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ABSTRACT 

BINARY ERROR AND A THREE-LEVEL DIVISION 

MULTIPLEXING DISPERSION ANALYSIS OF A RAT OPTICAL 

FIBRE COMMUNICATION SYSTEM 

ALMUKHTAR, Ali 

M. Sc., Electrical and Computer Engineering, Altinbaş University

   Supervisor: Asst. Prof. Dr. Sefer KURNAZ 

 Date: April / 2023 

 Pages: 44 

In this thesis, we analyse the efficacy of the 3LCDM technique in ultra-fast optical fibre 

networking settings. In comparison to a typical 51 Gb/s non return to zero (NRZ­ OOK) 

system, the dispersion tolerance of a 51 Gb/s 3LCDM system is much larger, as shown by 

the results. There is an 81 ps/nm chromatic dispersion tolerance at a BER of 10- • 51 Gb/s 

in the upper tier, and a 98 ps/nm chromatic dispersion tolerance in the bottom tier. Compared 

to the normal NRZ values for 40 Gb/s, which are about 48 ps/nm, these are much higher 

values. 

Keywords: Fiber Optical, Fiber Bragg Grating (FBG), Inhomogeneous Nonlinear 

Schrödinger (INLS), Binary Error, Multiplexing Dispersion. 
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1. INTRODUCTION

1.1   BACKROUND 

Recently, fiber optics have surpassed wireless media to become the backbone of telecom 

and data networks. Multiplexing is often used in optical communication systems to allow 

several users to share the same bandwidth through a single fiber of the transmission channel. 

A multi-input system is less expensive than one that uses many fibers for transmission. 

Multiplexing through wavelength division (WDM) has several uses and is particularly well-

suited for implementation in optical fiber communication networks [1]. Another kind of 

multiplexing used in telecommunications networks is optical code division multiplexing 

(OCDM). This method assigns a unique code to the data sent by each user, hence allowing 

for more users to effectively share a single channel [2]. Transmission execution might be 

worked on over significant distances by giving more thought to multiplexing strategy, 

scattering the board, and regulation sort. Significant distance optical fiber correspondence 

frameworks benefit from scattering the board methods since they can fix the contorted signs 

welcomed on by fiber scattering [3]. Significant distance optical correspondence networks 

frequently use Frequency Division Multiplexing as a multiplexing method (WDM). 

Recently, scientists have started analyzing the efficacy of the Three Level Code Division 

Multiplexing (3LCDM) technique in ultra-fast optical fiber networks. Advantages over Duty 

Cycle Division Multiplexing (DCDM) [4] exist for supporting many users on a single 

channel in a WDM system when using the 3LCDM technique with dispersion control. By 

merging two data streams, which is accomplished with the help of a novel technique called 

three-level code division multiplexing (3LCDM), the effective bandwidth of wavelength 

division multiplexing (WDM) is increased by a factor of two. With twice the capacity at half 

the frequency and a quarter of the bandwidth of RZ and NRZ line coding, 3LCDM is the 

undeniable winner [5]. As shown in study [1], 3LCDM outperforms the NRZ system in terms 

of dispersion tolerance, making it a more desirable system overall. It has also come to light 

that the 3LCDM system, by using WDM, can support a greater number of users. However, 

research on the viability of transporting 3LCDM data over a WDM system is still in its 

infancy. Meanwhile, WDM is the most common method of multiplexing data sent across 

optical fibers. There are losses from dispersion and attenuation when using optical fibers for 

long-distance transmission [6], [7]. Attenuation may be mitigated by using an optical 

amplifier [5]. The aim of this research is to examine how well dispersion adjustment works 
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in a 3LCDM over WDM system. A dispersion compensation fiber (DCF) is used to correct 

the dispersion in an optical fiber [8]. Long-haul transmission systems' distance performance 

with 3LCDM over WDM will also be examined and monitored. 

1.2   PROBLEM STATEMENT 

The DCDM technology's encoding method is very similar to that of the 3LCDM approach; 

However, the 3LCDM technique's decoding procedure has some unique characteristics. 

3LCDM can only support two users per channel, whereas DCDM can handle more than two 

users on a single channel. When comparing their performance with the same number of users 

(two users per channel), 3LCDM performs better than DCDM in numerous ways. The 

3LCDM system makes things simpler by merely employing RZ and NRZ line coding, 

whereas the DCDM approach adds complexity by employing RZ at varying percentages of 

duty cycles. Another drawback of DCDM is the requirement for a guard band in the system's 

clock recovery because it requires more bandwidth than 3LCDM clock recovery. 

1.3    OBJECTIVES 

Most wireless media have been replaced by fiber optics, making it the major component of 

telecommunications and data networking infrastructures. Particularly due to the meteoric 

rise in Internet data traffic, transmission bandwidth utilization has been growing at an 

exponential rate, creating a massive demand. The following are special qualities of fiber-

optic transmission that make it ideal for satisfying this wide bandwidth: Extremely high 

carrier frequency allows for a tremendous bandwidth. Almost no waste. Easy to carry about 

and not too bulky to store in a bag. Highly protected and unaffected by electromagnetic 

radiation from the outside world. This thesis provides a thorough analysis of 3LCDM's 

performance, contrasting it with that of the more traditional NRZ approach while 

maintaining the same total bit rate of 40 Gb/s. 

1.4   PROJECT SCOPE 

Work included in the proposed project scope includes the following: 

a. Research on NRZ and RZ coding schemes for the Wide-Distance Multimedia (WDM)

system.



3 

b. Examining Opti System’s Library Components (Transmitter Library, Receiver Library,

Visualizer, WDM Multiplexer, etc.).

c. Analyzing 3LCDM's Advantages vs WDM.

d. Setup and modelling of a 3LCDM network over a WDM backbone.

e. Analysis of obtained simulation results.

