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 Abstract 

A new advanced modulation format based on Manchester signalling was proposed and 

assessed for high-speed optical communication systems. This new advanced 

modulation format called Modified Manchester (MM) was derived from the 

combination of Manchester and Vestigial-Sideband (VSB) techniques. Its performance 

was assessed and compared in terms of spectral efficiency, chromatic dispersion 

tolerance and receiver sensitivity against Conventional Manchester (CM), Return-to-

Zero (RZ) and Non-Return-to-Zero (NRZ). The spectral efficiency of the MM was 

enhanced by 31.3% due to the optimisation of the optical filter employed for VSB 

filtering. Therefore, the dispersion tolerance of MM is140 ps/nm, which is three times 

more than that of CM of 44 ps/nm and twice more than that of NRZ of 51.8 ps/nm and 

better than RZ with dispersion tolerance of 109 ps/nm at the BER of 10-9. The 

improvement performance was achieved without the utilisation of any dispersion 

compensation module or electronic equalisation. The research also examined the 

transmission performance of the MM modulation scheme over wavelength division 

multiplexing (WDM) system and compared with the CM format at the bitrate of 10 Gb/s 

per channel. Where MM has a better performance compared to CM in terms of tolerance 

against narrow optical filtering, spectral efficiency (improved by 32%) and chromatic 

dispersion tolerance (improved by +100 ps/nm). Sixteen wavelength channels (16 x 10 

Gb/s) are modulated to provide 160 Gb/s data capacity which was successfully 

transmitted over 224 km standard single mode fibre (SSMF) using MM while the CM 

range is approximately 157 km. 

         Furthermore, the new multilevel Manchester-based signalling referred to as four-

level Modified Manchester (4-MM) modulation and four-level Manchester Coding (4-

MC) formats are proposed and demonstrated numerically for high-speed optical 

communication systems. Using the developed bit error rate (BER) estimation model, 

the performance of 4-MC and 4-MM were compared against CM modulation, binary 

MM and four-level amplitude modulation (4-PAM) formats in terms of receiver 

sensitivity, spectral efficiency and chromatic dispersion tolerance at the total bitrate of 

40 Gb/s.  The receiver sensitivity and the chromatic dispersion tolerance at the BER of 

10-9 of the 4-MC scheme are -22 dBm and 67.5 ps/nm, respectively while for the 4-MM 

scheme are -21.5 dBm and 95 ps/nm, respectively. Therefore, 4-MC and 4-MM are 

superior to 4-PAM by 3.5 dB and 3 dB, respectively in terms of receiver sensitivity. 
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Similarly, the results also indicate that 4-MC and 4-MM techniques are better compared 

with CM and binary MM in terms of spectral efficiency and chromatic dispersion 

tolerance. Therefore, the proposed schemes can be considered as alternatives to 4-PAM 

in high-speed optical access and short-reach networks where power efficiency is of 

critical important.   

         Lastly, the numerical results indicate that optical equalisation method is capable 

of improving the formats performance considerably. The MM format with optical 

equaliser at 10 Gb/s can reach 40 km with the receiver sensitivity of -18 dBm whereas 

at 25 Gb/s it has a receiver sensitivity of -14 dBm over 7.5 km in optical simplified 

access networks. Although without optical equaliser, the maximum distance realised at 

bitrate of 10 and 25 Gb/s are 20 km and 4 km, respectively. Moreover, the transmission 

distance of 4-MC and 4-MM were increased to 25 km and 27 km, respectively with the 

corresponding receiver sensitivity of -17 dBm and -15 dBm at 20 Gb/s. However, at the 

bitrate of 40 Gb/s, the 4-MC and 4-MM reached transmission distance of 6.5 km and 

7.5 km, respectively while equivalent receiver sensitivity of -10 dBm and -18 dBm were 

observed. Whereas, the maximum distance realised by 4-MC and 4-MM without optical 

equaliser at 20 Gb/s are 15 km and 18 km respectively, and at 40 Gb/s, 4-MC and 4-

MM are able to reach 4 km and 5.5 km, respectively for high-speed optical short-reach 

and access networks. 
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1       Chapter 1: Introduction  

 

1.1   Background  

 

The emergence of photonics technologies in the past three decades have acted as catalysts 

to the enormous developments of communication networks and it serves to revolutionise 

the future network [1]ï[6]. The global photonics market forecast in 2018 estimated that the 

photonics market size would reach USD 795.54 billion by 2022 from USD 530.52 in 2017 

at a Compound Annual Growth Rate (CAGR) of 8.5 % from 2017 to 2022 [7]. It is quite 

revealing and understandable that optical communications are the most significant sector 

because they are the biggest end-use industry in photonics technologies, mainly to serve 

the fast-growing internet traffic (movement of data within the internet). The massive 

request for Internet services such as cloud computing, social media, video streaming, 

interactive e-learning and online gaming as exemplified in Figure 1.1  have been the driven 

force [8]ï[12]. These higher bandwidth applications necessitated high capacity 

transmission link, and optical fibre communication systems recently have received laudable 

improvement with the capability of fulfilling these demands [1], [13]. Towards meeting the 

voracious demands for transmission capacity in fibre optics networks, it is concluded that 

the existing 10 Gb/s networks are upgraded to 25 Gb/s or higher [14].  Meanwhile, Cisco 

Forecast Methodology study revealed in 2014 that metro traffic would double as fast as 

long-haul traffic between 2014 and 2019 and this will account for 66 % of total Internet 

Protocol (IP) traffic by 2019 [15]. The reason for this higher growth is because of the 

progressively important role of content delivery networks, which are transmitted through 

metro networks and bypass long-haul networks. In 2019, the same research group also 

revealed in its study that annual global traffic would reach 395 Exabytes  (EB) per month 

by 2022 at CAGR of 26 % from 2017 to 2022 as illustrated in Figure 1.2 [16].  Response 

to the global explosive traffic requirements necessitates the Ethernet standardisation of 40 

G and 100 G as well as 400 G by the IEEE P802.3bm fibre task force to address such 

demands [17].  
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  Figure 1.1:  Applications of optical fibre communication systems in our society [12].  

 

 

Figure 1.2:  Global IP data traffic growth between 2017 and 2022 [16]. 

      

           In the meantime, system simplicity, low cost, less power intake plus high integration 

are the domineering features for metro and short-reach optical transmission networks that 

need to be considered especially in large scale interconnect applications. The utilisation of 

advanced modulation is a favourable answer to these stringent prerequisites [18]ï[20]. The 

present optical fibre communication systems frequently utilise binary modulation formats 

with inherently low spectral efficiency because of system potential simplicity and low cost 

at the receivers and transmitters [14], [21], [22]. Adoption of multilevel modulation 

schemes in numerous optical communication links enhances the spectral efficiency of 
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optical transport networks. Therefore, advanced multilevel modulation techniques are 

capable of increasing the transmission capacity of optical networks by transmitting more 

information by varying the amplitude, phase, polarisation or combinations of all of a 

signal/carrier [23], [24].  

         Furthermore, by employing advanced modulation schemes in conjunction with 

coherent detection lead to the increase in the spectral efficiency and compensation for fibre 

impairment initiated by chromatic dispersion (CD) and polarisation mode dispersion 

(PMD) [24]ï[26]. Conversely, this method is expensive because of the use of high-speed 

optoelectronics such as local oscillators, multiple balanced detectors, digital-to-analogue 

converters in conjunction with complex digital signal processing; the systems would be 

preferably suitable for long-reach communication. Modulation schemes with direct 

detection (DD), such as On-Off Keying (OOK) is more appropriate and widely used than 

coherent detection for optical short-range, access and metro networks [27]ï[29]. 

Nevertheless, its deployment is quite challenging because it is not tolerant of fibre 

dispersion, which is a significant restraint in high-speed intensity modulated and direct 

detection (IM/DD) systems. Moreover, the direct detection receivers undergo nonlinear 

signal distortion because of the square-law photo-detection, thereby reducing the 

transmission distance.  

