ~1560 nm) and strong nonlinearities patterns [121]. SOA 

can amplify ultra-short optical pulses of the order of picoseconds [122] as they possess very 

large bandwidth (few THz). 

In the field of optics, SOAs offer several advantages over Erbium-Doped Fiber Amplifiers 

(EDFAs) in certain applications [42]. These advantages include a more compact size greater 

wavelength flexibility, the ability to generate nonlinear optical effects [78],faster response 

times, and cost-effectiveness [78]. However, the choice between SOAs and EDFAs depends 

on the specific requirements of the application, as EDFAs still have advantages in terms of 

lower noise figure and higher gain [123], making them suitable for long-haul optical 

communication systems, while SOAs are generally more suitable for short-haul systems and 

applications requiring fast response times or nonlinear optical effects [42]. 

The challenges faced in deploying SOA is primarily lay in the application. There are two 

regions of operation linear and non-linear. When SOA is used for the purpose of amplifying 

the signal then SOA must operate in the linear region. SOAs could be the most favourable 
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preamplifier in medium haul application (~ 20 km) when set up properly. This region provides 

stability of SOA output gain to -3 dB on maximum level of amplification [42].   

In addition, the gain recovery time of the SOA, which refers to the time required for the 

SOA to return to its initial gain level after amplifying a passing pulse, is an important parameter 

to consider. This factor is critical in determining the SOA's performance, as it directly impacts 

the quality and reliability of the system's signal. 

Equally important, polarisation sensitivity of the SOA. Since the polarization state of any 

in-line component in the optical communication system is unknown, as optical fibre does not 

preserve the state of polarisation, it is very important that SOA is polarisation insensitive to 

maintain best polarisation dependent [124]. An undesired drawback of SOAs in this region of 

operation is that the SOA low input saturation power which also determining the boundary 

between linear and nonlinear regions. Thus, maintaining the input peak power lower than the 

SOA input saturation power is crucial. In the nonlinear region, SOA gain level is sacrificed for 

enabling patters such SPM, XPM and FWM. This region of operation also comes with its 

challenges. In practical, nonlinear region begins from -3dB of the maximum level of 

amplification (SOA is saturated). Two main parameters can influence the saturation depth, the 

input power and the SOA bias current [42]. 

In any amplifier, nonlinearities due to gain saturation leading to pulse distortion because 

the leading edge of the pulse saturates the amplifier which reduces the gain available for the 

trailing edge of the pulse [125].Under different operating conditions, both pulse compression 

and pulse broadening can be obtained in the saturation region but no such cases arise if pulse 

energy is a small fraction of the saturation energy and hence the input pulse can be amplified 

without significant distortion. Sometimes pulse shape may remain unchanged, but spectrum 

can be distorted considerably which is particularly important where the changes in the carrier 

density occurring as a result of gain saturation and leading to large change in refractive index 

[78]. 

In WDM, a great deal of switching architectures utilizing SOAs in different configurations 

such as 2 × 2 multi-cascaded switch fabrics, cross-point matrices, for broadcast and select, 

wavelength selection [126], and DeMux operation [127] have already been successfully 

demonstrated and commercially available. Also, in 1D incoherent OCDMA systems SOA has 

proved that it is a powerful tool for systems for high frequency to remarkably suppresses the 

intensity noise, which is helpful for reducing the beat noise in spectrum-sliced incoherent light 

[121] [128].  Here SOA operates in the nonlinear region in a simple configuration and saturated 
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by CW. Nevertheless, as 2D WH/TS OCDMA system is in both time and frequency domains, 

there might be challenges encounter of deploying SOA. In [79], for the first time, 2D OCDMA 

utilized SOA as a tuneable compensation tool for induced temperature dispersion. The SOA 

was used in the linear region at the receiver after the decoder to manipulate induced temperature 

dispersion by the induced chirp on the autocorrelation peak. Notably, to prevent the challenge 

of the gain recovery time of the SOA, the authors manipulated the induced chirp in all code 

carriers after the decoder. Having said that, this increases the necessity of investigating the 

implementation of SOA in OCDMA systems for all optical processing networks [42].  

The severity of gain recovery time on 2D-WH/TS OCDMA systems using SOAs is evident 

even at low data [129]. This is because of the nature of the code carriers’ time-spreading. The 

code carriers are spread with different time delays when forming a unique code signature for 

each user. The SOA’s response time to incoming code is related to carrier lifetime, which in 

turn determines the SOA gain recovery [42]. A slow SOA gain recovery time poses a stringent 

limitation on the choices of the 2D-WH/TS code spreading, thus limiting the overall system 

scalability, including the number of simultaneous users. For the sake of illustration, even a 2.5 

Gbit/s OCDMA system, if using a temporal code carriers’ separation of 25 ps (i.e., 40 OCDMA 

GHz/s chip rate), will experience the equivalent SOA limitations of a 40 Gbit/s on-off keying 

(OOK) system. 

Many techniques have been developed and demonstrated to address and improve the gain 

recovery time of SOAs [42] [130] and these techniques fall into three categories. In the first 

category, a continuous wave beam is utilized to saturate the SOA at the operating wavelength, 

which lies in the SOA’s spectral gain region or near the transparency point. The second method 

comprises the use of quantum wells or quantum dots semiconductors [42]. The third technique 

utilizes the SOA’s amplified spontaneous emission (ASE) when driving the SOA with a high 

bias current into saturation. In [130], this method was used to reduce the gain recovery time 

from 200 ps down to 10 ps with the caveat that signal quality margins were somewhat sacrificed 

in situations where the SOA was followed by spectral slicing [131]. As the 2D-WH/TS systems 

can deploy both SOAs and spectral slicing, more investigations are required. 

This chapter investigates for the first time how the implementation of semiconductor optical 

amplifier (SOA)-based devices in photonic networks can negatively impact the integrity of 

two-dimensional wavelength-hopping time-spreading (2D-WH/TS) optical code-division 

multiple access (OCDMA) codes based on multi-wavelength picosecond code carriers. The 

background and literature review of 2D-WH/TS OCDMA code stability in systems with SOA-

based device are covered in section 5.1. In section 5.2, the distortion of 2D-WH/TS OCDMA 
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code carriers was examined for various SOA bias currents. The SOA's impact on individual 

wavelength code carriers under three distinct SOA driving conditions was then investigated. 

Additionally, SOA effects were simulated at different currents in the OCDMA system to 

optimize performance and understand deployment challenges. In section 2.3, the experiment 

explores the effects of high SOA bias current on OCDMA code fidelity, using a commercial 

FBG-based encoder and decoder with an optimized 2D-WH/TS CHPC.In section 5.4, several 

methods are proposed to reverse the ramifications of the redshift among code carriers caused 

by SOA.  it is important to note that the results obtained in each experiment are discussed in 

the relevant section (5.2, 5.3 and 5.4) and then summarized in the Conclusion in section 5.5. 

 

5.2. Impact of SOA-Based Devices Deployed in Fibre Link on Multi-Wavelength 

Picosecond Code Carriers 

 

In a 2D-WH/TS OCDMA system, each user’s data are carried by a unique code. Each code 

requires a unique time-spreading of wavelengths (i.e., code carriers) over a bit period. The 

temporal separation of code carriers can be anywhere from a few to several hundreds of 

picoseconds and depends on the design parameters and the targeted number of simultaneous 

users [7]. SOA-based optical devices can be implemented in OCDMA systems to play an 

important role [132] [131] [133]. However incorrect implementation may have undesirable 

effects on the system performance. The subsequent investigation will demonstrate how the use 

of an SOA under different driving conditions influences 2D WHTS OCDMA code carriers and 

affects the code integrity. 

 

5.2.1 Description of Experimental Setup 

 

The experimental setup for the above investigation is shown in figure 5.1. Here, an optical 

clock of wavelength of 1547 nm, generated by an erbium doped fiber mode locked laser 

(FMLL) manufactured by PriTel, Inc. (Naperville, IL, USA), has a linewidth of 1.4 nm. The 

optical clock is driven by an RF synthesizer (Agilent E8257D) at 2.5 GHz. The optical clock 

pulses then enter an optical supercontinuum (OS) generator, which consists of a 25 dBm erbium 

doped fiber amplifier (EDFA) and an approximately 1 km long dispersion decreasing fiber, 

thus producing a 3.2 nm wide optical supercontinuum in the spectral region from 1550 to 

1553.2 nm. The 2D-WH/TS code is then generated by an encoder comprising of a 1 × 4 DWDM 
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de-multiplexer (DMUX), four adjustable fiber optical delay lines, and a 4 × 1 DWDM 

multiplexer (MUX). Both MUX and DMUX have a channel spacing of 100 GHz (i.e., 0.8 nm). 

The resulting pulse-width at the MUX output is 7 ps at Full Width at Half Maximum (FWHM). 

The DMUX spectrally slices the optical supercontinuum into four wavelengths (to be used as 

code carriers), 𝜆$ = 1550.12 nm, 𝜆% = 1550.92 nm, 𝜆: = 1551.72 nm, and 𝜆@ = 1552.52 nm.  

The wavelength separation corresponds to a 100 GHz channel spacing (ITU channels CH34 to 

CH31). After being appropriately delayed by optical delay lines, the individual code carriers 

are then recombined by a MUX to form the desired 2D-WH/TS code. The generated code then 

passes through a 16 km long SMF-28 optical fiber followed by a 2.5 km long matched 

chromatic dispersion compensating fiber (DCF) module, thus forming an 18.5 km chromatic-

dispersion compensated (CDC) fiber link. The SMF-28 fiber has its group velocity dispersion 

parameter (GVD) 𝛽% = −	20 𝑝𝑠%/km. The 2D-WH/TS OCDMA encoder’s delay lines, D1, 

D2, D3, and D4 (see figure 5.1), were set to generate 1, 6, 11, and 16 chip delays, respectively. 

An optical spectrum analyzer (OSA) (Agilent 86146B) with 0.06 nm resolution was used in all 

measurements. 

 

 

Figure 5. 1. Schematic diagram of the experimental setup with illustration of two-

dimensional wavelength-hopping time-spreading (2D-WH/TS) code carriers. FMLL –

picosecond fiber mode locked laser, OS – optical supercontinuum, DMUX – de-multiplexer, 
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MUX – multiplexer, SOA – semiconductor optical amplifier, DCF – chromatic dispersion 

compensating fiber. 