1.5  THESIS OUTLINE 

Chapter 1: helps with thesis structure by giving instructions on how to create one. check out 

the Fiber Bragging' Sensor input, issue description, and scopes while you're at it.   

Chapter 2: Includes the Literature Survey. 

Chapter 3: Explanation as well as suggesting the method and design of optical fibers, as well 

as work on the Fiber Bragging Sensor. 

Chapter 4: shows the result of the conducted simulation. 

Chapter 5: Thesis for conclusion and future work. 
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2. LITERATURE REVIEW

2.1   LITERATURE REVIEW 

Dispersion management in a 3LCDM over WDM system is studied in [9]. The system is 

tested with a total data rate of 10Gbps across two channels. The highest performance of 

3LCDM over WDM is achieved by setting the cut-off frequencies of the Gaussian low pass 

filter and the Gaussian band pass filter to 18 GHz and 37 GHz, respectively. Finding the 

optimal received power of the system to achieve BER of 10-9 depends heavily on the input 

signal. Even at a long-haul transmission distance of 142 kilometres, the 3LCDM over WDM 

system continues to function well [10]. The effectiveness of three-level code division 

multiplexing (3LCDM) is measured using a total data rate of 40 Gbps and two different 

channel counts [11]. The results demonstrate that the suggested 3LCDM method is superior 

than NRZ-OOK in terms of dispersion tolerance at 40 Gbps. Electrical multiplexing and 

demultiplexing techniques may use the same wavelength-division multiplexed (WDM) 

channel [12]. Better dispersion tolerance than the traditional NRZ method means that the 

WDM channels' capacity may be used to its fullest extent [3]. It is possible to quadruple 

bandwidth per wavelength using the stated three-level code division approach. Instead of 

using the wavelength bandwidth, which might lead to interference, code encryption is 

implemented in the data being sent via many levels [13]. Data rates of 195 Mbps were 

achieved in the lab, proving the system's viability in local area networks [14]. Non-linear 

penalties are required for the performance analysis of TDM and WDM signals in 10 Gbps 

systems [15]. For both long-distance and high-bandwidth communications, TDM signals 

have a higher quality-of-service (Q) rating than WDM ones. SMFs are suitable for 

transmitting 10 Gbps of TDM signals when loss and dispersion are correctly adjusted [16]. 

While using FBGs as dispersion correction devices in SMFs improves performance for both 

TDM and WDM signals, this is not the case with NZDSFs [17][18]. In practical contexts, 

the stabilising impact of dispersion control emerges as a result of the interplay of many 

systems. Specifically, we introduce periodically variable dispersion to NLS ground states in 

order to create those with crucial non-linearities [19]. To manage the chromatic dispersion 

(D) of single-mode binary glass fiber cables (T, D), we provide a set of parameters (xc, Anc)

for ultra-wide space division multiplexing and ultra-wide wavelength division multiplexing 

[20]. These parameters can be used to account for any combination of the two variables. A 

unique mathematical approach is utilised to compute &, Anc in parallel form while 
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maintaining within the actual technical boundaries of 0.0 5 x, 5 0.2, and 0.001 5 Anc 5 0.01 

[21]. This creates the necessary compressed dispersion. Overall, linear correlations are 

discovered, and the current study's basic aspects are included into the 3-D visualisations. 

The findings of this study have significant implications for the development of high-speed 

optical communication systems that use optical fibre connections [22][23]. In a 10 Gbps 

dispersion-controlled system with fibre lengths of 120 kilometres, we explore the use of the 

RZ and NRZ modulation formats. Both before and post dispersion compensating strategies 

were used. Both the SMF and DCF input powers are optimised [24]. Using contour plots, 

we can see that optimal transmission exists. RZ modulation format is superior than NRZ 

data modulation format once pre and post dispersion correction techniques are optimised 

[25]. When comparing transmission systems with two, five, ten, and fifteen 120 km fibre 

spans, the Q factor produced from a RZ transmission system is higher [26][27]. The DCDM 

method's underlying concept and the empirical evidence supporting it are explored. Multiple 

users' data, differentiated by their own duty cycles, is sent across a single optical wavelength 

[28]. More than two users may share a single WDM channel by using the multiplexing/de-

multiplexing of electrical signals [29]. This results in greater channel capacity utilisation at 

a single-user clock rate, reduced spectrum bandwidth, and enhanced dispersion tolerance. 

By way of illustration, a DCDM system with multiplexed three users is shown to function 

successfully when tested at up to 40 Gbps per user speed, providing a maximum throughput 

of 120 Gbps per WDM channel [30]. In order to do simulations, [31] a RZ pulse generator 

is used. Different RZ pulses and their quality factors are shown in this study. If we assume 

that Gaussian pulses, which perform better than others, are responsible for these 

improvements, we may infer that increasing the laser's power also improves the outcomes. 

Increasing the laser power to 2 dbm improves the quality factor [32]. It has been noticed that 

the strength of the laser is a crucial factor in the simulation process. Quality factors of 5 or 

more are rated excellent by the Open Film Certification (OFC). At a data rate of 40 Gbps 

and a connection length of 360 km, this simulation study achieves a quality factor of 11.84. 

[33]. Three different symmetric dispersion correction systems are used to examine the 

impact of SPM on the performance of 40 Gbps ODCDM over a distance of 400 kilometres 

[34]. Based on the data, it seems that using a hybrid compensation technique that takes use 

of both pre and post dispersion is the most effective method for this setup [35]. Our findings 

indicate that ODCDM may be employed in MAN and WAN applications with little 
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degradation from the SPM effect for error-free communication if a proper dispersion 

correction technique with optimal parameters is used [36]. 