 

 

1.2  Problem Statement 

 

Continuous global growth and demand for a system with higher bitrates and spectral 

efficiency with low cost and modest hardware application require the attractiveness of 

IM/DD optical fibre communication systems. In meeting the global demand and fulfilling 

future growth needs, it is necessary to have a modulation format that would handle this 

demand. Moreover, to achieve optimal performance in optical communication, exclusively 

depends on the selection of the right line code in the system design. An efficient line coding 

must display attributes desirable for a specific application. Manchester code is one of the 
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simplest types of communication line codes, which proffers solutions to the issues of 

synchronisation, and direct current (DC) coupling that has an obvious limitation in digital 

communication despite its benefits over analogue communication. It is expedient to know 

that Manchester code has the essential properties of self-clocking signal and zero DC, 

which is responsible for a more straightforward clock and level recoveries. These attributes 

make Manchester modulation format to be an attractive and favourable modulation 

technique for high-speed transmission systems. Nevertheless, Manchester modulation has 

a drawback that limits its application in optical communication systems, which is its broad 

spectral width.  Its bandwidth is double in comparison with that of non-return-to-zero 

(NRZ), which is responsible for the degradation of its spectral efficiency and susceptible 

to CD that eventually limits its transmission distance significantly. 

 

 

1.3  Research Motivation 

 

 Reliable data detection is an essential feature in digital communication systems.  Hence, 

to transmit data and receive it successfully, the transmitter and receiver must be in 

synchronism, else the transmission data would be erroneous. In digital communication, one 

of the means of addressing this problem is by sending a separate clock signal to enable 

synchronisation between the transmitter and receiver. However, in some instances this 

method is undesirable, especially when there is a need for minimisation of the number of 

interconnects between parts of a system or there is a request for miniaturisation to the 

needed functionality. Another approach used is by having an internal timing signal in place 

of an external clock; this also results in internal-clock-frequency variation particularly 

when the transmitter and receiver are not within the same environments. This approach also 

lacks flexibility. The DC component is another major obstacle confronting digital 

communication because it cannot travel through some medium. This becomes undesirable 

and may distort the signal and create output errors in a system. Therefore, Manchester 

coding offers a solution for synchronisation and removal of the DC component. The level 
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transition at the middle of the bit period for each transmitted bit is used for timing although 

the signal itself conveys synchronisation information. It makes easy clock recovery and 

renders the superior characteristic of Manchester coding. The DC component is eliminated, 

including residual DC component in Manchester coding because for every bit transmitted 

both positive and negative polarities are present. 

          However, the CD limits the deployment of Manchester coding in optical fibre 

communication systems despite several advantages it offers. Increasing the CD tolerant of 

this coding scheme is a major consideration in this thesis. Thus, the solution to the quest 

for high-speed optical IM/DD systems could be by using a new advanced modulation 

scheme based on Manchester signalling with better spectral efficiency and robust to CD. 

 

 

1.4   Research Aim and Objectives 

 

The main aim of this research is to develop a new Manchester-based IM/DD formats with 

increase spectral efficiency and CD tolerance which can be practically employed in future 

optical transmission applications related to but not limited to high-speed short-range optical 

data centres interconnects and metro-access networks. 

The specific objectives of this research are listed as follows: 

1. Introduce a new modulation format based on the Manchester code to improve 

the transmission distance of an optical network. 

2. Investigate the performance of this new modulation format in terms of receiver 

sensitivity, dispersion tolerance and spectral efficiency. 

3. Introduce a new multilevel modulation format in the electrical domain based on 

the Manchester code to increase the transmission capacity and extend the 

maximum system reach of an optical network. 

4. Develop a Bit Error Rate (BER) model for the proposed multilevel Manchester-

based modulation format. 
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5. Implement the proposed modulation format on Wavelength Division 

Multiplexing (WDM) systems. 

6. Improve the overall network/system performance using optical equaliser.  

 

        

1.5  Scope of Work 

 

Figure 1.3 provides a hierarchical overview of the scope of the research. Specifically, the 

shaded boxes are the system study and performance evaluation aspects of Manchester-

based signalling discussed in this thesis. This is to understand the absolute scale of their 

distinctive characteristics and compared with other similar modulation schemes. Figure 1.3 

also indicates the position of the proposed modulation formats to other digital modulation 

formats. In digital communications, the transmission of a signal from the source to the end 

users involved both advanced modulation and multiplexing techniques. The advanced 

modulation formats can be categorised into non-coherent intensity modulation and coherent 

phase modulation. In this research, the path of non-coherent intensity modulation was 

followed because of its system simplicity and low cost, which are beneficial for short-reach 

and access networks. The intensity modulation formats can either be in binary or multilevel 

formats. However, both binary and multilevel Manchester coding were explored. 
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Figure 1.3:  Complete system study and performance evaluation aspects deliberated in this    

thesis. 
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1.6  Research Contribution  

 

The research work primarily focuses on increasing the transmission capacity and distance 

in optical IM/DD systems. The accomplished results presented in this thesis are: 

1) A new Modified Manchester (MM) modulation scheme. The MM modulation 

performance was compared with the following modulation formats: NRZ (with the 

same spectral width), return-to-zero (RZ) and conventional Manchester signals at 

25 Gb/s for high-speed optical access network. 

2) The MM modulation format as an appropriate and promising format for the 

implementation in high-speed wavelength division multiplexing (WDM) 

transmission systems. 

3) Derivation of a bit error rate (BER) estimation model for four-level Manchester 

threshold detection receiver based on Gaussian probability density function (PDF). 

4) Development of a new four-level Manchester Coding (4-MC) scheme as a power 

efficient alternative for future application in 40 Gb/s optical access, metro and short 

haul networks. 

5) A new four-level Modified Manchester (4-MM) modulation format featuring 

robustness to chromatic dispersion and aiming as a substitute for the future 

generation for 40 Gb/s high-speed optical access, short reach and radio over fibre 

where power efficiency is a crucial feature. 

6) The MM modulation format with 1st and 2nd order optical equalisers at the receiver 

input (post equalisation) to significantly improve the system reach in a simplified 

optical access networks. 

7) The 4-MM and 4-MC schemes with optical equalisers for increasing the 

transmission distance of next-generation high-speed optical short haul and metro 

networks.   
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1.7  Software and Computer-Aided Tools 

 

The numerical simulation studies have been carried out for the design and optimisation of 

the proposed modulation formats by employing a hybrid co-simulation environment 

between MATLAB and OptiSystem (version 12). OptiSystem (http://www.optiwave) is a 

computer-aided simulation software that enables the design, tests and optimisation of 

optical communication link [13], [30]. OptiSystem is a stand-alone product that does not 

depend on other simulation software. It owns a robust simulation environment and a 

hierarchical library of components and systems. It is capable of extending easily with 

additional userôs components and interface with a range of tools. The software is a veritable 

tool authenticated through many appraisals in the form of analytical, experimental and 

simulation. This software includes a wide variety of active and passive photonic and 

electrical components. Moreover, the software leverages an interface for an integrated 

module between OptiSystem and MATLAB programming language. This feature enabled 

the evaluation of any modulation formats according to BER model established for a 

particular format through MATLAB [31], [32].  

 

 

1.8  Organisation of the Thesis 

 

The structure of the thesis is as follows: 

¶ Chapter 2: Literature review ï This chapter comprises the general overview of the 

fundamentals of modulation optics that demonstrate the process of transforming 

data in the electrical domain to the optical one. It introduces the basic ideas of 

IM/DD system and its channel characteristics. This chapter also describes the 

generation and detection of relevant advanced modulation techniques as well as 

their properties. Also, WDM and pre-amplified receiver are discussed in sections 

five and six respectively. Whereas the linear and nonlinear impairments in fibre as 
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a significant limiting factor to the IM/DD system for short-range and metro 

transmission networks are deliberated in section seven and eight, respectively. 

Lastly, optical equalisation as a technique in compensating the signal waveform 

distortion caused by CD in fibre is discussed.  