 

It should be noted that a 1 chip delay is defined as Tbit /N, where Tbit is a bit period and N 

is the number of chips. Here, Tbit/N = 400/53, i.e., ~7.5 ps/chip (~133 GHz chip rate). The 

encoder thus generates a 2D-WH/TS code (1-𝜆$, 6-𝜆%, 11-𝜆:, 16-𝜆@). Similarly, a matched 

decoder was set to (16-𝜆$, 11-𝜆%, 6-𝜆:, 1-𝜆@). These settings will guarantee the arrival of all 

four wavelengths code carriers to arrive at the OCDMA decoder’s output at the same time. 

This enables the formation of an OCDMA autocorrelation peak of the code weight w = 4. 

 

5.2.2 Investigation of 2D-WH/TS OCDMA Code Carriers’ Distortion under Different 

SOA Driving Conditions 

 

The 2D-WH/TS OCDMA code carriers’ distortion was explored for SOA bias currents of 

7 mA, 80 mA, and 250 mA, which provide a gain of 6 dB, 12 dB, and 24 dB, respectively. For 

this investigation, we used a Kamelian small gain SOA (OPA-20-N-C-FA) with a max gain of 

24 dB, saturation output of 9 dBm, and polarization dependency of 0.6 dBm [134]. The ASE 

power level was −26 dBm, a slightly higher value when compared with its counterparts made 

by Thorlabs and InPhenix Inc. (Livermore, CA, USA) when biased at 500 mA [135] [136]. 

At the start, the SOA gain recovery time was measured using the technique described in 

[137]. The results are shown in figure 5.2. The shortest measured value 28 ps corresponds to a 

250 mA driving current. 
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Figure 5. 2. SOA’s gain recovery time against the bias current. 

 

The code integrity was first observed using an optical spectrum analyzer by comparing the 

code spectrum before and after traveling through a chromatic dispersion compensating fibre 

link with an SOA device driven at 175 mA (see figure 5.3.). This current level was chosen 

arbitrarily to illustrate a code carriers’ redshift by comparing figure 5.3a,b. For ease of 

comparison, the measurements obtained were plotted relative to the signal strength at the SOA 

input, i.e., a variable optical attenuator (VOA) was used to compensate for the SOA gain. This 

way, both graphs in figure 5.3 can use an identical Y-scale. Figure 5.3a depicts four wavelength 

code carriers with 30 ps temporal separation before entering the SOA. The optical average 

power and carriers’ peak power was 4 mW and 57 mW, respectively. Figure 5.3b shows the 

impact of the SOA on the code integrity the code carriers are clearly affected by a 0.73 nm 

wavelength redshift. A carriers’ height variation is also observed. In WDM systems, the effect 

of non-uniformity of the gain during a stream of pulses passing the SOA is resolved using a 

Lyot filter [19].  
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(a) (b) 

Figure 5. 3. (a) Optical spectrum of the 2D-WH/TS OCDMA code based on four λ1 to λ4 

multi-wavelength picosecond code carries before entering the SOA biased at ~175 mA; (b) 

after passing the SOA followed by dispersion compensated fiber link (DCF) and λ1–λ4 

decoder. VOA—variable optical attenuator, OFL—optical fiber link. 

 

Contrary to the WDM and its regular bit rate, in 2D-WH/TS OCDMA systems, the 2D-

WH/TS OCDMA code formation leads to an uneven temporal multi-wavelength code carrier’s 

separation. Using this solution is thus not feasible. Further analyses of figure 5.3b reveal that 

the induced wavelength redshift has led to a code carrier ‘loss’. This is explained by inspection 

of figure 5.3. Here, a 2D-WH/TS code composed of four wavelength code carriers is shown 

before entering the SOA (biased at 175 mA), after the SOA, and then again after passing a λ1–

λ4decoder. After passing the λ1–λ4 decoder with an unmatched channel spacing of 0.8 nm, the 

code exits distorted and with three code carries only because of the code carriers’ redshift of 

~0.73 nm. The observed height differences among code carriers results in part from a non-ideal 

SOA gain flatness in the 1550 nm region. 

The impact of the SOA on individual wavelength code carriers will now be investigated 

under three different SOA driving conditions: 7 mA, 80 mA, and 250 mA, representing an SOA 

gain of +6 dB, +12 dB, and +24 dB, respectively. The results obtained are shown in figure 5.4 

For reference, figure 5.4a shows all four wavelength code carriers at the input of the SOA. To 

graph the results obtained using an identical Y-axis scale for different SOA gain levels, a VOA 

was placed after the SOA, but before the OSA. The measurements obtained are shown in red, 

green, and yellow and represent SOA driving currents of 7 mA, 80 mA, and 250 mA, 
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respectively. The SOA-induced redshift on individual code carriers 𝜆$, 𝜆%, 𝜆:,	and 𝜆@	is shown 

in figure 5.2b–d, respectively. Figure 4.4f shows how the entire code spectrum is affected by 

the SOA biased at 250 mA/24 dB gain (i.e., under the shortest gain recovery time ~30 ps (see 

figure 5.2)). 

 

 

Figure 5. 4. Experimental demonstration of code carriers’ wavelength redshift observed on 

the optical spectrum analyzer: (a) code carriers at the input of the SOA; (b) effect of SOA on 

code carrier 𝜆$ at an SOA current of 7 mA/6dB gain, 80 mA/12 dB gain, and 250 mA/24 dB 

gain, respectively; (c) similarly for	𝜆%; (d) for	𝜆:; (e) for 𝜆@; (f) illustration of redshift on all 

four wavelength code carriers for an SOA current of 250 mA/24 dB gain. 

 

5.2.3 Discussion  
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In the case of 7 mA/6 dB gain, all four code carriers exhibit slight linewidth and spectral 

shape variations after passing the SOA and the 18.5 km long chromatic dispersion compensated 

fiber link. 

In the case of 80 mA/12 dB gain, the carriers’ spectra are affected by self-phase modulation 

(SPM). Spectral peaks shift towards the longer wavelengths (redshift), leaving a noticeable 

‘trace’ in the original spectral pulse position. The amount of shifting is mainly dominated by 

the SOA gain and carrier density changes, causing noticeable variations in the refractive index 

[12]. Consequently, an SPM-induced frequency chirp is imposed on all spectral pulses as they 

pass the SOA [20]. In the third case of 250 mA/24 dB gain, the SOA is in its highly nonlinear 

regime and the pulse spectrum shifts further to the red side in addition to one or more new 

peaks on the red side. These observations agree with [20]. The achieved redshift was ~100 

GHz/0.8 nm. 

As explained before, a matched OCDMA decoder and encoder pair are required to 

accurately recover the user’s data and produce an OCDMA autocorrelation peak. Based on the 

results in figure 5.4f, this would not be possible. It can be seen that the 100 GHz spectral 

redshift affected all four wavelength code carriers: 𝜆$ became	𝜆%,	𝜆% → 𝜆:,	𝜆: → 𝜆@, and 𝜆@ →

𝜆J. However, the matching 100 GHz lambda DMUX in the OCDMA decoder (see Figure 5.1) 

was designed to handle only (𝜆$, 𝜆%, 𝜆:, 𝜆@), thus it cannot recognize the newly ‘created’ 

wavelength 𝜆J resulting from the 𝜆@ → 𝜆J wavelength redshift. As a consequence, the number 

of wavelengths forming the OCDMA autocorrelation peak at the decoder output will be 

reduced from four to three. 

This will be explained more in the next section. Furthermore, a slightly unequal amount of 

redshift imposed on individual wavelength code carriers is also observed. This is a result of the 

fact that the SOA gain is not flat and peaks at around 1550 nm [134]. Thus, multi wavelength 

code carriers passing the SOA experience slightly different saturation rates. This leads to a 

slightly different SPM, and thus amount of redshift. This was confirmed by the measurements 

shown in figure 5.6. 
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Figure 5. 5. The measured amount of code carriers’ wavelength redshift as a function of the 

SOA bias current. 

 

The measured amount of the code carriers’ redshift inflicted by the SOA on individual 

code carriers can be also found theoretically. The nonlinear effect induced by the SOA can be 

simulated by adopting the model described in [138]. The simulation was designed to mimic to 

actual WH/TS code carriers to study the effect of SOA on such a code as shown in figure 5.7.  
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Figure 5. 6. Simulation layout of 2D TS/WH OCDMA transmitter and receiver with SOA in 

the transmission link.  

 
In the simulation, the multi wavelength code carriers at the input of the SOA were assumed 

to have a temporal Gaussian shape and measured FWHM of 7 ps (𝜏#	= 4.2 ps at 1/e). The model 

used is applicable if the temporal pulse width of code carriers passing the SOA is ≥1 ps. The 

parameters used in the simulations are given in Table 5.1. 

 

Table 5. 1. Geometrical and material parameters used in the simulation. 

Parameter Description 2 Value 

𝐼 Bias current (mA) 250 

𝐿 Length (mm) 1 [14] 

𝑊 Width (µm) 0.4 [22] 

𝐻 Height (µm) 0.4 [22] 

𝛼! Loss (m−1) 3000 [23] 

𝑔 Differential gain (m2) 3 × 10−20 [24] 

𝑁i Initial carrier density (m−3) 3.65 × 1024 [23] 

Γ Optical confinement factor 0.4 [24] 
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𝑁0 Carrier density at transparency (m3) 1024 [24] 

𝛼 Linewidth enhancement factor 4 [24] 

𝐴 Recombination coefficient (s−1) 108 [23] 

𝐵 Recombination coefficient (m3 s−1) 1.5 × 10−16 [23] 

𝐶 Recombination coefficient (m6 s−1) 10−40 [23] 

 

A great deal of consistency (see figure 5.6) was found between the simulated and measured 

results. More precise measurements would require a higher resolution OSA than the one 

available for the experiment, which has a resolution of 0.06 nm. The calculated slope from the 

measured and simulation values was found to be −0.0083 and −0.0054. This is shown in figure 

5.8, where the dashed line represents the simulation, while the dots are measured values. 