2.2   OPTICAL FIBER 

A fibre optic is a translucent, malleable strand of silica or plastic that may be adjusted to a 

width slightly wider than a human hair. Light fibres are widely employed in fibre optic 

communication because they allow for longer distance transmission and better data speeds 

than electrical connections [37]. 

Figure 2.1: Optical Fibber [38]. 

2.3   IMPAIRMENTS TO FIBER-OPTIC COMMUNICATION SYSTEMS 

Linear and nonlinear effects may be distinguished as causes of signal degradation in optical 

fibre transmission. These consequences in optical fibre networks are briefly discussed here. 

2.3.1   Limitations in a Linear Fashion 

The linear impairments in optical fibre are described by the Linear Schrödinger Equation 

(LSE), where the propagation constant () is first extended into a Taylor series around the 

carrier frequency; here, the series expansion includes just the first three components. The 

LSE may be calculated using the following formula if the above is true: [39]. 

(2.1) 
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where A is the amplitude of the optical field, is the attenuation coefficient, 1 is related to the 

group velocity, 2 is the group velocity dispersion that causes pulse widening, and 3 is the 

third-order dispersion parameter. 

2.3.1.1   Attenuation in fibbers 

As the light travels through the optical cable, some of its energy is lost. Light absorption by 

the material, Rayleigh linear scattering, and Mie linear scattering are the primary causes of 

power loss [40]. Optical power decreases as its length along a lossy fibre increases in the z 

direction, according to Beer's law, which may be expressed as: 

          (2.2) 

power launched into the fibre, denoted by P (0). 

At 1550 nm, it is stated that the attenuation coefficient of optical fibres is just 0.17 dB/km. 

In Figure (2.2), we see the whole range of losses in a fused silica fibre from a variety of 

different causes [41]. Near 1550 nm, this fibber’s loss value is at its lowest. Larger losses. 

are seen at shorter wavelengths, with values exceeding a few dB/km in the visible spectrum 

[42]. 

Figure 2.2: Comparison of the Measured Loss Spectrum of a Single-Mode Silica Fibre [43] 
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2.3.1.2   Differentiation of colours 

The amount of information that can be sent and how far it can go across a fibre connection 

is limited not only by attenuation, but also by dispersion. According to Eqn. (2.3), 1 

determines how quickly the optical pulse envelope travels through the fibre [44]. 

                                                 (2.3)                            

the optical frequency, the speed of light in a vacuum c, and the linear refractive index n. 

Broadening of optical pulses during propagation is often attributed to Group Velocity 

Dispersion (GVD). The GVD parameter, 2, in Eqn. (2.3) is defined by [45]. 

                                                                                                                                                                                                                                                                                                 

                                                                                                                                              (2.4) 

      

Taking the first derivative of 1 with respect to wavelength yields the dispersion parameter. 

                                            (2.5) 

Let's go back to the equation (2.6) As before, the GVD slope parameter is thought to be 3 = 

d2d, which is related to the dispersion slope parameter [46]. 

                                            (2.6) 

Within the area of 2 = 0, when dispersion is at a minimum, the GVD slope becomes the 

primary factor in determining how much energy is transmitted [47]. 

To get rid of 1 from Eqn, we create a delayed time frame T = t zvG that travels with the 

signal at the group velocity (1.1). Furthermore, the impact of the GVD slope may be 

disregarded when Standard Single-Mode Fibbers (SSMFs) or other varieties with suitably 

high GVD are used. For these input values, we have [41] as the solution to Eqn. (2.7) [48]. 

                                                  (2.7) 
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The dispersion profile in silica SSMF is a function of both the dispersion of the waveguide 

and the dispersion of the material [49]. The profile of dispersion seen in Fig. is the result of 

the addition of these two factors (1.2). The wavelength at which dispersion is zero is 1324 

nm, while the wavelength at which D = 16 ps/km/nm is 1550 nm. Because of how fused 

silica is made, the material's dispersion is fixed [50]. However, the dispersion of the 

waveguide is governed by the fibber’s effective refractive index. Fibbers with varying 

degrees of dispersion may be produced by altering the index profile, allowing for the creation 

of anything from a Dispersion Compensating Fibber (DCF) with D = 80 ps/km/nm to a non-

zero dispersion shifting fibre with D = 4 ps/km/nm. [51]. 

Figure 2.3:  The Wavelength and Frequency Dependence of the Dispersion Characteristic of a 

Typical Standard Single Mode Fibre [52]. 

2.3.1.3  Dispersion of polarization modes 

 Polarization of light is a feature of electromagnetic waves that characterises the orientation 

of transverse electric field fluctuations [53]. There are two distinct polarisation states, x and 

y, in SSMF. Representing Stokes parameters, which may be simply defined using a Poincare 

sphere, allows one to explain the polarisation of light [54]. Figure 2.3 illustrates the SOP by 

depicting the Poincare sphere, which consists of four stocks parameters in terms of optical 

power. Dual-polarization transmission is possible with an SSMF [55]. These polarisation 

states are orthogonal to one another. Variations in temperature and fibre birefringence owing 

to mechanical stress may alter the modes' orthogonality, though [56][57]. 



10 

Figure 2 4 : Round Like in Poincare. These Stocks Factors are S1, S2, And S3. Using the Formula 

S2 = S2 + S2 + S2, We May Get The Fourth Parameter, S4 [58]. 

It is common for the SOP to shift as the fibre length approaches or exceeds a few kilometres. 

In mathematics, modal birefringence, Bm, is defined as [59]. 