¶ Chapter 3: Modified Manchester (MM) modulation scheme ï This chapter reports 

for the first time a new advanced modulation technique named Modified 

Manchester (MM). It describes the generation and the working principle together 

with the MM performance in terms of spectral efficiency, CD tolerance and receiver 

sensitivity in comparison with well-known modulation formats for optical access 

network at 25 Gb/s. The chapter also discusses the results of MM over WDM 

system in terms of tolerance to narrow optical filtering, the influence of coherent 

crosstalk and dispersion tolerance and provides a comparison with conventional 

Manchester modulation. It examines and provides discussion and analysis of the 

sixteen wavelength channels (10 x 16 Gb/s) to provide 160 Gb/s data capacity for 

high-speed optical links. 

¶ Chapter 4: Higher-order Manchester (2 bits/symbol) modulation format ï This 

chapter describes the methodology behind multilevel Manchester modulation 

format based upon Shannon channel capacity theory. It presents the characteristics 

and constraints of the IM/DD channel. The chapter discusses the transceiver model, 

working principle and data recovery principle of the newly developed four-level 

Manchester Coding (4-MC) signal and four-level Modified Manchester (4-MM) 

signal transmission systems over additive white Gaussian noise (AWGN) channel.   

¶ Chapter 5: Performance analysis of Higher-order (2 bit/symbol) Manchester 

modulation format ï The chapter presents the performance evaluation of four-level 

Manchester Coding (4-MC) and four-level Modified Manchester (4-MM) 

modulation format and compared with four-level Pulse Amplitude Modulation (4-

PAM) in terms of receiver sensitivity, spectral efficiency and dispersion tolerance 

at an aggregate bitrates of 40 Gb/s and 100 Gb/s.  

¶ Chapter 6: Mitigation of signal distortion in MM and multilevel Manchester 

systems ï This chapter numerically presents state-of-the-art optical equaliser to 

compensate the signal waveform distortions in MM, 4-MC and 4-MM systems 
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caused by fibre impairments. The performance improvements are visually 

understood by the received eye diagram. 

¶ Chapter 7: Conclusion and Future works ï The chapter summarises the findings and 

conclusions of the research activities. Additionally, it concludes with future 

research pursuits and perspectives. 

  



- 13 - 

 

2     Chapter 2: Literature Review 

 

2.1  Introduction  

 

This chapter presents a brief introduction to the basic ideas of modulation optics that 

demonstrate the process of transforming the information in the electrical form to the optical 

one and then conveyed by light. It also discusses the fundamental ideas of IM/DD systems, 

detection and channel characteristics. 

          Also presented in this chapter are various optical modulation formats that receives 

significant attention in IM/DD systems research such as OOK, Manchester modulation, 

Vestigial Sideband (VSB) modulation, 4-level Pulse Amplitude Modulation (4-PAM), and 

Absolute Added Correlative Coding (AACC). The generation and detection, as well as the 

properties of each modulation scheme are discussed. The modulation formats discussed in 

this chapter serve as the basis for the proposed modulation schemes later mention in chapter 

three, four and five. Wavelength division multiplexing (WDM) as one of the prominent 

multiplexing techniques in optical fibre communications also discussed. Others 

multiplexing techniques discussed under this section are Absolute Polar Duty Cycle 

division multiplexing (AP-DCDM) and Mapping Multiplexing Technique (MMT). This 

chapter also presents the linear and nonlinear impairments in fibre as significant limiting 

factors to the IM/DD system for short-range and metro optical transmission networks. 

          The last section of this chapter discusses optical equalisation, which is an essential 

technique in compensating for signal waveform distortions caused by CD in fibre.  
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2.2  Modulation Optics 

 

Today, the frequently used basic modulation optics in optical communication links for the 

process of converting an electrical signal to optical are directly modulated lasers (DMLs), 

electro-absorption modulators (EAMs), and Mach-Zehnder modulators (MZMs). The 

primary function of the optical modulator is to transform the data transmitted in the 

electrical form to the optical one by modulating the physical properties of an optical field. 

The physical quantities applicable to optical fibre transmission are phase and amplitude.  

The features of these modulators are explained in the following subsections. 

 

 

2.2.1 Directly Modulated L asers (DMLs) 

 

Directly modulated lasers are the simplest type of modulator. Therefore, direct modulation 

employing DMLs is the easiest means of imposing data on an optical carrier. In comparison 

with MZMs and EAMs, DMLs have the benefit of low cost, a small form factor together 

with low power consumption [33]ï[35]. Hence, the reasons for their wide deployment in 

optical metro transmission networks at low bitrate (< 10 Gb/s). The data transmitted are 

used to modulate the drive current of the laser and used to trigger on and off the laser light 

that gives rise to a binary intensity modulation format. The intensity of light produced by 

the laser is directly proportional to the bias current when operating above a threshold. 

Therefore, the direct modulation method for that purpose provides a cost-effective and 

simplified optical transmitter.  

          Nevertheless, the major drawback of DMLs when operating at high data rate 

communication systems is its undesired phase modulation that normally accompanies the 

desired intensity modulation. Therefore, this inherent effect is recognised as highly 

component-specific chirp that increases the optical spectrum, limiting the WDM channel 

spacing. The interaction of this chirp with CD would increase the signal distortions and 
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limit the system transmission distance [36]ï[38]. Thus, in order to retain the cost-effective 

optical transmitter in addition to high performance, chirp manage laser (CML) has been 

introduced [39], [40]. 

 

 

2.2.2 Electro-absorption Modulators (EAMs) 

 

The Electro-absorption modulator (EAM) is a semiconductor device that can be used for 

modulating the intensity of a laser beam via an applied electric voltage. The principle of 

operation of EAM is based on the Franz-Keldysh effect. That is a change of the absorption 

spectrum initiated by an applied electric field, which ordinarily does not involve the 

excitation of carriers by the electric field. EAMs are popular external modulators. 

Generally, EAMs feature reasonably low drive voltages and are economical in volume 

production. They are readily available at high-speed rates up to 40 Gb/s today, with some 

research demonstrations up to 80 Gb/s [41]ï[43].  

          Nevertheless, like DMLs, EAMs display some residual chirp. The EAMs wavelength 

depend on absorption characteristics, dynamic extinction ratio usually not more than 10 

dB, and limited optical power handling capabilities. The EAM fibre-to-fibre insertion loss 

is around 10 dB and on-chip integration with laser diodes avoids the high loss at the input 

fibre-to-chip interface and leads to compact transmitter packages [44]. 

 

 

2.2.3 Mach-Zehnder Modulators (MZMs)  

 

Mach-Zehnder modulators (MZMs) are the popular external modulators that operate by the 

principle of interference, unlike EAMs. MZMs are discussed expansively because it offers 

chirp-free modulation and better control over both the amplitude and phase of the optical 
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signal compared with other modulator types [44], [45]. Additionally, the entire modulation 

schemes deliberated in this thesis are produced using this modulator. 

        In the past 30 years, MZM is mostly implemented in Lithium Niobate (LiNbO3) 

material or III ï V compound semiconductors as an outstanding optical transmitter [46]ï

[48]. Due to the recent development in silicon photonics (SiP), it is promising that silicon-

based modulator outperforms the conventional modulator and will be extensively utilised 

in the near future. Nevertheless, their structure and principle of operation remain unaltered 

[49]ï[51]. It is worth to note that at the Optical Fibre Communication Conference (OFC ï 

2017), a renowned group of researchers introduced the highest reported symbol rate of 84 

Gbaud 4-PAM signals for short-reach optical interconnects utilising three sets of SiP 

modulator structure [6].  

Figure 2.1 is a diagram of a dual-drive MZM. The optical input, Ὁ ὸ is divided into equal 

parts by a 3 dB coupler and then propagate in the two arms of the MZM. While two 

electrical drive voltages, which are regulated separately are applied to the modulator. 

 

Figure 2.1:  Dual-drive Mach-Zehnder modulator.      