 

 

 

Figure 5. 7. Wavelength red shift for the SOA biased at 250 mA. The dashed line is 

simulations, and the dots are measured values for 𝜆$ = 1550.12	nm, 	𝜆% =

1550.92	nm, 𝜆: = 1551.72	nm, and	𝜆@ = 1552.52	nm. 
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5.3 Impact of SOA High Bias Current on 2D-WH/TS OCDMA Prime Code Fidelity   

 

Here, the investigation was repeated by replacing the DWDM-based OCDMA encoder and 

decoder with a commercial fiber Bragg grating-based encoder and decoder manufactured by 

OKI, Japan. The implemented 2D-WH/TS OCDMA carrier-hopping prime code (CHPC) [139] 

is optimized to ensure that the periodic cross correlation function is at most one [139]. This 

minimizes the multiple-access interference. The encoder/decoder pair uses four wavelength 

code carriers from a code space (w, N) = (4, 53), where w indicates a number of wavelength 

code carriers with a channel spacing of 100 GHz and N is the number of chips [132] per bit 

period. The code signature (1-l2, 21-l4, 27-l1, 39-l3) guarantees a minimal separation between 

adjacent code carriers of more than 30 ps. The SOA bias current/gain and code average/code 

carriers’ peak power at the SOA input were 250 mA/24 dB and 4 mW/57 mW, respectively, 

resulting in a 100 GHz/0.8 nm code carriers’ redshift. The results obtained are shown in figure 

5.8. Figure 5.8a is the OCDMA code optical spectrum recorded by the OSA without, and figure 

5.8b with an SOA being part of the chromatic dispersion compensated transmission link.  

 

 
                                     (a) (b) 

 

Figure 5. 8. Impact of SOA on 2D-WH/TS code based on four-wavelength code carriers as 

recorded by an optical spectrum analyzer: (a) without and (b) with the SOA present in the 

chromatic-dispersion (CD) compensated transmission link. 

 

By comparing both results, it can be observed that wavelength code carriers were red 

shifted by 100 GHz/ 0.8 nm. As explained in Section 2, because of this redshift, 𝜆$ became	𝜆%, 

𝜆% → 𝜆:,	𝜆: → 𝜆@, and 𝜆@ → 𝜆J. However, the OCDMA fiber Bragg grating (FBG) decoder 
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was designed to handle only (𝜆$, 𝜆%, 𝜆:, 𝜆@). Therefore, the wavelength 𝜆J that resulted from 

the 𝜆@ → 𝜆J redshift is ‘missing’ in figure 5.8b.  

As a consequence, the resulting OCDMA autocorrelation height will be reduced by one to 

its new value w - 1. This code weight reduction will decrease the signal-to-noise ratio (SNR) 

and cause deterioration in the OCDMA system bit-error-rate (BER), which in turn reduces the 

number of simultaneous users. The performance degradation resulting from the code carriers’ 

red shifting can be theoretically evaluated using equation 5.1 to calculate the probability of 

error Pe. Equation 5.1 is valid for an OCDMA receiver with hard limiting capabilities [132]. 

Pe can be used to evaluate the number of simultaneous users (K). 
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Here, 𝑞# = 1 − 𝑞$, 𝑞$ =
-!

%)5
	, w is the code weight, L is a number of wavelength code 

carriers (in this case w = L), and N is the number of chips. 

The results obtained are shown in figure 5.9. Solid lines show the probability of error of 

two different 2D-WH/TS OCDMA systems: one that has four wavelength code carriers (w = 

4) and N = 53 chips, denoted by (w, N) = (4, 53), and the second, having w = 8 and N = 53, 

denoted by (8, 53). Dashed lines represent calculations of the respective degraded Pe due to 

the code carrier redshift, which causes autocorrelation peak reduction from w to w—1 (i.e., 

from 4 to 3 and from 8 to 7, respectively). 

As illustrated in Figure 5.5, varying the SOA driving current between 50 mA and 250 mA 

leads to a redshift in 2D-WH/TS code carriers, ranging from 0.08 to 0.8 nm. An analysis of the 

results presented in Figure 5.5 reveals the effects of the SOA-induced redshift on the OCDMA 

system's performance and the number of concurrent OCDMA users. Initially, the performance 

of the (8, 53) OCDMA system was evaluated without the presence of SOA. 
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Figure 5. 9. Probability of error as a function of K simultaneous users for a (4, 53)/(3, 53) 

and (8, 53)/(7, 53) 2D-WH/TS OCDMA system without/with the deployment of an SOA, 

respectively, the latter causing a one channel code carriers’ redshift. 

 
The system supports 14 simultaneous users, each operating at Pe of 10−9. Thanks to 

OCDMA soft-blocking capabilities, one can readily trade the system’s Pe for a number of 

simultaneous users and then take advantage of the implemented hard-decision forward error 

correction (HD-FEC) with 7% overhead. By doing so, the number of simultaneous users will 

be increased (up to 84) by allowing a drop in the Pe to 3.8 × 10−3 and then in turn using FEC 

to return the Pe back to 10−9 (see figure 5.9). However, the SOA present in the transmission 

link driven at 250 mA leads to the code carriers’ redshift of 0.8 nm equal to their channel 

spacing. As a consequence, the system’s OCDMA autocorrelation is reduced by 1 (from 8 to 

7) and the (8, 53)-OCDMA system now performs only as (7, 53)-OCDMA. This will result a 

drop in the number of simultaneous users from 14 to 10 or 84 to 74 with the FEC Pe of 10−9, 

respectively. Similar performance degradation is demonstrated for a (4, 53)-OCDMA when the 

system operates under the same experimental conditions. The SOA’s 250 mA driving current-

induced redshift of 0.8 nm equal to code carriers channel spacing causes a drop in the number 

of simultaneous users from 4 to 3 or 37 to 24 with the FEC Pe of 10−9, respectively. Thus, the 

(4, 53)-OCDMA system only performs as (3, 53)-OCDMA to maintain the Pe of 10−9. 
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5.4 Manipulation of chirp to mitigate SPM effect 

 

When certain devices are used in an optical network, the optical pulse may be subjected to 

undesirable frequency chirp, which causes pulse broadening and pushes the optical pulse 

outside of its slot. Prior to transmission, the chirp profile of an optical pulse (pre-chirp) can be 

changed to significantly minimise or even remove the dispersion penalty [42]. For this purpose, 

the GVD is precisely adjusted by a straightforward technique that pre-chirps each optical pulse 

in the opposite direction by the necessary amount, ensuring that the pulse will keep its shape 

at the fibre output. Pre-chirping is also applied in WAM networks, where it offers a reliable 

solution to address saturation-induced SPM [122]. The implementation of pre-chirping, 

however, is complex. For instance, if the optical pulses produced by the transmitter have a 

positive chirp, the pulse broadens as a result of propagation through a normal dispersion region 

(β% > 0) because the positive chirp becomes increasingly positive (i.e. the speed of higher 

frequency components towards the leading edge will be even slower). On the other hand, the 

positive chirp can be reduced to zero if these optical pulses pass through an area with an 

anomalous dispersion (β% < 0), which occurs after covering a distance of LM. This causes the 

GVD effect to be compensated. Further, as the distance L exceeds length LM, further 

propagation in the fibre causes the pulse to broaden as the effect of GVD turns positive [77]. 

In conclusion, the pulse narrows initially if the product β%C	 < 	0 and the travel distance L < 

LM, it then broadens as soon as L > LM, until the end of the fibre link. To put it another way, an 

optical pulse with the chirp parameter C and β%C	 < 	0	 initially experiences a narrowing in 

width before gradually becoming wider. This scenario also applies to optical pulses where the 

transmitter output features a negative value of C (C < 0), where they would propagate in the 

optical fibre with normal dispersion (β% > 0 and DCD < 0), and where the propagation leads to 

Cβ% < 0. In general, pulse width widening of up to √2 is considered permissible.   

Also, pre-chirping technique if it not understood can cause severe changes on the spectral 

of the input pulses [78]. Therefore, understanding pre-chirp technique and correctly deploy it 

can increase rapidly the transmission distance for 50% or more. Further explanation on this 

topic is found in chapter 3.  

In this section, the redshift induced chirp caused by the SOA saturation from the section 

5.4. is mitigated using two methods. The two methods utilise pre-chirp techniques. The first 

technique uses lithium-niobate crystal to compensate for the SPM after passing SOA which 

accompanied all code carries in the 2D WH TS OCDMA system from the previous section in 
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this chapter. The second technique is utilising anomalous dispersion fibre to counteract larger 

amount of induced redshift. 

 

5.4.1 Lithium-niobate crystal 

 

In this section the saturation induced SPM imposed on the 2D WHTH OCMDA prime code 

carriers from previous section will be addressed. 

Before we get into why we choose LiNbO: modulator to council out the ramification that 

occurs from deploying SOA in the network, we need to find out, from the point of dispersion 

penalty, if the additive chirp of the whole setup is a positive or negative chirp. Before adding 

the LiNbO: modulator to the setup shown in figure 5.11 FBG encoders generate 2D-WH/TS 

OCDMA code with chirp parameter of 𝐶 = 	0 as it is demonstrated in chapter 2. The code 

effected by the SOA nonlinear property (redshift) then passing a fully chromatic dispersion 

compensated link of total 17 km the decoder at the receiver is supposed to decode the code and 

retrieve the autocorrelation peak. However, all OCDMA code carriers were redshifted with 

100GHz/ 0.8nm spectral spacing resulted of mismatching between the encoder and the decoder 

occur as shown in figure (spectral spectrum). For more information on that see detailed 

analyses in section 5.5. 

 
 

Figure 5. 10. Experimental setup of 2D-WH/TS OCDMA using LiNbO: to mitigate SOA 
induced redshift. Wehere, MLL – mode locked laser, EDFA – erbium doped fibre amplifier, 

FBG – fibre Bragg grating, SOA – semiconductor optical amplifier, PC – polarisation 
controller, OSA – optical spectrum analyser, ESO - electrical sampling oscilloscope. 
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Since the pulse modulates its own phase through gain saturation of the SOA, saturation 

induced SPM on all code carries can be cancelled out if you select device with reverse effect 

of the SOA. Our SOA chirp parameter was examined in [79] and is to be C > 0 and we used 

for that LiNbO: modulator with chirp parameter of C < 0 [140]. The LiNbO: modulator was 

then utilised along with polarisation controller for optimum output.  Figure 5.11 illustrates the 

autocorrelation function of (4, 53) 2D WH TS OCDMA code with 13 ps pulse-width at FWM. 