(2.8) 

where x and y are the respective propagation constants and nx and ny are the effective 

refractive indices of the two modes [60]. The axis with the highest group velocity is typically 

referred to as the "fast axis," while the axis with the lowest group velocity is referred to as 

the "slow axis." A pulse with a linear polarization is shown to travel through a fiber at an 

incidence angle of 45 degrees (4 rad) from the slow axis in the figure (2.4) [61]. Two 

orthogonal modes, one in the slow axis and one in the fast axis, both of equal strength, are 

simultaneously excited by the optical pulse in this case [62]. The receiver receives two pulses 

because the energy randomly divides between the two polarization states as it travels down 

the fiber [63]. The time delay between the two pulses is the  

Figure 2.5: Fiber Length Squared. 
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differential group delay (DGD) T, which has a Maxwellian distribution around its mean. 

Mean DGD rises proportionally to the fiber's Polarization Mode Dispersion (PMD) 

parameter, which typically ranges from 0.01 to 0.5 ps/km [64], and with fiber length squared 

[65]. 

2.4  A SYSTEM OF FIBER OPTIC CONNECTIONS 

Customers final Internet connection is made possible via access networks. Different access 

technologies, such as copper, wireless (air), and optical fibre, are grouped together based on 

the medium through which data is sent [66]. For connection, a fibre access network is 

superior to others due to the use of optical fibre, which allows for more capacity and greater 

range [67]. At most cases, an optical line terminal (OLT) is installed in the central office 

(CO) and optical network units (ONUs) are installed at the end points through fibres [68]. 

2.4.1 Optical Passive Networks 

In order to link numerous fibers together, passive optical networks (PONs) rely solely on 

passive plant components like wavelength or power splitters and combiners [69]. When 

compared to active optical networks, which necessitate active equipment in the field, these 

network topologies improve reliability while also lowering costs and energy consumption 

[70]. Numerous distinct PON architectures can be realized using multiplexing techniques, 

including but not limited to: 

Figure 2.6: Conventional Design for a WDM-PON Network [71]. 

Multiple PON technologies, including TDM and WDM, are put to use. Gigabit Capable PON 

(GPON) and Ethernet PON (EPON) are two examples of widely used 1.1 Gb/s TDM-PONs 

[28] and [72]. 10 Gb/s TDM-PON deployment, such as XG-PON1 [30] and 10G-EPON [31],
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is just beginning. Each ONU is given a time slot in which to receive packets sent downstream 

from the OLT through optical splitters [73]. When the OLT serves a large number of ONUs, 

the signals experience considerable insertion loss due to the power splitters. It restricts the 

available power in the connection and therefore its range. Since all of the ONUs must share 

the bandwidth provided by a single wavelength in the future, it will be challenging to meet 

the customers' expected bandwidth needs [74]. 

Several wavelength channels are multiplexed and distributed to individual ONUs; therefore, 

the moniker "WDM PON." As one of the most effective strategies for increasing PON 

capacity, it is receiving a lot of attention. WDM PON was initially used in 2007 in Korea 

[75]. Typical WDM-PON architecture is shown in Figure 2.6 Commonplace design for a 

WDM-PON network. In TDM-PON, the optical power splitters are substituted by 

wavelength de- multiplexers like AWGs. WDM-PON enables each subscriber to have one 

or more dedicated wavelengths, while with TDM-PON all 32, 64, or more ONUs must share 

a single wavelength [76]. With this capability, you can easily adjust to meet the bandwidth 

needs of a wide variety of consumers. Moreover, with WDM-PON, the power budget issue 

may be resolved by using an AWG at the distant node, which has significantly lower 

insertion loss than a power splitter. As a result, a WDM-PON can cover a much more ground 

than a TDM-PON [77]. 

One easy way to increase access capacity in WDM- PON and provide service to more 

customers is to decrease the wavelength spacing and increase the number of channels. 

Differences between neighbouring wavelengths in DWDM-PON are less than 100 GHz [78]. 

However, while transmitting high-bandwidth signals, the system becomes more vulnerable 

to crosstalk due to the narrow channel difference. Transmission performance may be 

severely impacted by the laser source's wavelength drift. 

An OFC is a possibility for the multi-carrier source in a DWDM-PON system because it can 

produce numerous carrier frequencies from a single wavelength at constant amplitude and 

spacing. Mode-locked lasers [79], supercontinuum optical sources [80], and the nonlinear 

effects of optical fibres [81] are all part of the standard OFC generating method. However, 

mode-locked lasers may be challenging to manage. Methods based on a supercontinuum 

source are notoriously difficult to construct. Methods based on the nonlinear effect are costly 

because they need the use of very long lengths of highly nonlinear fibre. In addition, 

nonlinearity-based OFC creation requires a large amount of optical input power. The use of 

Mach-Zehnder modulators (MZMs) in OFC production has recently become more appealing 



13 

due to the discovery of an electro-optic modulator based on a LiNbO3 crystal waveguide 

[82]. In these methods, the channel spacing between any two adjacent tones is fixed with 

respect to the steady underlying radio frequency (RF). While [83], suggests using specialised 

driving RF, [84], suggests using specially designed high dispersion medium to create OFC. 

Each one is really costly. 

2.4.2 Radio Over Fibre Optics Systems 

Figure 2.7: A RoF Communication System's Fundamental Diagram. 

The goal is to create a global network in which any two points in the globe may instantly 

establish a connection with any other. However, the quality of a wireless signal decreases 

dramatically as the distance from which it is sent grows. For this reason, it is extensively 

used for backhaul, or the transmission of radio frequency (RF) signals between a central 

office (CO) and a set of cell sites. 