 

The optical input and output of the MZM can be expressed as given in Eq. (2.1) [47], [52], 

[53] 

Ὁ ὸ  ὩὼὴὮ ὠ ȟ ὸ  ὠ ὩὼὴὮ ὠ ȟ ὸ  ὠ       (2.1) 

where ὠ  is the drive voltage needed to change the output light intensity from its maximum 

to minimum level. ὠ ȟ and ὠ ȟ are the electrical drive voltages applied to the two arms, 
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respectively. While ὠ  and ὠ  are the corresponding DC bias voltages. In the case, the 

modulator operates in a differential mode where ὠ  is the reverse of ὠ  for any voltage 

value, the modulated optical output is given by Eq. (2.2) [54]  

 Ὁ ὸ  Ὁ ὸὧέί ὠ ȟ ὸ  ὠ ȟ ὸ  ςὠ ὩὼὴὮ ὠ ȟ ὸ

                                                                     ὠ ȟ ὸ                                                             (2.2) 

The dual-drive MZM permits both optical amplitude and phase modulation dependent on 

the relationship between drive voltages. The dual-drive MZM operates in push-push mode 

(when bias voltages are equal i.e.  ὠ  = ὠ ) and in push-pull mode, if the voltages are 

equal but opposite polarity (i.e. ὠ  = ὠ ). Moreover, when operated in the push-pull 

mode, it allows chirp-free amplitude modulation. Because of this flexibility and the 

opportunity for integration, MZM is extensively utilised for generation of intensity and 

phase modulation formats [54]ï[56].  

 

 

2.3  Intensity Modulated Direct-Detection (IM/DD) system 

 

The primary difference between non-coherent and coherent modulation schemes is the non-

variation in the phase of the optical carrier. IM/DD is a non-coherent detection technique 

where signals are transmitted, and distinguished base on the optical intensity [57], [58]. 

The inherent simplicity and low cost attributes of IM/DD have motivated it to be engaged 

for an extensive range of applications such as optical interconnects, short-haul 

communication links, metro networks, Visible Light Communication (VLC) and infrared 

communication [59]ï[64]. Besides, the commercial availability of the optical component 

at a low cost is the main benefit of employing IM/DD in a variety of applications [65]ï

[67]. However, this research focuses only on IM/DD-based schemes because of their 

dominance in the present day optical short-range, access and metro networks.   

 



- 18 - 

 

2.3.1  Characteristics of IM/DD channel 

 

Figure 2.2 presents the basic IM/DD system model. The intensity modulated signal is 

transmitted by modulating the power of the optical carrier ὖὸ. Therefore, the opto-

electronic component is accountable for the conversion of the baseband frequency to the 

passband optical frequency producing an optical signal power ὖὸ based upon the 

electrical signal ὼὸ, so that     

                                                    ὖὸ Ὧὼὸ                                                              (2.3) 

 where Ὧ is the electro-optic conversion factor in Watt/Ampere. The electro-optic 

component can be laser diode (LD), light-emitting diode (LED) or an external modulator 

[65].  

 

Figure 2.2:  General IM/DD communication systems. 

 

The optical channel of IM/DD systems can be modelled as an AWGN channel, which 

serves as a good model for all types of noise present [68]. Therefore, the electrical signal 

received can be described as 

                                          ᾀὸ Ὑὼὸ ύὸ                                                             (2.4) 
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where Ὑ is the responsivity of the photodiode in A/W and ύὸ accounts for AWGN. 

        There are two fundamental constraints on all transmitted modulation schemes because 

of the physical structure of the IM/DD channel. The nature of the transmitted signal power 

and the signal transmitted should maintain a non-negativity constraint. This constraint is 

taken into consideration in the design analysis of IM/DD modulation formats [69]. 

Therefore, the system designers impress DC bias for bipolar modulated formats in order to 

satisfy the non-negativity conditions. The other constraint is that the emitted radiated power 

must obey the limits stipulated by the international regulatory bodies for eye and skin safety 

precautions since signal propagation is also applicable in free space links [70].   

 

 

2.4  Advanced Modulation Techniques 

 

Advanced modulation formats played a significant role in designing an optical fibre 

communication system, that is, from the transmitter, multiplexing, fibre link, to the receiver 

and de-multiplexing. Therefore, optical modulation is the process of varying one or more 

properties of an optical carrier signal with a modulating signal. The information can be 

transmitted by varying the amplitude or phase of the optical carrier. When there is variation 

in the amplitude of an optical carrier, it is referred to as non-coherent intensity modulation 

format while the phase variation is known as a coherent phase modulation format. 

Therefore, this section introduces several optical modulation techniques such as OOK, 

Manchester, VSB, 4-PAM, and Absolute Added Correlative Coding (AACC). 

Understanding the generation and properties of these modulation formats are vital to the 

newly proposed schemes.   
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2.4.1  On-Off Keying (OOK)     

 

The most widely used modulation format in optical fibre communication systems is OOK. 

It often referred to as binary amplitude shift keying (2-ASK) in the field of radio and cable 

telecommunications. Non-return to zero (NRZ-OOK) means the signal pulse does not 

return to zero at any instant of the symbol interval whereas return to zero (RZ-OOK) means 

the signal pulse returns to zero at half of the symbol interval. NRZ-OOK has been the 

dominant modulation scheme in optical fibre communication systems due to its simplicity, 

low bandwidth requirement compared to RZ-OOK, insensitive to laser phase noise unlike 

phase shift keying (PSK), simple implementation and cost-effectiveness at the transmitter 

and receiver [18], [71]ï[74]. With the recent advancements in the optical communication 

field, the NRZ modulation scheme may not be a suitable option to satisfy the high capacity 

requirements in optical networks. However, the format (NRZ) has been extensively utilised 

in the field and because of its simplicity coupled with its historic dominance; NRZ has 

established itself as an excellent reference of comparison. On the other hand, RZ-OOK 

format displays better receiver sensitivity in comparison with NRZ and has been used for 

an optically pre-amplified system with direct detection [57], [58]. Nevertheless, RZ 

displays more spectral width compared to NRZ. 

         The most common method of generating a chirp-free NRZ signal is by externally 

modulating the laser signal from the LD employing MZM, as shown in Figure 2.3. The 

MZM is normally biased at its quadrature point driven by an electrical NRZ signal. While 

additional MZM to NRZ setup which now acts as a pulse carver would result in optical RZ 

signal. Therefore, a single photodiode (PD) at the receiver is used to detect optical NRZ or 

RZ signal and converts it to electrical signal [75]ï[78]. The process is referred to as direct 

detection. The NRZ has a bandwidth that is twice the bitrate (2Rb) hence, poor spectral 

efficiency and less robust to dispersion tolerance compared with the multilevel modulation 

formats. 
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Figure 2.3:  Generation of an optical NRZ using MZM. 

 

 

2.4.2 Manchester Modulation 

 

Manchester modulation format is an attractive and favourable modulation technique that 

gives advantages when it is being employed for high-speed transmission systems. The 

Manchester code has a distinctive self-clocking feature with differential detection, and its 

distinguishing zero DC component enables Manchester code to be highly resistant to signal 

intensity difference when employing differential detection. Thus, Manchester modulation 

is excellent for high bitrate optical communication networks because of its simplicity in 

clock recovery and robustness against high-level intensity fluctuation. Similarly, it is also 

attractive for wireless communication systems because of its improved performance against 

the widespread additive noise and better timing recovery [79], [80]. The simplest way of 

generating Manchester code in the electrical domain is using an exclusive OR (XOR) gate 

with two inputs and then converted to optical Manchester signal using MZM and biasing 

at its transmission maximum as shown in Figure 2.4. Chapter 3 gives a more detailed 

explanation of the generation, transmission and reception of Manchester codes.  In this 

thesis, Manchester modulation is referred to as Conventional Manchester (CM) modulation 

format. 
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Figure 2.4:  Principle of Manchester modulation using MZM. 