In figure 5.12, an autocorrelation peak power of the four wavelength is measured back-to-back. 

 

 

Figure 5. 11. (4, 53) 2D WH TS OCDMA autocorrelation peak as seen on the oscilloscope 

with back-to-back setup. 

 

 After OCDMA code carries passed the SOA with a bias current of 170 mA and 

transmission line the autocorrelation is completely viciously distorted by additional pulses 

created by the mismatch encoder and decoder. Moreover, the pulse width of the autocorrelation 

peak power is measured to be 20 ps as shown in figure 5.13.  
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Figure 5. 12. Exhibit the effect of SOA redshift at bias current at 170 mA on (4, 53) 2D WH 

TS OCDMA autocorrelation peak. 

 

When the unit of the PC and LiNbO: modulator is added to the setup as shown in figure 

5.11 the autocorrelation peak was still very heavy distorted. This is because the imposed chirp 

by the modulator is not enough to mitigate the full spectral redshift. From the spectrum 

measurement of the code carries after adding the modulator, the maximum blue shift can be 

obtained is 0.64 nm when the SOA bias current is 170 mA as it is shown on the autocorrelation 

peak in figure 5.14. The autocorrelation pules-width is retrieved as the back-to-back 13 ps.  

 

 

Figure 5. 13. Illustrate how negative chirp is imposed on the code after deploying LiNbO: 

modulator mitigates the redshift caused by SOA with bias current of 170 mA. 
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5.4.2 Anomalous dispersive fibre 

  

The effect of anomalous dispersion fibre is to shift the SPM generated frequencies towards 

the centre of the pulse. The SPM imposes a frequency chirp [141]. 

The SPM is a consequence of the gain saturation and variation of the reflective index profile 

on the leading and tailing of the optical pulse.  

As it is shown in figure 5.15, an optical clock of 1547 nm with linewidth of 1.4 nm is 

generated using erbium doped fiber mode locked laser (FMLL). The optical clock is driven by 

an RF synthesizer at 2.5 GHz. The optical clock pulses then enter an optical supercontinuum 

(OS) generator, which consists of a 25 dBm EDFA and an approximately 1 km long dispersion 

decreasing fiber, thus producing a 3.2 nm wide optical spectrum. A wavelength of 𝜆$ = 

1550.035 nm is generated by multiplexer (MUX) and enter an anomalous dispersive module 

of 1300 m with 𝛽% = −	20  𝑝𝑠%/km. power controller module is used to control the input optical 

pulse power passing to the SOA. Another anomalous dispersive module of 16 km of SMF-28 

is used as a transmission line. This link is fully compensated from chromatic dispersion by 

adding 2500 m normal dispersion fiber. To measure and monitor accurately, the pulse 

broadening and SPM Femtochrome optical autocorrelator is used and optical spectrum 

analyser. 

 

Figure 5. 14. Schematic diagram of the experimental setup. MLL - mode lock laser. EDFA - 

Erbiom dope fibre amplifier. VOA - variable optical attenuator. OSA - optical spectrum 

analyser. OAC - optical autocorrelator. 
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This experiment exploits optical fibre with 𝛽% < 0 to mitigate the SPM induced on the 

optical pulse.  Anomalous dispersion fibre consists of GVD ( 𝛽% < 0). The unchirped (𝐶 = 0) 

optical pulse can have a reverso effect on the optical pulse passing the SOA. Since the optical 

pulse is now accompany with SOA chirp of (C > 0) (up-chirp) we can mitigate the saturation 

induced SPM by choosing the correct length of the additional fibre. as will be shown in this 

experiment.  

 For an input pulsed beam, the induced time-dependent phase change is associated with a 

modification of the optical spectrum, which depends on the initial frequency modulation (chirp) 

of the pulse electric field. If the pulse is initially Fourier-transform-limited or up-chirped, SPM 

leads to spectral broadening, whereas an initially down-chirped pulse is spectrally compressed 

by the effects of SPM. For strong SPM, the optical spectrum can exhibit strong oscillations. 

The input pulse is initially Fourier transform limited as it is shown in figure 5.16 the pulse with 

is 7.6 ps with central wavelength of 1550.035 nm.  

 
                                  (a)                                                                                        (b) 

Figure 5. 15. Shows, in the right, the optical pulse of 𝜆$ = 1550.12 nm with FWM of 7.6 ps.  

In the left is the input optical spectral with linewidth of 0.6 mn. 

 

After the wavelength passes the SOA, SPM leads to spectral broadening of the pulse as 

shown in figure 5.17 strong SPM exhibit strong oscillations and the pulse with become 9.4 ps 

and it frequency spectral is redshifted 0.84 nm. 
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Figure 5. 16. Shows, on the right, the redshift of 0.84 nm from the original wavelength 𝜆$ = 

1550.035 nm. On the left, the optical pulse of 9.4 ps. This figure was captured without the 

additional 1300 m SMF 28 to the setup.  

 

After adding the 1300 m of anomalous dispersion fiber ( 𝛽% < 0) to the setup, we could 

say that the optical pulse is full retrieved from with pulse width of 7.5 ps and central wavelength 

of 1550.039 nm as shown in figure 5.18. 

 

 

Figure 5. 17. On the right, is the measured optical pulse in time domain using optical 

autocorrelator. The optical pulse at FWM is fully retrieved to 7.6 ps. On the left, the optical 

spectrum of the output pulse after passing through the EDFA at the receiver side. 

 

Positive chirp: At the leading edge of the optical pulse, absorption drops, and the refractive 

index decreases. The consequent transient phase variation is traduced by a transient optical 
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frequency increase (blue shift). Opposite shift occurs at the falling edge of the pulse, leading 

to a transient optical frequency decrease (red shift). The chirped signal propagating in a 

standard fiber at 1550 nm is broadened since blue shifted component has a higher group 

velocity than red shifted component “blue and red chirp”. 

When this pulse is transmitted through fiber with anomalous dispersion (positive 

dispersion coefficient, 𝐷), the blue-shifted (shorter wavelength) components of the pulse will 

travel faster than the red-shifted (longer wavelength) components. This results in the pulse 

broadening more quickly than if chirp were not present, reducing the maximum possible 

transmission distance. On the other hand, if the pulse experienced negative chirp or if the fiber 

was operated in the normal dispersion region, the pulse would initially narrow before 

broadening. In this manner, system designers can use chirp to their advantage or deliberately. 

 

5.5. Chapter summary 

 

In this chapter, the impact of SOA-induced wavelength redshift on 2D-WH/TS multi 

wavelength picosecond code carriers was investigated for the first time. For the SOA bias 

current of 50 to 250 mA, the amount of induced redshift was found to be 0.08 to 0.8 nm. Next, 

the detrimental effect of 0.8 nm redshift on (8, 53)- and (4, 53)-WH/TS OCDMA systems was 

investigated. It can be stated that, when the amount of SOA-induced redshift is equal to the 

code carriers’ wavelength channel spacing, then a (w, N)-WH/TS OCDMA system will only 

perform as a (w—1, N)-WH/TS OCDMA system to maintain the Pe of 10−9.  

To mitigate the saturation SPM effect two methods were provided and results were 

presented and discussed. The first solution used lithium-niobate crystal to compensate for the 

SPM after passing SOA. In the second solution, an anomalous dispersion fibre is used to 

counteract larger amount of induced redshift. To the best of my knowledge, this is the first time 

these pre-chirped techniques have been proposed for mitigating SOA-induced redshift in 2D 

OCDMA systems.  
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Chapter 6 
 

Applications of SOA based Devices for 

Improving 2D - WH/TS OCDMA 

Network Performance  
 

6.1. Enhancing physical layer communication privacy by using SOAs in OCDMA 

networks 

 

With a wide range of applications, such as IG, steganography and XOR, the research area 

of information concealing has garnered a lot of attention recently [142]. In general, there are 

two types of information concealment techniques: side information and steganography. Side 

information includes watermarking and various types of cryptography [143]. The 

implementations typically take place at the higher levels of networks, where side information 

is digitally processed. The performance of these implementations, however, is somewhat 

questionable as nearly all digital watermarking methods are vulnerable to cyber-attacks [142]. 

Therefore, it is advisable to make use of the physical layer [142]. There the operation is not 

restricted to the field of digital electronics, which gives the physical layer implementation its 

apparent advantage. In particular, the degree of unknowns for potential security breaches is 

increased, making it more secure. In addition to being one of the candidates for implementing 

physical security, OCDMA systems are an emerging research topic for offering flexible access 

solutions [144] [145].  

In the first part of this chapter, I will introduce a new enhanced technique for improving 

privacy and security in wavelength-hopping/time-spreading incoherent OCDMA 

communication system (2D WH/TS OCDMA). The proposed technique requires a single 

semiconductor optical amplifier (SOA) accompanied with a correlated length of a propagation 

fiber link to adequately stimulate the nonlinear self-phase modulation (SPM) effect in the 

transmission line leading to wavelength conversions (frequency shift) of the OCDMA code 
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carriers. At the receiver side, a newly designed 2D-OCDMA decoder based on a matched filter 

“synchronized” to the resulting new code sequence removes the wavelength translations 

(shifts) to properly recover the user data.  