The RoF connection differs from a regular digital baseband optical link [85], for transferring 

RF signals, as seen in Figure 2.7 Typically, an electrical-to-optical (E/O) converter is used 

to transform the baseband signal into the optical spectrum before it is sent through a fibre 

optic cable. Before amplifying and transmitting the signal into the air, the base station (BS) 

performs signal processing, such as demodulation and modulation of the baseband signal. 

There is an RF up-conversion module and an E/O conversion module in the RoF system, 

respectively, that transform the wireless signal into an optical one. Since baseband signal 

processing is no longer required at the cell site, the RoF approach makes cell site setup easier 

[86]. 
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Figure 2.8: (a) A Digital Baseband Optical Connection and (b)  Radio Over Fibre (Rof) 

Transmission Diagram. 

Due to the increasing need for bandwidth in wireless communication, the millimetre wave 

(MMW) band is attractive. The MMW band, which has a waveband of 1 to 10 millimetres 

and ranges from 30 to 300 gigahertz, has the potential to offer a significant amount of 

capacity for wireless connectivity. For instance, standards have been established for short-

range wireless applications in the 60 GHz band [87], and interest in frequencies above 100 

GHz is growing [88]. However, in comparison to the operating bands that are currently 

utilized by mobile service providers, the MMW band has greater propagation attenuation 

from the surrounding environment. As a result, the typical transmission distance for MMW 

is less than 100 meters. In light of this, it becomes more appealing to use RoF technology to 

send the MMW signal to the antennas [41]. 

MMW-based RoF systems have been the focus of numerous studies. It is possible to generate 

multi-band MMW signals from an optical LO by employing a single Mach-Zehnder 

modulator (MZM) in the cyclic predistortion (CS) and heterodyne mixing processes, as 

described in [17]. The paper's recommendation for creating a multi-band signal with a dual-

drive modulator and two distinct clock signals necessitates the use of a high frequency 

synthesiser. Another way to make multi-band MMW is to use an optical frequency comb 

(OFC) with a flat spectrum and uniform frequency spacing [18]. Several other MMW bands 

are generated by beating the other comb lines while one is used for downstream data transfer. 

It should be noted, however, that the vast majority of existing approaches, such as [17][19], 

modify several MMW bands using the same data, which is inefficient. 
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2.5  NETWORKS INSIDE DATA CENTERS 

The significance of datacentres continues to grow in the modern day. Our civilization would 

not be as efficient or productive without the datacentres that host our social media, email, 

web searching, and online consumer services. As previously noted, data-intensive 

applications pose a significant difficulty in terms of power usage. Optical. 

Table 2.1: Future Computer Systems Must Balance Performance, Bandwidth Needs, and Power 

Consumption [42, 43]. 

Y

ear 

Maximu

m Performance 

Broadban

d standards 

Consumption of 

power restricted 

2

013 

11 PF 1

.5 PB/s 

6 

MW 

2

017 

101 PF 2

1 PB/s 

1

1 MW 

2

021 

1001 PF 4

01 PB/s 

2

1 MW 

* PF: Peta operations with floating points per second

Communication's high capacity, low loss, and great energy efficiency are crucial to 

developing a sustainable networking option for data centres. For this reason, this thesis 

places a premium on researching solutions to the issue of energy consumption in datacentre 

networks (DCNs), which are the networks used inside datacentres. 

2.5.1 Datacentre Energy Use 

Table 1 details the expected future datacentre systems' computing power, bandwidth needs, 

and energy usage. However, the pace of rise of power consumption can only be two [42][43], 

times every four years, whereas the predicted peak performance and bandwidth requirement 

of datacentres is expected to climb fast. The first step in solving the datacentres power 

consumption issue is identifying its root cause. Figure 2.9 from [41], depicts the breakdown 

of IT energy use in a mega datacentre, with the network accounting for around 30% and 

servers and storage using the remaining 70%. Half of the networking niches are occupied by 

access switches at the top-of-rack (ToR). 



16 

Figure 2.9: Methods for Balancing a Datacentre’s Energy Usage [44]. 

the whole switching capacity, etc. Therefore, it is crucial in the design of energy-efficient 

DCNs to greatly minimise the power spent at ToR. 

2.5.2 Datacentre Traffic Characteristics 

To effectively build a DCN, it is essential to have a firm grasp on the primary characteristics 

of the server traffic that will be produced. Various types of traffic have different 

characteristics, yet they also have certain commonalities, as we'll see below. 

a. Datacentre traffic flow localization refers to how much of the data centre’s traffic is kept

inside the facility. Traffic between servers in the same rack is called intra-rack traffic,

whereas traffic across racks is called inter-rack traffic. Different datacentres see varying

amounts of each sort of traffic. In cloud computing datacentres, the ToR switches handle

up to 80% of the intra-rack traffic. The high volume of intra-rack connections in these

datacentres makes it imperative to cut down on edge-tier power consumption in order to

solve the thermal dissipation issue of DCNs.

b. The majority of data sent between servers is relatively short in length (lasting less than a

few hundred milliseconds) and bandwidth (in size). The intra-datacentre connectivity

must have a minimal reconfiguration overhead to guarantee a short latency of the traffic.

c. It's common for intra-rack traffic to be quite burst, but traffic in the aggregation and core

tiers is often less so. Due to this characteristic, the design of DCNs' several layers must

accommodate a wide range of conditions.

d. The typical number of concurrent flows per server is roughly 10 in most data centres [23].