 

          Based on the numerous advantages that Manchester code offered, Manchester 

modulation format has been deployed in a wavelength division multiplexed passive optical 

network (WDM-PON) applications to prevent the consequence caused by the loss of the 

low-frequency component at the optical network unit (ONU).  Additionally, the 

combination of phase-shift keying (PSK) and Manchester modulation are engaged in WDM 

system to provide a system that is robust to beat interference noise (BIN), similarly used as 

offset Manchester coding in carrier-distributed WDM-PON to suppress Rayleigh noise 

when compared with NRZ and it was successfully employed with inverted RZ as 

wavelength reuse in the uplink of Radio over fibre (ROF) [81]ï[84].  

          Nevertheless, Manchester modulation has a major drawback that limits its 

application in optical communication systems, which is its broad spectral bandwidth. Its 

bandwidth is double compared with NRZ, which contributes to the degradation of its 

spectral efficiency and invariably limit the transmission distance significantly. Therefore, 

to improve the spectral efficiency and consequently the dispersion tolerance of Manchester 

signalling in an optical IM/DD system, the combination of Manchester and VSB is 

proposed and demonstrated to generate a new advanced modulation format in the optical 

domain named as Modified Manchester (MM) . Chapter 3 discusses this MM format 

extensively. There are few reports centred on dispersion tolerance improvement of 

Manchester such as the combination of duo-binary and Manchester, using of dual-parallel-

MZM to generate Manchester signal and generation of a chirp-free optical Manchester 

signal [79], [85], [86].             
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2.4.3  Vestigial Sideband (VSB) modulation 

 

Vestigial sideband (VSB) modulation technique is a valuable scheme in optical 

transmission systems to enhance the spectral efficiencies of WDM and the network 

transmission distances. The process of filtering out part of one of the sidebands while still 

maintaining the full modulation information is known as VSB modulation. Optical VSB 

can be generated with a reasonably suitable filter that has its passband deliberately detuned 

from the centre frequency. Filtering could be implemented practically using optical filter 

(i.e. VSB filter) to suppress the vestige of any of the sidebands. Therefore, the bandwidth 

of the VSB filter and the detuning of the centre frequency are very crucial and significant 

factors that affect the performance of the format and needs to be optimised. Hence, VSB 

filtering is straightforward, with little additional cost. VSB technique has been adequately 

investigated for NRZ, RZ, Carrier-Suppressed-RZ (CS-RZ) and duo-binary formats. 

        However, in the field of fibre optical communications, VSB filtering can be performed 

either at the receiver or at the transmitter. The VSB format receives attention in the optical 

transmission systems mainly because of the spectral efficiency improvement for dense 

wavelength division multiplexing (DWDM) by reducing the channel spacing. Additionally, 

a minimum intersymbol interference (ISI) can be realised through an effective spectral 

detuning [78], [87]ï[90]. Figure 2.5 shows the block diagram of a VSB-NRZ transmitter. 

Chapter 3 discusses further the VSB filtering.   

 

Figure 2.5:  Optical NRZ-VSB generation using MZM. 
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2.4.4  Four-Level Pulse Amplitude Modulation (4 -PAM) 

 

Multilevel modulation scheme increases the spectral efficiency of the optical transport 

networks. Therefore, advanced multilevel modulation techniques are capable of increasing 

the transmission capacity by conveying more signals in either amplitude, phase, 

polarisation or combination of all [10], [91]ï[94]. These techniques lead to a reduction in 

the transmission bandwidth and at the same time only required the bandwidth of the 

transmitter and receiver to be reduced by a factor of two. Lately, M-level pulse amplitude 

modulation (M-PAM), particularly 4-PAM, has drawn significant interest for short and 

medium range IM/DD systems since it can double the data rate [95]ï[101]. In M-PAM, M 

= 2N, where M is the number of levels needed for each transmitted symbols and N is the 

number of bits transmitted for each symbol. If N = 2, then 4-PAM signal in the electrical 

domain is generated. This electrically generated 4-PAM can be used to drive MZM leading 

to the production of an optical 4-PAM signal when biased at its quadrature point. 

          The electrically generated 4-PAM can be obtained by combining two unequal 

amplitudes binary NRZ signals. A 6 dB electrical attenuator is used in one of the NRZ 

signal lanes to half its amplitude value and then combined with the second NRZ signal lane 

using an electrical combiner, as shown in Figure 2.6. An essential benefit of utilising optical 

4-PAM signal is that it requires electrical and optical components operating at half bitrate 

in comparison with NRZ signal operating at the same bitrate. This benefit could lead to 

cost reduction of an optical transmission system, and the cost reduction is always peculiar 

to devices with lower bandwidth. Therefore, a single PD can be employed at the receiver 

to convert the optically modulated 4-PAM signal to 4-ary electrical signal. Unlike binary 

format, 4-PAM receiver needs an appropriate decision circuit to retrieve the original 

transmitted signals for BER estimation.  
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Figure 2.6:  Principle of optical 4-PAM generation based on MZM. 

 

 

 

2.4.5  Absolute Added Correlative Coding (AACC) 

 

Absolute added correlative coding (AACC) is a multilevel modulation format based on 

partial response signalling, generally referred to as correlative coding in electrical domain 

[19], [27], [91]. The AACC could be generated electrically by adding two unequal-

amplitude duo-binary lanes via an electrical combiner resulting in a multilevel bipolar 

signal that is symmetrical with respect to zero amplitude. The first lane has a precoder, a 

level-shifter and an encoder while a 6 dB electrical attenuator is added to the second lane 

to half its amplitude. The precoder comprises a logic NOT gate, a logic XOR gate with a 

one-bit delay loop to prevent error propagation at the receiver. Therefore, the absolute value 

of the electrical AACC signal is extracted from the absolute circuit, which is a unique 

positive polarity symbol. The optical AACC can be obtained by modulating the electrical 

AACC signal with LD using MZM as illustrated in Figure 2.7. This optical AACC signal 

can be received at the receiver using a PD, which convert it to electrical AACC signal and 

then, employing decision circuit and recovery rules; the BER can be calculated. 
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          The AACC format is a spectrally efficient format and robust to CD compared with 

other formats like NRZ and 4-PAM. Hence, it could be appropriate in short-range and 

metro transmission links applications [19], [102], [103]. 

 

Figure 2.7:  Generation of optical AACC signal. 

 

 

 

2.5  Multiplexing Techniques 

 

Multiplexing is an essential aspect of a communication system in which many users convey 

data concurrently via a single link. This link could be a coaxial cable or fibre. Generally, 

multiplexing is used in the communication systems because of its capability to increase the 

channel utilisation or transmission capacity and reduce system cost [104]ï[107]. 

Multiplexing techniques comprise a multiplexer (MUX) and a de-multiplexer (DEMUX). 

The multiplexer combines an n-th number of users at the input while de-multiplexer at the 

output does the reverse operation of a multiplexer. In optical fibre communication systems, 

the multiplexing techniques could be carried out either in the electrical or the optical 

domain.  Several types of multiplexing techniques find applications in optical fibre 

communication systems. Therefore, this section discusses few of these techniques such as 
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WDM, absolute polar duty cycle division multiplexing (AP-DCDM) and mapping 

multiplexing technique (MMT).  

 

2.5.1  Wavelength Division Multiplexing (WDM)  

 

In Wavelength Division Multiplexing (WDM), different users convey data over a single 

fibre using different wavelengths. The WDM technique is analogous to frequency division 

multiplexing (FDM) employed in microwave radio and satellite systems. Apart from the 

fact that WDM is exclusively optics, its components are comparatively simple [107], [108]. 

However, to prevent interchannel interference in WDM, adjacent channels must be spaced 

appropriately. Figure 2.8 illustrates the basic concepts of the WDM transmission system.  