 

6.1.1. System setup 

 

Figure 6.1 illustrates the setup to demonstrate -enhanced privacy 2D-WH/TS OCDMA 

networks by deploying SOA at the transmitter side. Initially, a mode-locked laser is used to 

generate pulses centred on a wavelength of 1547 nm which are fed into a supercontinuum 

source with 3.2 nm of linewidth. After, an array waveguide grating (AWG) device is employed 

in such a wide spectrum to generate four pulses spaced from 0.5 nm wavelength. Consequently, 

it is created the 2D -WH/TS OCDMA code compatible with the transmission data rate of 2.5 

Gb/s related to the SONET OC-48 standard. At the final stage of the transmitter, all of the four 

wavelengths that compose the 2D-WH/TS OCDMA code pass through an SOA (OPA-20-N-

C, Kamelian) device biased with an electrical current of 170 mA to not only amplify the pulse 

but also stimulate the SPM nonlinear effect. Sequentially, the pulses are propagated by an 

optical channel 19 km long to the receiver. The optical channel is composed of one segment of 

16.5 km of anomalous dispersion fibre and another segment of 2.5 km of normal dispersion 

fibre to fully compensate for chromatic dispersion.  It is worth pointing out that the level of 

FWM nonlinear effect aggregated through propagation provides wavelength conversions to 

generate a new 2D-WH/TS OCDMA code at the receiver side. At the receiver side, an EDFA 

is used to amplify the signals and ensure enough power among all code carriers that compose 

the new 2D-WH/TS OCDMA code. Finally, a decoder based on the matched filter for the new 

2D-WH/TS OCDMA is used to retrieve its autocorrelation peak power by using an oscilloscope 

with an optical sampling header of 65 GHz.  
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Figure 6. 1. Experimental setup of physical-enhanced secure communication system in 2D 

WH TS OCDMA system; PS ML – picosecond mode locked laser, EDFA – Erbium doped 

fibre amplifier, 2D-WH TS OCDMA – wavelength hopping time spreading optical code 

division multiple access, CDC –chromatic dispersion compensation, SOA – semiconductor 

optical amplifier, OSC – optical oscilloscope, OSA- Optical spectrum analyser, SC – 

supercontinuum. 

 

6.1.2. Obtained results and analysis  

 

The physical-enhanced secure 2D-WH/TS OCDMA network described in the previous 

section is now evaluated. Before starting the network performance analysis, itself, it becomes 

necessary to define properly the code sequences utilized. The 2D-WH/TS code is denoted as 

(4,47), where 4 is the code carriers and 47 is the code length (no. time chips). Such code 

annotation is employed to generate encoded pulses with full width at half maximum (FWHM) 

of 8 ps within chip times of 8.5 ps. The spectral representation of the encoded pulses is shown 

in figure 6.2.  
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Figure 6. 2. Depicts the 2D WH TS OCDMA code measured by oscilloscope after the 

encoder. 

 

Let us first describe original OCDMA system without the use of SOA, whereas the 

proposed physical-enhanced employs a saturated SOA to allow wavelength conversions in the 

code sequences. Initiating the description with the original system, the pulse generated by the 

supercontinuum source enters an AWG to perform the DMUX function. After each channel is 

filtered to pass each wavelength onto a specific channel by the DMUX, each channel passes 

through optical delay lines (ODL) 𝐷𝐿N which creates time-spreading (TS) in each wavelength, 

as shown in figure 6.3. In this manner, each wavelength is delayed with a specific displacement 

of picoseconds order resulting in time spreading sequence. After that, all wavelengths are 

combined in a single optical fibre to form a specific WH TS encoded signal as shown in figure 

6.3. 
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Figure 6. 3. Illustration of the structure of the 2D WH TS OCDMA encoder. 

 

At the receiver side, considering the link is fully compensated for skewing and chromatic 

dispersion, the decoder performs the function of a matched filter to correlate the encoded signal 

with the impulse response of the encoder. To ensure that all wavelengths arrive within a single 

window to form the autocorrelation peak, the delay lines (𝐷𝐿N) at the decoder are arranged in 

the reverse order compared to those at the encoder. For example, as illustrated in Figure 6.3, at 

the encoder, 𝜆$ passes through delay line one, while at the receiver, 𝜆$ passes through delay 

line four, as shown in Figure 6.4. 
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Figure 6. 4. Illustration of the structure of the decoder to retrieve the autocorrelation peak. 

 

I derived an expression of autocorrelation function peak power as a function of delay lines 

of both the encoder and decoders in a fully compensated link as follows. 

𝑆(𝑖) =�𝐷𝐿! 	+ 	𝐷𝐿(?(!)Q$

?

!L$

 
(6.1) 

 

where n is the code weight, 𝐷𝐿!  is the delay line for each code carrier in the transmitter, 

𝑖 = 1,2,3,4, . . , 𝑛  and  𝐷𝐿(?(!)Q$ is the delay line for each code carrier at the receiver. This 

expression considers the first wavelength passing to the optical fibre from the transmitter as 

the reference wavelength. Since the system uses wave hopping technique, it is natural to say 

that the order of the wavelengths’ position is based on the time spreading sequence among the 

pulses regardless of the code carrier order. Table 6.1 shows that the calculations using such an 

expression allow predicting adequately that all code carriers arrive at the same time to form the 

autocorrelation peak power.  

 

 

Table 6. 1. Calculation of the autocorrelation peak of the original decoder designed. 

From the table 6.1, the algebraic summation of delay lines in the coder and decoder 

results in an autocorrelation peak at 323 ps with a window of 8.5 ps. 

 

Now, let us consider the case where a saturated SOA is utilized to generate the new code 

from the wavelength conversion employed to the original code. In this case, the SPM nonlinear 
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effect is stimulated by the SOA and amplified through the propagation link to impose light 

shifts toward longer wavelengths (redshift) for all code carriers. All code carriers that compose 

the original code (𝜆$, 𝜆%, 𝜆:, 𝜆@) shifted by 0.5 nm to become (𝜆%, 𝜆:, 𝜆@, 𝜆J) when the signals 

reach the OCDMA decoder at the receiver side. For example, 𝜆$ at the encoder passed to 𝐷𝐿$ 

and after is shifted 0.5 nm redshift to become 𝜆%while its time still remains associated with 

original 𝜆$ delay line (𝐷𝐿$). Such an effect will impact on both the wavelength hopping patten 

and time spreading sequence. The original wavelength hopping patten was (𝜆%, 𝜆@, 𝜆$, 𝜆:) and 

at the receiver the coder arrives as (𝜆%→:, 𝜆@→J, 𝜆$→%, 𝜆:→@). This conversion is illustrated in 

the frequency domain (FD) at the top of the figure 6.5.  

 

 
 

Figure 6. 5. Illustrates the newly formatted 2D WH TS OCDMA code in time and frequency 

domains imposed by tuning the SOA at the transmitter. Where FD is the frequency domain 

and TD is the time domain. SOA is the semiconductor amplifier, DDF dispersion 

compensated fibre 

 

Equally, the time spreading sequence (TS) is impacted by the red shift of the code carriers. 

This is because the new code is handled by the same delays employed by the ODLs used in the 

original code. In time domain the TS sequence of the code looks as the original code on the 
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oscilloscope (1-𝜆%, 17 − 𝜆@, 22 − 𝜆$, 38 − 𝜆:) as shown in figure 6.2. However, this code has 

completely new TS sequence (1-𝜆:, 17 − 𝜆J, 22 − 𝜆%, 38 − 𝜆@). To verify this newly formatted 

code shown in figure 5.6. before the decoder, a tuneable optical filter of 0.8nm was connected 

from point B (figure 6.1) by 50:50 coupler to the OSA and oscilloscope in point C to verify 

each wavelength position in the time spreading sequence of the code. At this point, it is 

interesting to see the impact of receiving the new code from the matched filter (decoder) for 

the original sequence. Moreover, the stimulation of the SPM nonlinear effect combined through 

the propagation channel causes a significant redshift to all wavelengths resulting in the new 

code annotation. Consequently, the induced SPM on 𝜆@ generates the new wavelength 𝜆J which 

cannot be filtered by the original decoder.  

 

 

Figure 6. 6. shows the newly formatted 2D-WH/TS OCDMA at point B before the decoder 

using tuneable filter. 

 

It is possible to predict the expected time the new wavelengths arise at the output of the 

original receiver. Such information is extremely important to determine the lengths of ODLs 

(𝐷𝐿𝑥) to be used in designing of the matched filter (decoder) for the new code. If this to be 

achieved, all new wavelengths are maintained overlapped within the autocorrelation window.  

The expected autocorrelation function after adding the SOA can be calculated as a function of 

the delay line for the original annotation of the code by: 
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𝑆(𝑖) =�	𝐷𝐿! 	+ 	𝐷𝐿?(!

?

!L$

 (6.2) 

 

Here n is the code weight, 𝐷𝐿!  is the delay line for each wavelength in the code in the 

transmitter, 𝑖 = 1,2,3,4, . . , 𝑛  and  𝐷𝐿?(! is the delay line for each wavelength in the code in 

the receiver. It is important to mention that the decoder used throughout this experiment is 

designed to match the original code to retrieve the autocorrelation peak. Such decoder helps to 

evaluate the expression 6.2 of the autocorrelation. To verify this novel derived equation for the 

prediction of autocorrelation peak at the receiver, the original 𝐷𝐿𝑠 of the decoder were used in 

the equation. As shown in table 6.2 and figure 6.6, a great correlation between the practical 

results and the calculation using equation 6.2 was observed.  

 

Table 6. 2. Calculation of the 0.5nm redshift induced on all code carriers and it is effect on 

the autocorrelation peak. 

 

As shown in table 6.2, the autocorrelation peak generated by passing the new code through 

the original decoder was calculated using equation 6.2. In this context, the autocorrelation peak 

(higher pulse) formed at 501.5 ps consists of only two wavelengths 𝜆@ and 𝜆% instead of four 

wavelengths. Since the code spreads over 400 ps, the new autocorrelation peak is formed at 

101.5 ps (501.5	𝑝𝑠 − 400	𝑝𝑠) in the new frame due to code repetition. Also, another peak is 

formed for wavelength 𝜆: (previously 𝜆%) and is located at 8.5 ps (100 ps far from the 

autocorrelation). As can be observed from figure 6.7, the autocorrelation peaks at the right and 

left are formed at 8.5 ps and 101.5 ps, respectively. Therefore, it can be concluded that the 

calculations proposed are very close to the experimental results obtained. 
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Figure 6. 7. Autocorrelation peak of two perfectly aligned wavelengths with one mismatched 

wavelength. 

 

In order to successfully implement the proposed privacy enhancement in OCDMA 

networks the OCDMA decoder design must include two keys features in order to retrieve the 

autocorrelation peak of the newly created code sequence. Firstly, the newly created wavelength 

code carrier 𝜆J requires addition filter to be added to the decoder. Secondly, in the decoder, the 

delay lines of 𝜆:and	𝜆J need adjusted to 497.25 ps and 361.25 ps time delays respectively to 

properly overlapping all code carriers at 501.5 ps forming the autocorrelation peak. As shown 

in table 6.3.  