Multi-cast support should be considered during DCN architecture design.
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2.5.3 Datacentre Network Topologies that Use Less Energy 

Since existing datacentre commodity Ethernet switches may not be able to handle the 

anticipated traffic surge with acceptable energy usage [45], there is a pressing demand for 

alternatives that are both high capacity and energy efficient. DCNs may benefit greatly from 

optical transmission technology because to its high throughput, low latency, and low power 

requirements [44]. Communication between servers, racks, and clusters is managed through 

switches at various layers. Many different optical switching-based interconnects for DCNs 

have been studied in the last few years. There have been suggestions for hybrid 

optical/electronic solutions to the problem of increasing capacity while decreasing power 

consumption; examples are HELIOS [46], and C-through [47]. These strategies use optical 

switching for managing massive flows, but they also retain electrical switches for handling 

traffic at the packet level. Researchers have also looked at all-optical interconnect topologies 

for the aggregation or core layer [48][50]. Optical packet switching is used to provide fine-

grained switching in [48], however it calls for O/E and E/O conversions at every stage of the 

buffering process. The optical interconnects based on microelectromechanical systems 

(MEMS) suggested in [49] are inefficient for burst traffic patterns and need significant time 

to configure connections. To facilitate high-throughput DCNs, a hybrid SDM/TDM network 

is proposed in [50]. However, multi-element fibre (MEF) is prohibitively expensive, thus it 

cannot be used to link racks. Additionally, an SDM-to-WDM converter is required for the 

approach in order to execute the connection between two racks in different datacentres via 

the metro network, but such a device is not currently commercially available. 

Cutting down on the number of electrical components used is one technique to save power 

in a datacentre. Optical switching is the foundation of several already-existing DCN designs 

[48][50]. In these architectures, electrical switches in the aggregation and core layers are 

often replaced with optical ones. Incorporating optical switching at the data centre’s upper 

tiers can save some power, but only so much [25]. However, because of the many racks in a 

datacentre, ToR switches may account for as much as 90 percent of the facility's total 

switching energy consumption [51]. As a result, enhancing datacentre efficiency necessitates 

prioritising the reduction of ToR switching energy usage. Passive optical interconnect (POI) 

is the subject of some literature at the threshold of recognition (ToR) [24][52]. When 

compared to switch-based systems, passive components like optical couplers have inherent 

advantages in terms of cost, energy consumption, and dependability. Furthermore, since no 

hardware reconfiguration is required, the POI designs have the potential to have high latency 
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performance. In [52], the scalability of a coupler-based POI is evaluated solely in terms of 

the insertion loss, which is necessary but not sufficient. A wide range of physical layer 

variables should be taken into account during the scalability assessment. The receiver type, 

operating bandwidth, modulation formats, and decision algorithms are just a few examples. 

2.5.4 Intra-Datacentre Optical Connections with Advanced Modulation Formats 

DCN is very cognizant of the price and energy usage of transceivers because of the vast 

number of transponders it uses. In DCNs, short-range communications using intensity 

modulation and direct detection (IM/DD) methods are common due to their ease of 

implementation and lower cost compared to coherent alternatives. The bit rate per 

wavelength in IM/DD techniques is calculated by multiplying the symbol rate in bits per 

second (Baud rate) by the symbol size in bits (modulation order). On-off-keying (OOK) 

intensity modulation is the simplest form of IM/DD. However, a high data rate necessitates 

the use of electro-optical components with a wide bandwidth. Increasing the modulation 

order, or using a more complex modulation structure, is one technique to do this. As a result, 

M-PAM (54–57) and DMT (58–59) over low-cost and low-energy integrated transceivers

have emerged as Datacom's two mainstays. 

For instance, 4-PAM and 8-PAM both refer to modulations with 4 amplitude levels, while 

M-PAM stands for multi-level intensity modulation [59]. Transmissions using M-PAM have

a spectral efficiency that is log M times better than those using binary modulation (like OOK) 

at the same data rate. 

Figure 2.10: The Subcarriers' Power and Bit Allocation Based on the Channel Response. [63]. 

DMT is a type of OFDM that uses a different set of carriers than OFDM because it is a multi-

carrier technology. Figure 8 depicts how DMT divides the spectrum, with each subcarrier 

using a small portion of the channel capacity. The channel response at the frequency of each 

subcarrier is used to calculate the allocation of bits and power for that subcarrier. To put it 

another way, DMT maximizes the utilization of the spectrum by assigning lower-order 
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modulation formats to subcarriers with lower SNRs and higher-order modulation formats to 

subcarriers with higher SNRs. 

Table 2.2 provides a summary of the literature [60]-[64] comparing M-PAM with DMT in 

terms of energy usage, performance, etc. While DMT provides clear benefits in spectrum 

use and resilience in the face of non-flat channel response, M-PAM has lesser 

implementation complexity and lower power consumption. 

Table 2.2: M-PAM and DMT: A Comparison [60–64]. 

M-PAM DMT 

Complexity of the implementation + O 

Use of power    ++ + 

Utilizing the spectrum     + ++ 

Robustness   O ++ 

Which is meaning ++ very good, + good and O medium 

2.6   BASIC STRUCTURE FOR FIBER-OPTIC 

Figure 2.11: The optical Basic Structure [37]. 

Figure 2.11 depicts the fundamental make-up of an optical fibre. Optical fibers commonly 

incorporate: 

a. An innermost core layer: The optical fiber's glass core is the first layer within the cable.

The light penetrates all the way to the centre.

b. Cladding Layer: The cladding layer protects the glass core. As with the core, this layer

is composed of glass, but its refractive index is lower. The cladding layer is either thicker

or thinner depending on the wavelength that will be sent along the fibre.
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c. Protective Jacket Layer: The protective jacket layer serves as the outermost layer. The

optical cable is reinforced here to withstand mechanical stress. When more

reinforcement is needed, a Kevlar coating is sometimes applied.