The multiplexer combines optical signals from different transmitter sources and couples 

them into a single fibre. The de-multiplexer in turn separates the optical signals into suitable 

channels, which is achieved with n-th optical filters.  The de-multiplexer must display 

narrow spectral operation in order to avoid spurious signals from entering a receiving 

channel (i.e. requires channel isolation). The closeness of the channels determines the total 

capacity of the WDM system. The channel can be spaced based on ITU-T standard. When 

the channels are closely spaced then, dense wavelength division multiplexing (DWDM) is 

realised [104], [106], [108]. 

 

Figure 2.8:  Transmission of the WDM system. 
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        There are several advantages of WDM transmission system, which includes, higher 

transmission capacity, duplex transmission, transmit several types of signals (digital and 

analogue), and it can be easily expanded. Its drawbacks are low channel utilisation, low 

spectral efficiency and higher cost due to n-th light sources and filters that are needed. 

Therefore, the primary objective of all other multiplexing techniques and modulation 

formats are to increase either or both the channel utilisation and spectral efficiency of the 

WDM systems [108]. 

 

 

2.5.2  Absolute Polar Duty Cycle Division Multiplexing (AP -DCDM) 

 

Absolute polar duty-cycle division multiplexing (AP-DCDM) is a multiplexing scheme 

that is capable of supporting several users per WDM channel. With this technique, the 

capacity of the WDM channels increases tremendously. Therefore, AP-DCDM allows the 

use of narrow optical filters that eventually give room to increase the channel count. This 

technique allows users with separate duty cycle to communicate at the same time over the 

same communication link. At the receiver side, the original data can be separated easily 

from the received signal based on the signal amplitude and duty cycle [109]ï[111]. Hence, 

AP-DCDM makes use of various RZ duty cycles and bipolar signalling to distinguish the 

channels. At the multiplexer input, users are assigned different polarity that leads to 

distinctive multilevel shapes at the output of the multiplexer. In comparison with unipolar 

input, by employing bipolar signalling, there is a reduction in the increment of the 

multiplexed signal amplitude with particular reference to the number of users. Hence, the 

spectral width of AP-DCDM is small, resulting in improved spectral efficiency and 

dispersion tolerance. In AP-DCDM, for n number of users, the symbol duration Ὕ  is 

divided into n slots and the slots are allocated to separate i-th users as expressed in Eq. (2.5) 

where the pulse duration, Ὕ  for each is defined as 

                                                  Ὕ Ὥz                                                                        (2.5)                                                                                  
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The first user has the smallest duty cycle, while the n-th user has the largest duty cycle. It 

is noteworthy that with this scheme each user conveys ó0ô bit with 0 volts and bit ó1ôwith a 

positive voltage for every odd user and a negative voltage for every even user.  

        Thus, several channels share the same communication medium to convey data at the 

same time over the same frequency but with a separate duty cycle. There is 2n possible bitsô 

combinations and each of these combinations produces a distinctive symbol that have both 

positive and negative polarities. The absolute value of the multiplexed signal is extracted 

from the absolute circuit, which is a unique positive polarity symbol for each case. 

Therefore, the original signal for each user could be retrieved at the receiver since the 

receiver has perfect knowledge of the distinctiveness of the AP-DCDM signal at the 

transmitting end. The AP-DCDM signal has multilevel amplitude; for example, four-

channel system has three levels. Unlike TDM (time division multiplexing), AP-DCDM 

only makes use of one external modulator for n number of users as indicated in Figure 2.9; 

hence, the scheme is economical [111]ï[114]. 

 

Figure 2.9:  The schematic diagram of optical AP-DCDM 

signal generation. 
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2.5.3  Mapping Multiplexing Technique (MMT)  

 

Mapping multiplexing technique (MMT) is a combination of coding and multiplexing 

where different amplitude levels used for n number of users to convey bits from separate 

channels over a single fibre. The MMT use two slots only regardless of the number of bits 

involved to convey information from different channels over a single fibre. In MMT, each 

user conveys data on a single fibre at the same time, wavelength and duty cycle but with 

separate amplitude levels and slot [29], [115], [116]. The symbol pattern employs two slots 

only and n-1 levels for n number of users/ channels. The duration of each slot given as  

                                                  Ὕ                                                                       (2.6)                                                                                                           

where Ὕ is the MMT symbol duration.  

       Multiplexing different users in MMT uses mapping algorithm built on the possible 

combinations of n users. For example, a four channels system will have sixteen possible 

symbol combinations. Therefore, each possible combination mapped to form sixteen 

distinctive symbols. The multiplexer operates based on the mapping algorithm to create 

distinctive symbols while at the receiver, the de-multiplexer incorporated with a sampling 

circuit together with the decision and regeneration unit is used to recover the original data 

[29], [115], [117]. The block diagram of an MMT is illustrated in Figure 2.10.  

 

 

Figure 2.10:  Block diagram of the n-th channel MMT for IM/DD system. 
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Table 2-1  Comparative analysis of MM, 4-MC and 4-MM formats with various modulation 

techniques 

Modulation 

format 

Bitrate 

(Gb/s) 

TX 

complexity 

RX 

complexity 

Spectral 

width 

(GHz) 

Spectral 

Efficiency 

(b/s/Hz) References 

MM 4 x 10 4 MZMs 4 PDs 120 0.3 This work 

CM 4 x 10 4 MZMs 4 PDs 160 0.25 This work 

MMT 4 x 10 1 MZM 1 PD 40 1 [115] 

AP-DCDM 4 x 10 1 MZM 1 PD 80 0.5 [111] 

MM 25 1 MZM 1 PD 80 0.31 This work 

NRZ 40 1 MZM 1 PD 80 0.5 [44] 

RZ 40 1 MZM 1 PD 160 0.25 [44] 

4-PAM 40 1 MZM 1 PD 40 1 [115] 

AACC 40 1 MZM 1 PD 40 1 [118] 

4-MC 40 1 MZM 1 PD 80 0.5 This work 

4-MM 40 1 MZM 1 PD 60 0.67 This work 

 

 

 

 

2.6  Pre-amplified Receiver 

 

Figure 2.11 shows the model of a pre-amplified receiver used in this thesis for short-range 

and metro networks. It comprises an erbium-doped fibre amplifier (EDFA), pre-amplifier, 

a photodetector and an electrical low pass filter. The power received,  ὖ by the 

photodetector produces a photocurrent, Ὅ corresponding to 

                                              Ὅ Ὑὖ                                                                             (2.7)                                                                                                   

where Ὑ is the responsivity of the photodiode in A/W, Ὑ can be expressed as  
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                                              Ὑ                                                                                (2.8)                                                                       

where – represents quantum efficiency, ή is the electron charge in coulomb (C) while Ὤὺ 

is the photon energy in electron-volt (eV) (where Ὤ is the Planckôs constant value 

6.62607004 x 10-34 m2kg/s and ὺ represents photonôs frequency). The normal range of 

values for the responsivity of the photodiodes are between 0.4 - 0.8 A/W [119], [120].   

 

Figure 2.11:  Model of the pre-amplified system. 

 

In the pre-amplified configuration, amplified spontaneous emission (ASE) noise 

components are added to the noise received by the photodetector. The noise components 

included can be categorised into signal-ASE beat noise, ASE-ASE beat noise, ASE-shot 

noise and signal-shot noise. The ASE-ASE beat noise component is given as [73]   

 

                                       „ τὙὖ ὄ                                                         (2.9)                                                                            

                                                       ὋὊή–ὄ  

where Ὃ is the amplifier gain, Ὂ is the amplifier noise figure, PASE is the optical noise 

power density in watts per hertz (W/Hz) and Be is the electrical bandwidth of the low pass 

filter in Hz. The ASE-shot noise is denoted as 

                                                      „ τὙήὖ ὄ                                              (2.10)                                                                     

The signal-ASE beat noise can be expressed as  

                                                       „ τὙὋὖ ὖὄ                                          (2.11)                                                                                
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While the signal-shot noise is 

                                                        „ ςὙὋὖ ὄ                                              (2.12)                                                                        

Another source of noise is the thermal noise that can be expressed as  

                                                        „                                                           (2.13)                                                                   

where Ὕ is the temperature in Kelvin, Ὑ is the load resistance in ohm and ὑ  is the 

Boltzmann constant value 1.38064852 x 10-23 m2kgs-2k-1. The transfer function of the 

electrical filter can be represented in terms of the noise bandwidth as   

                                                        ὄ ᷿ ȿὌ Ὢ ȿὨὪ                                                (2.14)                                                                 

where Ὄ Ὢ is the transfer function of the electrical signal. The function of the electrical 

filter is to equalise the signal received and reduce the noise inflicted on the received 

waveform.  