  

Table 6. 3. Calculation of the autocorrelation peak of a new decoder designed considering 

additional delay lines and new filter for 𝜆J. 
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In figure 6.8, the two different WH/TS code sequences generated by the same OCDMA 

encoder before and after using the SOA are illustrated. The top part shows the autocorrelation 

peak generated by the original code without using SOA. The bottom part of the figure 

represents the autocorrelation peak generated by the new code after implementing the 

additional filters to the decoder to visualise	𝜆J and adjusting the delay lines of  𝜆:and	𝜆J. The 

code carriers of both autocorrelation peaks are color-coded to easily visualise the differences 

between the composition of each autocorrelation peak.  

 

 

 

Figure 6. 8. Illustration of the two WH TS code sequences generated by the same OCDMA 

encoder. 

 

6.1.3. Summary  

 

In this chapter a physical enhanced technique based on a single SOA is proposed and 

experimentally evaluated. The system relays on 2D-WH/TS OCDMA with multi-colour 

picoseconds pulses. An equation was derived to predict the autocorrelation peak of the 

OCDMA system. The experimental results and calculation manifest great correlation and can 

be used to calculate the delay lines required for the new decoder design.  

The technique relies on deploying the SOA induced redshift of 0.5 nm accompanied by 

the change in the 𝐷𝐿𝑠 at the decoder which are mainly used to complement the 𝐷𝐿𝑠 
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implemented in the encoder to generate a new code. The new code carriers generated reaches 

the OCDMA decoder is the key to the physical-enhanced system with new wavelength hopping 

sequence. This new code sequence translates each code carrier exactly to its adjacent channel. 

On the other hand, the time spreading of the code is governed by the delay line of the original 

wavelengths and generates new time spreading sequence. Then, the novel derived equation is 

used to predict the autocorrelation peak of the OCDMA system. Finally, all these factors are 

now used to enhance the communication privacy in the OCDMA network with the 

implementation of the correct filter to obtain the autocorrelation peak of the newly formatted 

code. 

 

6.2. A Tuneable Automated System for Temperature Dispersions Mitigation using SOA 

 

The need of an adopting (automated) tuneable dispersion compensating system to correct 

the distorted width of the OCDMA auto-correlation peak raises from the dynamic nature of the 

temperature-induced dispersion. It is essential to develop an automation system that can 

quickly react to real-time events, such as temperature changes, taking the required measures, 

with the goal of reducing induced dispersion and maintaining the original pulse width of the 

autocorrelation at the receiver. This is because dispersion sensitivity in fibre-optic transmission 

systems typically increases with bit rate squared. For a given amount of chromatic dispersion, 

raising the data rate from 10 to 40 Gb/s, for instance, results in pulses that are four times closer 

together with four times the frequency content. As a result, pulses spread into each other around 

16 times faster at 40 Gb/s than at 10 Gb/s. In 40 Gb/s systems, the permitted net dispersion 

range is roughly 60 ps/nm [1]. Over a temperature range of 60 °C, the dispersion in a 1000 km 

link can vary by more than 200 ps/nm. Clearly, a key factor in the design of 40 Gb/s systems 

is the fluctuation of fibre dispersion with temperature. The most effective dispersion-

compensating methods use static targeting of a defined amount of dispersion, such as fibre 

models of 𝛽% > 0 or FBG as discussed in Chapter 3. 

The OCDMA auto-correlation function may be impacted by chromatic dispersion or 

temperature-induced dispersion [111]. This happens as a result of data propagation in optical 

fibres with different lengths and/or under temperature fluctuations that have an adverse effect 

on the characteristics of the optical fibre. The initially fully compensated fibre link becomes 

overcompensated as the temperature of the fibre is raised or its length is shortened. It will 

become under-compensated if the fibre temperature drops or if its length increases. For 
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instance, in [111] [79], it was discovered that removing/adding around 80 m of SMF-28 from 

the original length of the fibre link would be necessary in order to make it properly dispersion 

adjusted again at 5/45 °C, respectively. This enables the modification of a fully compensated 

fibre link to replicate the behaviour of induced temperature dispersion in order to replace the 

effect of temperature dispersion. Instead of using temperature dispersion as discussed in [111], 

chromatic dispersion compensation is employed in the second part of this chapter. 

In the past, the chromatic dispersion compensation of a data transmission technology 

employing a single wavelength as the data carrier was examined using a semiconductor optical 

amplifier (SOA) [10]. In the collaborative research work, it was shown that an SOA can be 

successfully used as a tuneable compensation device for a chromatic or temperature induced 

dispersion, both affecting OCDMA auto-correlation function and can mitigate the system 

performance degradations. 

The idea behind employing a SOA for distorted OCDMA auto-correlation width adjustment is 

based on the fact that gain variations in a biased SOA depend on the characteristics of the 

refractive index medium. The SOA bias current can be changed, the SOA gain can be depleted, 

an optical continuous wave containing a data signal can be injected at the SOA input, or an 

optical pulse stream can be used to induce these changes in the SOA refractive index [120]. 

In order to reduce induced temperature dispersion or chromatic dispersion in an incoherent 

OCDMA system by utilising the tunability feature of the SOA, an autonomous dispersion 

management system is built and proposed for implementation in this section. The system is 

controlled by a software simulation (LabVIEW) that is connected to a data acquisition (DAQ) 

module and consists of a processing unit that is primarily fed by pre-set knowledge. Through 

a DC motor attached to mechanical arrangement, this unit attenuates the SOA using the 

information obtained from the two-dimensional wavelength-hopping time spreading (2D-

WH/TS) autocorrelation shown in the oscilloscope. By adjusting the bias current to introduce 

the necessary changes in the refractive index of the SOA, this proposed unmanned system, with 

all the in situ developed and 3D printed components, manipulates the chirp of OCDMA code 

carriers to limit chromatic dispersion or induced temperature dispersion. 

 

6.2.1. Description of Experimental Setup 

 

A Mode-Locked Laser (MLL) produces optical pulses with a centre wavelength of 1545 

nm and a linewidth of 2.6 nm, as shown in figure 6.9. The optical supercontinuum is then 
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created using the Supercontinuum Generator (SCL), which has a linewidth of 3.2 nm and a 

centre wavelength of 1550 nm. Four optical poles are created (carved from the 

supercontinuum) by utilising a Fiber Bragg Grating (FBG) OCDMA encoder (OKI Industries, 

Japan): 𝜆$=1550.92 nm, 𝜆%=1550.12 nm, 𝜆:= 1551.72 nm, and 𝜆@=1552.52 nm. The linewidth 

of each wavelength pulse is 0.8 nm. A 19.5 km long SMF-28 optical fibre spool is used to 

convey the OCDMA code. Using a commercial Dispersion Compensated Fibre (DCF), the 

fibre link is fully compensated for chromatic dispersion. The 2D-WH/TS OCDMA code is 

amplified at the receiver via EDFA. Using the FBG decoder, the autocorrelation peak is 

obtained. In order to handle the code chirp, a SOA is implemented. An Agilent Oscilloscope 

(86100C) with an optical sampling head and a 65 GHz bandwidth was used to record the 

measurements.  

 

 

Figure 6. 9. Experimental setup of an automated system to compensate for chromatic 

dispersion effect on OCDMA system; MLL -mode locked laser, EDFA – Erbium doped fibre 

amplifier, FBG – fibre Bragg grating, CDC –chromatic dispersion compensation, SOA – 

semiconductor optical amplifier, DAQ – data acquisition. 

 

The dynamic changes of temperature-induced dispersion by adding/removing 66	m of 

SMF to the transmission link create scenarios of autocorrelation broadening and shrinking at 

the receiver of 4 ps and 2 ps from the actual autocorrelation width (12 ps) respectively.  

The testbed of the system was installed as depicted in figure 6.10. The SOA bias current 

was controlled by a potentiometer and a mechanical device was developed and employed that 

rotates the potentiometer in either a clockwise or anti clockwise direction, changing the current 



97 
 

accordingly. In this configuration the DC motor is controlled by LabVIEW through DAC. The 

findings and analysis section discusses the entire LabVIEW code. 

 

  

Figure 6. 10. Picture of the components of the automated tuneable system setup 

 

The plate shown in figure 6.11 moves forward or backward when the DAC supplies the 

DC motor with the rotation direction and duration, thereby regulating the potentiometer, 

changing the current, and hence adjusting the autocorrelation width. The DC motor and 

potentiometer were mounted at either end of a threaded rod. To prevent the potentiometer from 

overturning, a rectangular plate was attached to the rod. Two switches, switch 1 (SW1) and 

switch 2, placed at predetermined intervals before and after the plate, allow for this mechanism. 

When the DC motor rotates in a clockwise direction, the plate moves forward according to the 

protective mechanism. The DC motor will stop when the plate presses SW1. The same applies 

to the anticlockwise rotation. 
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Figure 6. 11. Picture of 3D printed mechanical device to control the SOA bias current. 

 

6.2.2. Results and analyses  

 

The aforementioned automated adjustable testbed was successfully used in two separate 

instances to obtain the original autocorrelation width of 12 ps. In these scenarios, the chromatic 

dispersion mismatch induced by adding/removing 66	𝑚 of SMF to the transmission link, leads 

to a broadened and a shrunk autocorrelation peak of 16 ps and 10 ps, respectively, as shown in 

figure 6.12.  

 
(A)                                                (B)                                                (C)  

Figure 6. 12. Autocorrelation peak at the receiver before and after adding and removing 

66 m of SMF: (A) shrinking of 2 ps from the original autocorrelation width,(B) back-to-back 

autocorrelation width,  (C) broadening of 4 ps from the original autocorrelation width. 
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The system in the aforementioned configuration is LabVIEW-programmed. An algorithm 

is used to analyse the continuous oscilloscope autocorrelation peak data and compute the 

direction and duration of the motor. In this study a virtual instrument (VI) was employed within 

LabVIEW. This VI manages the interaction with the measuring device (Agilent 86100), broken 

down in multiple communication elements. Figure 6.13 illustrates how string format directives 

are sent to the oscilloscope using VISA Read and Write blocks. Firstly, the waveform source 

and data format are chosen. On the front panel, there is a control for choosing the source. The 

control provides the index of the item that was chosen, and using this information, a row from 

a constant string array containing the available commands is chosen. 