Transparent cladding with reduced refraction index around a core [38][39]. Because of 

absolute internal reflection, the fibre essentially functions as a waveguide, focusing light at 

its centre. Multi-mode fibres provide many engendering routes, also known as transverse 

modes, whereas single-mode fibres support just one (SMF). Most often used for short-

distance correspondence connects and applications requiring strong force transmission, 

multi-mode fibres have larger core sizes [40]. The majority of communication links over a 

thousand metres in length use single-mode fibres (3,300 ft). 

2.7 MANUFACTURING MATERIAL 

Glass optical fibres are often made from silica [41], but for longer-frequency infrared or 

other uses, additional materials such as fluor zirconate, fluor aluminate, glasses made of 

chalcogenides and crystalline crystals like sapphire are both put to use. There are certain 

materials, such the chalcogenides, that may increase the refractive index of glasses formed 

from silica and fluoride to as high as 3. On average, there is a 1% difference between the 

centre and cladding indices. 

2.7.1 Silica 

Across a broad range of frequencies, silica exhibits exceptional optical transmission. Silica 

may have exceptionally poor retention and dissipation capabilities of the desired 0.2 dB/km 

in the near-infrared (close to IR) part of the spectrum, namely about 2.6 m. In order to 

construct integrated circuits and discrete transistors, ultra-pure silicon is essential. This 

makes it feasible to achieve such shockingly low losses. Transparency in the 1.4-m range is 

enhanced by keeping the proportion of hydroxyl groups low (OH). Transmission in the UV 

spectrum, however, is improved by a larger OH concentration. 

2.7.2 Glazed with Fluoride 

Glasses of high optical quality may be created from fluorides of various metals, and this 

group is known as "fluoride glass." Due of their thinness, preventing crystallisation while 
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manipulating it through the glass transition is a challenging task (or drawing the fibre from 

the liquefy). 

Heavy metal fluoride glasses, on the other hand, have incredibly low optical attenuation but 

are difficult to produce, extremely fragile, and poorly protected against dampness and other 

environmental impacts. Their finest quality is that unlike other oxide-based glasses, they 

lack the hydroxyl (OH) absorption band (3,600-2,500 cm1; i.e., 3,877-3,125 nm or 2.78-3.13 

m). 

2.7.3 Phosphate-Based Glass 

Different metal metaphosphates are used to create the optical glasses that make up the 

phosphate glass family. At least four distinct structures exist for phosphorus pentoxide 

(P2O5), serves as the structure hinder for this glass, rather than the SiO4 tetrahedra seen in 

silicate glasses. P4O10 atoms make up the most recognised polymorph. 
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3. METHODOLOGY

3.1 INTRODUCTION 

This section introduces the concepts of forward engendering of signs obtained from forward 

spread transmission boundaries, which are then used to illustrate the nonlinear Schrödinger 

condition (NLSE). To reconstruct the original sent signal from the distorted got signal, one 

may invert the nonlinear Schrödinger equation (NLSE). A mathematical model that includes 

the negative sign with the primary dispersal coefficients, such as the scattering D and the 

nonlinear coefficient, is used to deal with this. 

3.2    TLCDM OVER WDM THEORY 

3.2.1 WDM 

The optical fibre multiplexing industry has settled on the wavelength division multiplexing 

(WDM) technology as the gold standard. It is well knowledge that dispersion and attenuation 

cause losses when using optical fibres for long-distance communication. The use of an 

optical amplifier is the answer to the problem of attenuation loss. Dispersion compensation 

fibre (DCF) is used to correct for dispersion in optical fibre. 

Figure 3.1: Multiplexing on a Wavelength Scale. 

Transmission performance may be improved over long distances by giving more thought to 

multiplexing technique, dispersion management, and modulation type. Because of the signal 

distortion caused by dispersion, long-distance optical fibre networks may benefit from 

dispersion management measures. Several different kinds of long-distance optical 

communication systems now employ Wavelength Division Multiplexing (WDM) as a 

multiplexing mechanism. Advantages: 

a. A higher capacity for transmission has been achieved.

b. Transmission in duplex.
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c. transmission of many signals simultaneously.

d. simple system expansion.

e. New channels may be accessed quickly and at a lower cost.

3.2.2 3LCDM 

Since 3LCDM allows for numerous users per channel in a WDM system, it is superior than 

Duty Cycle Division Multiplexing (DCDM). This article takes wavelength division 

multiplexing (WDM) and increases its bandwidth efficiency by mixing two data streams 

using a method called three-level code division multiplexing (3LCDM). Because it can 

quadruple capacity at a lower frequency and narrower bandwidth, 3LCDM was developed 

as an alternative to RZ and NRZ line coding. 

Compared to the NRZ system, 3LCDM performs better in dispersion tolerance, which is a 

major advantage of 3LCDM. It has also come to light that the 3LCDM system, by using 

WDM, can support a greater number of users. However, research on 3LCDM data 

transmission via a WDM system is lacking. 

The 3LCDM technique's encoding method is comparable to the DCDM techniques, but the 

3LCDM approach's decoding procedure has its own characteristics. 3LCDM, in contrast to 

DCDM, which can handle more than two users on a single channel, can only manage two 

people. When comparing their performance with the same number of users (two users per 

channel), 3LCDM has a few advantages over DCDM. In contrast to the DCDM strategy, 

which makes use of RZ at various duty cycles, the 3LCDM system only employs RZ and 

NRZ line coding. DCDM is considered to have the disadvantage of requiring a guard band 

for the system's clock recovery because it uses more bandwidth than 3LCDM. 

3.3  METHODOLOGY AND DESIGN 

It is demonstrated in Figure 3.2 that the proposed two-user 3LCDM multiplexing system 

operates in a simulated ideal environment. Data (i.e., datal and data2) at 20 Gb/s are sent 

from each user through the transmitter. 
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Figure 3.2: Methodology and Model. 