 

 

 

 

2.7  Linear Impairments in Fibre 

 

The linear impairments characteristics in fibre discussed under this section are classified 

into two namely attenuation and dispersion. The influence of these parameters on the 

behaviour and signal propagation in fibre is significant even at low input transmission 

power, and their interaction with nonlinear impairments imposed constraint on the 

maximum transmission distance of the system. 
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2.7.1 Attenuation 

 

The light signal propagating in optical fibre is influenced by the total internal reflections in 

the fibre core enclosed by the cladding. These reflections are produced by the variation in 

the index of refraction of the core and cladding during fibre design, thereby obtaining total 

internal reflections. Fibre attenuation constitutes a major limiting factor in signal 

transmission over a long distance. Attenuation reduces the signal power reaching the 

receiver. The relationship between attenuation and transmission distance can be described 

in terms of the signal power launched inside the fibre,  ὖὒȟὸ with length ὒ, as [13]   

                                                   ὖὒȟὸ ὖ ὸὩ                                                       (2.15)                                                             

where ɻ is the attenuation constant in Neper/metre and  ὖ ὸ represents optical input 

power. Attenuation constant can be expressed through the relation 

                                                  ‌ ὰὲ
ȟ

                                                                  (2.16)                                                         

ɻ is also frequently given in terms of dB/km and expressed as 

                                                    ‌ ρπὰέὫ
ȟ

                                                  (2.17)                                                                      

The relationship between ɻ and ‌  parameters determined from Eq. (2.16) and Eq.(2.17) 

is 

                                                           τȢστσ                                                             (2.18)                                                                    

        The attenuation parameter depends on the operating wavelength of the optical signal. 

Figure 2.12 shows a common model of the attenuation versus operating wavelength. The 

dotted line reveals old fibres that were manufactured before the 1980s while the solid line 

shows the new silica fibres. It can be seen that attenuation is usually higher in old fibres 

than in the new fibre because of material impurity and waveguide scattering. Attenuation 

is majorly the result of scattering and absorption in the fibre as enumerated in this section. 
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Figure 2.12:  Attenuation of old (dotted line) and new (solid line) 

silica fibres. The shaded regions indicate the three 

telecommunication wavelength windows [121]. 

 

 

2.7.1.1 Scattering 

 

An important loss mechanism that arises from local microscopic fluctuations in density is 

scattering. The scattering can be categorised into Rayleigh scattering and Mie scattering. 

During fibre manufacturing process, silica molecules move at random in the molten state 

and then freeze in place. Density fluctuations result in random fluctuations of the index of 

refraction in a scale smaller than the optical wavelength. The light scattering in such 

medium is known as Rayleigh scattering. Rayleigh scattering is produced by the interaction 

of light with density fluctuations within the fibre and is a significant source of loss in 

commercial fibre operating between 700 nm and 1600 nm. Rayleigh scattering usually 

happens when the size of the density fluctuation (i.e. defect in fibre) is less than one-tenth 

of the operating wavelength. The loss due to Rayleigh scattering is proportional to the 

fourth power of the wavelength and can be expressed as 

                                                     ‌ ὅ
‗                                                                  (2.19)                                                                         
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Where C is a constant in the range 0.7-0.9 (dB/km)-µm4 depending on the constituent of 

the fibre core. At 1550 nm window, Rayleigh scattering dominated fibre loss. However, if 

the defect size is greater than one-tenth of the operating wavelength of light then Mie 

scattering occurs. The effects of Mie scattering are insignificant in commercial fibres.  

 

 

2.7.1.2 Absorption 

The portion of attenuation, which results from the optical power conversion into other 

energy such as heat, is known as absorption. Absorption contributes towards loss in optical 

fibre and is generally caused by the intrinsic and extrinsic material properties of the fibre. 

The intrinsic absorption losses correspond to absorption by the material used to 

manufacture fibre while extrinsic absorption corresponds to losses caused by impurities 

within silica. The impurities necessitate an increased absorption in certain wavelength 

regions. The vibrational resonance of OH-ions occurs near 2.73 ʈm with higher harmonics 

at 1.39 ʈm and 0.95 ʈm. In optical communication systems, the three wavelength windows 

generally utilised are 850 nm, 1310nm and 1550 nm where attenuation in fibre exhibit 

minimum losses. 

 

 

2.7.2 Dispersion 

 

Dispersion is the other category of linear impairments that limits signal propagation in a 

communication link and it generally referred to as the broadening of the transmitted signal 

in optical fibre. The broadening of the optical signal inadvertently results in an effective 

reduction of bandwidth or information carrying capacity of the fibre. Dispersion primarily 

limits the performance of optical fibre communication systems. It is responsible for the 

spreading of the signal pulse beyond its allotted slot and overlapping to the adjacent pulse 

introducing the ISI effect.  
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            There are three types of dispersion in optical fibre communications: chromatic 

dispersion (CD); modal dispersion (MD); and polarisation mode dispersion (PMD). 

 

 

2.7.2.1 Chromatic dispersion 

In todayôs optical transmission systems, one of the most significant performance limitations 

is the CD in single mode fibre that leads to reduction in the maximum transmission reach 

and produces poor signals quality. As the bitrate increases beyond 10 Gb/s due to systems 

upgrade, the CD impact becomes even higher and more pronounced.  

             The fundamental principle of CD is the frequency dependence of the index of 

refraction of the fibre, which triggers different spectral components to propagate with 

different group velocities in the fibre. The group velocity, ὺ ‫ ὧὲ‫ϳ , where c is the 

speed of light ( 3 x 108 m/s) and ʖ is the frequency that is dependent on the refractive index 

of the transmission medium. This occurrence is also referred to as group velocity dispersion 

(GVD) and is a function of the wavelength. It initiates different wavelengths or frequencies 

to propagate with different velocities resulting in the overlapping of different spectral 

components of the pulses causing broadening of such pulse at the output and contributing 

the ISI effect as demonstrated in Figure 2.13. 

 

Figure 2.13:  Diagram of CD instigates pulses to spread into adjacent bit slots. The 

broadening of pulses because of CD results to optical eye closure. 
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          The dispersion in fibre can be understood better on the assumption that Ўis the ‫ 

spectral width of a pulse propagating in fibre with length ὒ. At the output of the fibre, 

different spectral components arriving at different times lead to pulse broadening and can 

be expressed as [13] 

                                                             ɝὝ ὒ‍Ў(2.20)                                                       ‫                                                                      

                                                             ‍ Ὠ‍Ὠ‫ϳ                                                          (2.21)                                                                  

where ‍ is the GVD parameter that determines how much a pulse broaden in times as the 

pulse propagates along the fibre length while ‍ represents mode propagation constant in 

radians per metre. The optical spectral width can also be determined using the range of 

wavelength, Ў‗ emitted by the optical source. Hence, Eq. (2.20) can be rewritten as 

                                                                ЎὝ ὈὒЎ‗                                                           (2.22)                                                                        

                                                                Ὀ ‍                                                      (2.23)                                                                             

where D is the dispersion parameter in ps/(km-nm). 

            The types of fibre with positive dispersion (D > 0) is referred to as anomalous 

dispersion while the one with negative dispersion (D < 0) is known as normal dispersion 

and this is normally used for the cancellation of accumulated dispersion [13], [122]. The 

dispersion effects are very small in 1300 nm wavelength window but limited by attenuation. 

Notwithstanding, there is enormous attention in todayôs optical communication links 

operating at 1550 nm wavelength window because of the low loss recorded in this window  

and the well-developed EDFA technology [13], [71]. Nevertheless, in this wavelength 

window CD limits communications. 