 

 

Figure 6. 13. Screenshot of selecting the waveform source for VI in LabVIEW. 

 

Secondly, the software then transfers all the required waveform data from the oscilloscope, 

as depicted in figure 6.14. The parameters are contained in the response message of the 

instrument according to the following commands: 

- XOR: start time of the measurement (t0). 

- XINC: time increment between the measured values (dt). 

- YOR: Y axis offset. 

- YINC: Y axis increment. 

- YREF: Y axis offset is measured from this level. 

- POIN: the number of measurement points. 

DATA: measurement data. 
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Figure 6. 14. Screenshot of the transfer of waveform parameters in VI (VISA). 

 

Thirdly, as depicted in figure 6.15, a While loop is used to read the waveform data from 

the scope. A VISA Read block gets the data, which is in string format, with commas separating 

the values. Subsequently, a Spreadsheet String to Array block is used to extract the numerical 

values from this string. In addition to the string input, this block requires the format of the value 

(currently a floating-point number) and a separating character (,). This block produces a two-

dimensional array as its output. The first row of the two-dimensional array has to be selected, 

as the instrument only provides one-dimensional waveform information.  
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Figure 6. 15. Screenshot of extraction of waveform information from the instrument response 

(Oscilloscope 86100C). 

 

The While loop is terminated once all defined values have been obtained. Two Shift 

Registers, one for counting the number of received values and the other for storing the data in 

an array, are located at the start of the cycle. The size of the Shift Register array is established 

at the beginning of the cycle, therefore the new values are added using Replace Array Subset. 

Once a sufficient number of values have been obtained the cycle is terminated, and the values 

are processed to produce the desired waveform (Step 5). 

The final phase, Step 4, clears the instrument buffer, as necessary. To clear the buffer, a 

While loop reads 1000 bytes from the buffer in every cycle, until it becomes empty. 

The VI generates the final waveform data from the raw data and waveform parameters in 

Step 5. The formula calculates the actual measurement (dataout) as follows: 

 

𝑑𝑎𝑡𝑎𝑜𝑢𝑡 = (𝑑𝑎𝑡𝑎 ∈ 𝑑𝑖𝑔𝑖𝑡𝑖𝑧𝑒𝑟𝑙𝑒𝑣𝑒𝑙𝑠 − 𝑌𝑅𝐸𝐹) ∗ 𝑌𝐼𝑁𝐶 + 𝑌𝑂𝑅 

 

(6.3) 

Where data is the received data from the digitizer or oscilloscope, which is the raw 

measurement that needs to be converted into actual values. YREF is the Y-axis reference, 

which is the level from which the Y-axis offset is measured. It is used to adjust the data for any 

offset or baseline differences in the measurement system. YINC is the Y-axis increment, a 
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scaling factor that determines the relationship between the received data and the actual 

measurement units. It is used to convert the data into the desired measurement units. YOR is 

the Y-axis origin or offset, a constant value added to the scaled data to account for any 

additional offset in the measurement system. 

 

 

 

Figure 6. 16. Capture of clearing of the instrument buffer. 

 

6.2.2.1. Calculation of the Full Width at Half Maximum  

 

The FWHM (Full Width at Half Maximum) value is computed in the VI. The waveform 

signal originates from Fetch Waveform (Scope) in the VI, as previously described. The half-

maximum value is obtained using the following equation. 

ℎ𝑎𝑙𝑓𝑚𝑎𝑥𝑖𝑚𝑢𝑚𝑣𝑎𝑙𝑢𝑒 = 𝑚𝑖𝑛 +
𝑚𝑎𝑥 −𝑚𝑖𝑛

2  (6.4) 

The Array Max & Min block is used to determine the maximum and minimum values. 

The indices of the respective minimum/maximum values are also provided by this block, so 

that they can be used as the starting index with the highest value for the search in both 

directions. Two parallel while cycles that check whether the currently selected element is 

smaller than the half maximum are used to conduct the search. If the index is discovered, the 

cycle comes to an end, and the difference between the two indexes is determined by subtracting 

them. Since the time difference in addition to the distance in terms of the number of samplings 
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is required, the result is multiplied by the time interval between the samples (dt), as seen in 

figure 6.17. 

 

 

Figure 6. 17. Capture of the calculation of the FWHM (Full Width at Half Maximum). 

 

See figure 6.18, which shows the calculation visually with two cursors on the graph.  

 

 

Figure 6. 18. Virtual scope VI displays the autocorrelation peak with two curses denoting the 

FWHM. 
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The X and Y axis positions can be used to control the position of the cursor. The index of 

the element, which must be multiplied by sampling time (dt), can be used to determine the X 

location. The value of the function at the indexed point is the Y position. These settings can be 

realised with the aid of a Waveform Graph Property Node, used to obtain a collection of graph-

related cursors. The parameters are assigned, an array is created out of them, which is then 

written back to the cursor list after using Bundle by Name to choose the appropriate parameters 

from the cursor cluster. 

Now that the OCDMA autocorrelation peak is located, the FWHM can also be recorded. 

The effect of over and under compensated link on the autocorrelation pulse width is monitored 

using the FWHM parameter, and the bias current of the SOA is controlled accordingly. The 

details are discussed in the following section.  

 

6.2.2.2. Automated system  

 

Prior to the experiment, it was determined that an SOA bias current of 𝐼 = 45	𝑚𝐴 corresponds 

to an SOA gain of 0 dB while a bias current of 𝐼 = 125	𝑚𝐴 causes SOA gain saturation. When 

the autocorrelation width changes, it is shown by the ratio S
S"

, whereas S
S"
= 1 indicates that the 

pulse width does not vary. 
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Figure 6. 19. Illustrates the ratio (𝜏 𝜏⁄ #) of the autocorrelation width (Y axis) and the 

corresponding change on the rotation direction of the DC motor (X axis) by adjusting the bias 

current of the SOA. 

 

As a result of the chromatic dispersion mismatch induced by adding/removing 66𝑚 of 

SMF to the transmission link, as shown in figure 6.19, the ratio (𝜏 𝜏⁄ #) of the autocorrelation 

width widened or contracted in the experiment. The tuneability of the SOA was used to take 

advantage of the chromatic dispersion mismatch and compensate for the mismatched length of 

the transmission link. The potentiometer is rotated by the motor via a treaded rod within a range 

of −180° + 180° (See figure 6.11). The ratio (𝜏 𝜏⁄ #) = 1 and the SOA bias current 𝐼 = 45𝑚𝐴 

are the norm state described by the 0°. In the first situation, the transmission link becomes 

undercompensated as a result of the addition of 66	𝑚	of SMF, resulting in a chromatic 

dispersion mismatch of (𝜏 𝜏⁄ #) > 1. As a result, the potentiometer will turn clockwise with the 

motor, changing the SOA bias current. The VI will then get the updated autocorrelation FWHM 

and compare it to the old one. The degree of rotation and direction of the motor are depicted in 

figure 6.19.  

The SMF transmission connection would become overcompensated if 66𝑚 were removed, 

which would lead to a chromatic dispersion mismatch of (𝜏 𝜏⁄ #) < 1. As a result, the FWHM 

of the autocorrelation is decreased. The motor will rotate the potentiometer counter-clockwise 

for a range between 0° and 180° and modify the SOA bias current until the original FWHM 

width is retrieved after the LabVIEW code has compared the FWHM to the original. 

It is important to keep in mind that the autocorrelation width is slightly variable depending 

on whether the transmission connection is overcompensating or undercompensating (by 

±	66𝑚). The autocorrelation widens by 4 ps when 66𝑚 SMF is removed from the transmission 

connection while it narrows by 2 ps when 66𝑚 of the SMF is added to the transmission link, 

according to figure 6.12. 
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Figure 6. 20. Illustration of the VI in the motor controller when the system exhibits under-

compensation. 

Figure 6.20 and figure 6.21 depict the VI of the motor controller when the system exhibit 

under/over compensation. Here, the while cycle must continue until the stop button is pressed, 

but only once per 30 minutes should be used for the measurement. The High Resolution 

Relative Seconds block is utilised, which provides the relative current time in seconds, to 

calculate the amount of time that has passed. The elapsed seconds can be calculated as the 

difference of the two values with two successive calls to this block. The programme will do a 

measurement and based on the outcome, manage the motor when the discrepancy is greater 

than 30 minutes (1800 seconds). The FWHM nominal value is 8.5×10-12. The difference from 

this nominal value has to be scaled to that range to facilitate the regulation of the motor in the 

range of +/-180°. Since the rate of change in the pulse width in case of over compensated and 

under compensated link are not the same, these both cases are processed separately as shown 

in figure 6.20 and figure 6.21. 

The difference from this value must be scaled to the specified range to enable motor regulation 

within the +/-180° range. Since the rate of change in pulse width varies for overcompensated 

and undercompensated links, both cases are processed separately, as demonstrated in Figure 

6.20 and Figure 6.21. 
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In the case of under compensation, (𝜏 𝜏⁄ #) > 1, the autocorrelation widens by 4 ps when 66𝑚 

SMF is removed from the transmission connection. For the angle range, the maximum FWHM 

difference is + 4×10-12. With these values, scaling is performed by multiplying the FWHM 

difference by 180 × $
@	
× 10($:. The difference is manipulated such that it fits into the range if 

it is outside of it (from 0° to +180°), preventing the motor from rotating more than is necessary.  

In case of overcompensation, (𝜏 𝜏⁄ #) < 1, the autocorrelation narrows by 2 ps when 66𝑚 SMF 

is added to the original length of the transmission line. All calculations are shown n figure 6.21 

for the angle range, the maximum FWHM difference is - 2×10-12. With these values, scaling is 

performed by multiplying the FWHM difference by 180 × $
%	
× 10($:. The difference is 

manipulated such that it fits into the range if it is outside of it (from -180° to 0°), preventing 

the motor from rotating more than is necessary. In order to prevent the motor from rotating 

again if the difference is still the same between cycles, the real angle of the motor is saved in a 

shift register.  

 

 

Figure 6. 21. Illustration of the VI in the motor controller when the system exhibits over-

compensation. 