Pressure, Year 2101. The system consists of both NRZ and RZ pulse generators. Each user's 

data enters a multiplexer, where it is amplified until the peak voltages are equal. The 

Distributed Feedback (DFB) laser operating at a line width of 10 MHz and a wavelength of 

1552.5 nm will be modulated using a Mach Zehnder modulator. A low pass filter (LPF), 

demultiplexer, and PIN photodiode all work together to receive the optical signal. The 

interference is reduced by a 35 GHz cut  off frequency electrical Gaussian LPF. The 

demultiplexer's many functions include data recovery and timing purposes. Both the clock 

and the data may be recovered with the use of an X-OR gate . Clock recovery is a great 

addition since it facilitates system deployment. 
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4. SIMULATIONS RESULTS

4.1  OVERVIEW 

Six simulations are done at different strain levels in this chapter using the Opti system 

software to analyses the performance of the FBG-based sensor and the wavelength variations 

that follow different strain levels. In this thesis, the author uses Opti system simulation 

software to model the operation of a Fiber Bragg Grating installed on a power line and used 

as a temperature sensor. The software's GUI exhibits a transmission system to demonstrate 

the grating's functionality. The 25-kilometer-long fibers symbolize the distance over which 

a transmission is warmed by an external source, such as the sun's rays or the joule effect of 

energy moving through a power grid. The reflected wavelength was calculated using a model 

that included the spectrum of induced temperatures, the coefficient of thermal expansion, 

and a thermos optic coefficient. With an applied temperature gradient, a grating may 

selectively reflect light in a particular wavelength range by altering its period and index of 

refraction. When monitoring the temperature of power lines, this is the single most important 

output. 

4.2  SIMULATIONS RESULTS 

Figures 4.1 and 4.2 depict typical transmission optical signal spectra at 10Gbps for 

conventional NRZ over WDM and 3LCDM over WDM systems, respectively. 

Figure 4.1: Tow Channel NRZ Over WDM. 
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Figure 4.2: The 3LCDM over WDM System with 2 Channels. 

Figures depict a typical NRZ over WDM and TLCDM over WDM system's transmitted 

optical signal spectra. Figure 4.3 and 4.4. According to the results of the simulations, the 

breadth of the optical spectrum in both the sent and received optical signals is almost the 

same. As can be seen in Figure 4.2, the spectrum of the transmitted optical signal is noisier 

when NRZ is convolved over WDM as opposed to when 3LCDM is. A 3LCDM over WDM 

system has a broadening impact on all four channels, as seen in Figure 4.3. (193.1 THz, 

193.2 THz, 193.3 THz, and 193.4 THz). It may be inferred that 3LCDM over WDM is 

substantially more effective than NRZ over WDM for long-distance transmission due to the 

optical signal's improved noise performance. 

 

Figure 4.3: Transmitted Signal. 
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Figure 4.4: Received Signal. 

Figures 4.5, display the sent and received signals, respectively, for signal and noise analysis 

of a 10Gbps 3LCDM over WDM system. 

The transmitter broadcasts the signal at 5 Gbps by combining data from a RZ and NRZ 

generator. The combined signal is analysed using an oscilloscope. Figure 4.5 shows that the 

sent signal is free of noise, indicating that the transmitter is operating as intended. Once the 

signal has been processed, it is sent through optical fibre [1]. Noise is assumed to exist 

because of the observed fluctuations in the received signal (see Fig. 4.5). Because of losses 

in the optical fibre, the optical amplifier, the optical fibre, and the PIN photodetector all add 

to the overall noise in the system. To recover the lost signal, a PIN photodetector is used [1]. 

However, avalanche photodetectors (APDs) are more expensive despite their superior noise 

performance. One option is to use a shorter SMF. 

We have modelled the effects and interactions of dispersion, attenuation, and spectral power 

modulation. Demonstrates this visually, the 3LCDM method may be affected by chromatic 

dispersion in an optical transmission system with high bit rates and long distances. 
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Figure 4.5: Long-Distance High-Bit-Rate Optical Transmission: Scattering's Impact on the 

3LCDM Eye Diagram. 

4.3 DISTANCE VS. BER 

Table 4.1: Distance vs. BER of 3LCDM over WDM system. 

Distance 

(Km) 

BER 

20 10
-55

40 10
-48

60 10
-42

80 10
-33

100 10
-25

120 10
-18

140 10
-9

160 10
-5

180 0 

200 1 
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For a 3LCDM over WDM system running at 10 Gbps throughput, the ideal distance is shown 

in Table 1. Table 2 shows that for a 3LCDM over WDM system, a transmission distance of 

around 142 kilometers is ideal. The findings demonstrate that the dispersion control strategy 

used in the 3LCDM over WDM system improves the system's performance over extended 

distances. Long-distance transmission system performance is improved because to the 

incorporation of pre-DCF and two-stage EDFA into the design. The findings confirm that 

3LCDM over WDM performs well enough for long-distance transmission systems. 
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5. CONCLUSIONS AND FUTURE WORK

5.1  CONCLUSIONS 

The present writing examines a dispersion-adjusted, four-channel, 10 Gbps 3LCDM over 

WDM system. For the low pass, we use 40 GHz cutoff frequency Gaussian filters, and for 

the band pass, we use 18 GHz cutoff frequency filters. By varying the strength of the input 

signal, the system's optimum received power may be determined, allowing for a bit error rate 

(BER) of 109. For optical communications beyond 100 km, 3LCDM over WDM performs 

better than the standard NRZ over WDM. 

5.2  FUTURE WORK 

The program may be able to construct realistic signal channel counts and gain profiles 

automatically. 
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