 

Before the programme begins, the motor should be set to 0° for the proper angle positions. If 

the angle between the new and actual values is greater than zero, the motor will rotate 
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clockwise. Conversely, if the angle is less than zero, the motor will rotate in an anticlockwise 

direction.  

Given that the motor rotates 360 degrees every 10 seconds at a steady speed, only the 

determination of the rotation time from the angle difference data is required. For this purpose, 

the angle is divided by 0.036 to get the time in milliseconds. 

𝑇𝑖𝑚𝑒(𝑚𝑠) =
𝜃

360°
10𝑠

∗ 1000 (6.5) 

  

An L293B chip was used to derive the motor, which has three inputs: C, D, and Vinh, 

to control the motor. Vinh turns on the motor rotation, while the C and D inputs select the 

direction of the motor. With the DAQ Assistant blocks, the NI USB 6002 DAQ is configured 

to produce these three signals. The C and D signals must be combined into an array because 

the input of the block is an array, and it can set multiple outputs simultaneously. The enable 

signal could be transmitted along with the other two, but it is preferable to select the direction 

of the motor before turning it on. Another DAQ Assistant output write stops the motor once 

the calculated rotation time has passed. 

 

6.2.3. Summary  

 

Temperature-induced dispersion is dynamic in nature. Therefore, a flexible compensation 

system is required to correct the distorted width of the OCDMA auto-correlation peak. This 

system has to be able to quickly react to real-time events, such as temperature changes. 

Furthermore, dispersion sensitivity in fibre-optic transmission systems typically increases with 

bit rate squared. Therefore, the function of the compensation system is the reduction of induced 

dispersion and the preservation of the original pulse width of the autocorrelation at the receiver. 

In this chapter the design and implementation of an autonomous dispersion management 

system in a WH/TS incoherent OCDMA system was described. The system proposed herein, 

manipulates the chirp of OCDMA code carriers to limit chromatic dispersion detrimental effect 

on Transmission systems using 2D OCDMA coding scheme. It was shown how the tuneability 

of the SOA is exploited to reduce chromatic dispersion. In particular, the bias current is 

adjusted to introduce the necessary changes in the refractive index of the SOA. 
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It was shown how the changes of the SOA chirp by adjusting its driving current could be used 

to reduce the impact of chromatic dispersion on the networks using 2D-WH TS OCDMA based 

communication system.  
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Chapter 7 
 

Conclusion & Future Work 
 

7.1 Conclusion 

 

In this thesis, a wave hopping time spreading code based on picosecond optical pulses has 

been used to explore incoherent OCDMA systems, primarily considering prime codes. The 

main focus was directed at investigating different aspects of an incoherent OCDMA system 

including the impact of SOA-devices in OCDMA systems, the influence of self-phase 

modulation as well as chromatic dispersion, and the effect of ambient temperature fluctuations 

on data transmission over a 17-km bidirectional fibre link between Strathclyde and Glasgow 

University.  

Chapter 2 presents a thorough examination of the core OCDMA ideas, with a particular 

focus on 2D-WH/TS with picosecond code carriers and code generating methods.  

Chapter 3 considers the transmission impairments, especially chromatic dispersion 

(broadening and time skewing) and self-phase modulation due to GVD effects. The chapter 

concludes with a discussion of dispersion compensation techniques.  

In Chapter 4, the temperature induced dispersion coefficient on 2D WH/TS incoherent 

OCDMA system was experimentally investigated as a function of different wavelengths. This 

was let to study the ramification of thermal dispersion skewing on OCDMA code carriers and 

evaluate the conventional equation that was predominantly used to predict the impact of the 

temperature induced dispersion. The obtained results showed great correlation with the value 

found in the literature for a narrow spectral spacing between wavelengths. While using a wider 

spectral region of wavelengths led to change in the dispersion slope indicating that temperature 

induced dispersion is wavelength dependent. Hence, the conventional expression was modified 

to suit wider spectrum enabling the prediction of the temporal coefficient of multi-wavelength 

picosecond code carriers from a wider than a few nanometres spectral range. In addition, a 

common approach (pulse broadening) for measuring the temperature-induced dispersion was 

investigated and a novel straightforward and cost-effective configuration for precise 
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measurement of the temperature dispersion coefficient in 2D WH/TS incoherent OCDMA 

system was implemented. 

In Chapter 5, the impact of SOA-device on 2D OCDMA code carries is evaluated under 

different bias conditions. Since the investigation is on deploying SOA on WH/TS OCDMA 

with multi-wavelength code carriers, this evaluation addressed the potential challenges and 

ramifications of the gain recovery time of SOA and its wavelength dependency with respect to 

gain ratio and self-phase modulation (SPM). Firstly, the OCDMA code was built using 

multiplexers and delay lines to create 2D OCDMA code to allow studying the impact of 

deploying a SOA under different conditions on each wavelength. Secondly, the foundering’s 

from part one was used as a ground for investigating SOA’s impact on a 2D-WH/TS OCDMA 

prime code under high bias current/gain conditions. Thirdly, the overall performance (the 

probability of error and the maximum number of simultaneous users) of two different 2D-

WH/TS OCDMA systems deploying the SOA was calculated. It was observed that redshift 

SPM induced by the SOA distorts the code and shifts wavelengths to the neighbouring 

channels. Two novel solutions utilising pre-chirp techniques were then proposed and analysed 

for mitigating the redshift induced chirp caused by the SOA saturation in 2D OCDMA code. 

The first solution used lithium-niobate crystal to compensate for the SPM after passing SOA. 

In the second solution, an anomalous dispersion fibre is used to counteract larger amount of 

induced redshift. To the best of my knowledge, this is the first time these pre-chirped 

techniques has been proposed for mitigating SOA-induced redshift in 2D OCDMA systems.  

 

For the first time to the best of my knowledge, a proof-of-concept experiment which 

verified the possibility of improving the privacy and security in 2D WH/TS incoherent 

OCDMA communication system was conducted and proposed in Chapter 6. The proposed 

technique requires a single semiconductor optical amplifier accompanied with a correlated 

length of a propagation fiber link to adequately stimulate the nonlinear self-phase modulation 

effect in the transmission line leading to wavelength conversions (frequency shift) of the 

OCDMA code carriers. At the receiver side, a newly designed 2D-OCDMA decoder based on 

a matched filter “synchronized” to the resulting new code sequence removes the wavelength 

translations (shifts) to properly recover the user data.  

In the second part of Chapter 6, the design and implementation of an autonomous 

dispersion management system in a WH/TS incoherent OCDMA system was described. The 

system proposed manipulates the chirp of OCDMA code carriers to limit chromatic dispersion 
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detrimental effect on transmission systems. It was shown how the changes of the SOA chirp 

by adjusting its driving current could be used to reduce the impact of chromatic dispersion on 

2D WH TS OCDMA based communication system.  

 

7.2 Future work 

 

The security of optical code-division multiple access (OCDMA) systems is a critical 

consideration in their design and operation. In order to enhance the security of OCDMA 

systems, it is important to incorporate various strategies that can make it difficult for potential 

eavesdroppers to intercept and decipher the transmitted signal. One approach that can be used 

is the incorporation of multiple decoders, which can help to increase the complexity of the 

system and make it more difficult for unauthorized users to intercept the signal. By using a 

pseudorandom sequence to switch between the different decoders, the security of the system 

can be further enhanced, as it becomes more challenging for attackers to predict and intercept 

the signal. 

Another approach that can be used to enhance the security of OCDMA systems is the use 

of multiple channels. By transmitting data over two or more channels, each with its own unique 

characteristics, the system can provide an additional layer of redundancy and make it more 

difficult for attackers to interfere with the transmission. One way to implement this is by using 

one channel with a semiconductor optical amplifier (SOA) and another channel without a SOA. 

By switching between the two channels using a pseudorandom sequence, the system can 

provide additional security against potential attackers. 

In the context of using a SOA as an optical amplifier in a WH/TS OCDMA network, there 

are several areas of research that may be worth exploring in the future. One potential area of 

interest is the use of a phase modulator to manipulate the chirp of the optical pulse using an 

electrical signal. This approach can help to mitigate the effects of self-phase modulation 

(SPM)-induced redshift, which can be a significant problem in OCDMA systems. By 

manipulating the chirp of the optical pulse, it may be possible to compensate for the redshift 

induced by SPM, which can help to improve the overall performance of the system. 

There are several potential benefits to using a phase modulator to manipulate the chirp of 

the optical pulse. One advantage is that it provides a means of compensating for the SPM-

induced redshift without the need for additional optical components, which can help to simplify 

the system and reduce its complexity. Additionally, this approach can provide a means of 
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achieving higher spectral efficiency, which is an important consideration in many OCDMA 

systems. By optimizing the modulation scheme used in the phase modulator, it may be possible 

to achieve greater spectral efficiency and improve the overall performance of the system. 

However, further research is needed to determine the optimal approach for using a phase 

modulator to manipulate the chirp of the optical pulse. This may involve studying the effects 

of different modulation schemes and optimizing the parameters used in the modulation process. 

Additionally, it may be necessary to investigate the trade-offs between performance and 

complexity when using a phase modulator in an OCDMA system. Despite these challenges, 

the use of a phase modulator to compensate for SPM-induced redshift shows promise as a 

potential area of research for improving the performance of SOA-based optical amplifiers in 

WH/TS OCDMA networks. 

Automated tunable induced temperature dispersion compensation is an important area of 

research in the field of optical communication systems. In order to investigate this further, it 

may be worthwhile to implement temperature chambers to simulate real-world scenarios and 

study the effects of temperature on the system. By using a temperature chamber, it is possible 

to create a controlled environment that can be used to study the impact of temperature on the 

performance of the system. This can help to identify potential areas of improvement and 

optimize the performance of the system. 

In addition to investigating temperature dispersion compensation, it is also important to 

explore other methods of managing dispersion in optical communication systems. One 

potential approach is to use all-optical tunable dispersion management, which involves using a 

semiconductor optical amplifier (SOA) to control dispersion in the system. This approach can 

be particularly effective in systems that use 2-D wavelength-time codes, such as carrier-

hopping prime codes (CHPCs). By using an SOA to manage dispersion in the system, it may 

be possible to achieve higher performance and improved reliability, even in the presence of 

temperature-induced dispersion. 
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