              In this research, the 1550 nm wavelength window is considered for numerical 

simulations for both single channel and WDM channels transmissions. The corresponding 

fibre dispersion for a Standard Single Mode Fibre (SSMF) in this window ranges between 

15.5 to 17.8 ps/(km-nm). 
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2.7.2.2 Modal dispersion (MD) 

Modal dispersion occurs when the pulse propagates with different velocities at different 

fibre modes contribute towards ISI. Modal dispersion is a source of dispersion in 

multimode fibre and does not occur in single mode fibre. Since this research is based on 

single mode fibre, discussion of modal dispersion will not be addressed. 

 

2.7.2.3 Polarisation mode dispersion (PMD) 

Polarisation mode dispersion (PMD) constitutes severe limitation in optical communication 

systems due to shortcomings in the fibre manufacturing process. PMD is responsible for 

reduction in higher bitrate transmission and towards pulse broadening. One of the 

fundamental characteristics of an optical signal is its polarisation state. Polarisation is the 

electric-field orientation of light signal that varies along the fibre length. In optical fibre 

transmission, signal energy at a given wavelength has two orthogonal polarisation modes. 

The two orthogonal polarisation modes propagate with different group velocities, which 

result in pulse broadening due to random imperfections and asymmetries along the fibre 

length. These imperfections contribute to the variation in the refractive index of the fibre. 

The difference in the refractive index is known as birefringence. This birefringence varies 

randomly along the fibre length. Therefore, pulse broadening that occurs because of 

random variation of the fibre polarisation properties is referred to as polarisation mode 

dispersion (PMD) [13], [44]. Unlike CD (which is a stable phenomenon along the length 

of fibre), PMD varies randomly along the fibre length. PMD is relatively small compared 

with CD. However, operating at zero-dispersion wavelength with narrow spectral width 

PMD can become a dominant component of the total dispersion. PMD restricts the fibre 

bandwidth after CD is compensated and there is no simple way of eliminating it. 
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2.8  Nonlinear impairments in fibre 

 

The signal propagation in optical fibre communications above 10 Gb/s bitrates is not only 

constrained by the linear impairments in fibre but strongly affected by the fibre 

nonlinearity, which can undesirably reduce the system performance. Therefore, it is also 

crucial to consider the nonlinear interaction between adjacent signal pulses in the presence 

of dispersion that is responsible for pulse broadening at higher bitrates. Nonlinear effects 

become more severe in WDM networks even at reasonable powers and bitrate because of 

intra- and inter-channel nonlinearities resulting from adjacent wavelengths [123]ï[126]. 

Nonlinear effects in fibre can be categorised based on their origin. The first category is due 

to the nonlinear inelastic scattering, which is stimulated Raman scattering (SRS) and 

stimulated Brillouin scattering (SBS). While the second category derives from intensity-

dependent differences in the refractive index in silica that leads to self-phase modulation 

(SPM), cross-phase modulation (XPM) and four-wave mixing (FWM). The second 

category is referred to as Kerr effects.  

 

 

2.8.1 Self-Phase Modulation 

 

Self-phase modulation is one of the nonlinear constraints initiated by Kerr effects. Kerr 

effect happens because of the dependence of refractive index on the launched optical 

intensity in the fibre. It happens in a single channel because of self-induced nonlinear phase 

modulation phenomenon. This phenomenon is known as Self-Phase Modulation (SPM) 

[127], [128]. The fundamental source of this effect occurs when the high input power 

momentarily changes the refractive index of the optical fibre. Nonlinear refraction can be 

accounted for by adapting the refractive index [13]  

                                                            ὲ ὲ  ὲ                                                        (2.24)                                                                   
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where ὲ represents the linear refractive index, ὲ is the nonlinear index coefficient of the 

silica fibre which is 2.6 x 10-20 m2/W, ὃ  is the effective core area and ὖ is the optical 

signal power in Watt.  

        The refractive index depends and is directly proportional to the optical signal power. 

Due to the intensity-dependent nature of the refractive index, the propagation constant 

likewise becomes intensity dependent. 

                                                      ‍ ‍  ‎ὖ                                                              (2.25)                                                                                         

where ‎ ς“ὲ ὃϳ ‗  represents the nonlinearity coefficient which depends on the 

effective core area and the signal wavelength ‗. Moreover, for SSMF a characteristic value 

of ‎ is  ρȢσρὡ Ὧά . The nonlinear phase shift caused by the ‎ term is expressed as 

                                                       ɮ ‎ὖὒ                                                     (2.26)                                                                       

where ὒ  represents the effective fibre length, ὖ  is the input signal power 

while ‌ is the fibre loss [13].   

         The variation of nonlinear phase shift with time within a pulse depends on the input 

power which is responsible for optical phase shift with time. SPM can constitutes a severe 

limiting factor for optical transmission systems especially when it combines with 

dispersion thereby leading to additional pulse broadening and worsen the system 

performance [64], [126], [129], [130].  

 

 

2.8.2 Cross-Phase Modulation  

 

Since the refractive index depends on the optical intensity, it also results in additional 

nonlinear phenomenon referred to as cross-phase modulation (XPM). XPM usually occurs 

when two or more optical channels are propagated concurrently within an optical fibre 

using WDM scheme. In WDM systems, the nonlinear phase shift for a particular channel 
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hinges on not only the optical power of that channel but likewise on the power of the other 

channels. Therefore, the expression of phase shift for n-th channel becomes [13] 

                                        ɮ ɾὒ ὖ ςВ ὖ                                                (2.27)                                                 

where the sum ranges over the number of channels. The issue of 2 in Eq. (2.27) has its 

source in the form of the nonlinear susceptibility, which shows that XPM is twice as 

effective as SPM for similar aggregate of power. Therefore, the entire phase shift rest on 

the power in all the WDM channels and this will differ from bit to bit dependent on the bit 

pattern of the adjacent channels [131]. 

 

 

2.8.3 Four-Wave Mixing 

The refractive index is dependent on the optical power intensity and as well has its source 

in the third-order nonlinear susceptibility signified as … . The four-wave mixing (FWM) 

phenomenon likewise derives from … . For instance, if there are three optical signals 

having carrier frequencies ‫ , ‫ , and ‫  propagating together within the fibre at the same 

time then, …  produces the fourth signal with the carrier frequency ‫ . The fourth 

generated signal has a relationship with other frequencies in the form of ‫ ‫ ‫

‫ . In principles, numerous frequencies that correspond to the different combinations of 

plus and minus sign are possible. In practical situation, the majority of these combinations 

do not accumulate due to phase matching prerequisite. For multichannel transmission 

systems, the frequency combinations of the type ‫ ‫  ‫  ‫  are regularly 

troublesome, as they can become approximately phase matched when channel wavelengths 

remain close to the zero dispersion wavelength. Therefore, when ‍ πȟ then FWM 

process is phase matched. Nevertheless, when ‍ is small and channel spacing is as well 

small, FWM can still occur and convey power from each channel to the adjacent channels. 

This power transfer does not only lead to the power loss in the channel but likewise 

produces interchannel crosstalk, which eventually worsens the system performance 

rigorously [13], [44], [131], [132].  
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2.8.4 Stimulated Brillouin Scattering 

 

Beside the Kerr effects, another nonlinearity is found on inelastic scattering process. Here 

a photon of the signal propagates and interacts with the fibre medium and a new photon 

with less energy is generated in the process. At high power levels, the stimulated Brillouin 

scattering (SBS) become a significant nonlinear phenomenon which result in optical 

amplification in the backward direction. The SBS can lead to signal distortion if the 

launched power exceeds certain threshold [120]. SBS have been studied in theory and 

analysed numerically over various fibre modes [133]ï[135]. The threshold power of SBS 

can be expressed as [13] 

                                                         ὖ                                                          (2.28)                                                                   

where ὃ  represents the effective area of the fibre, Ὃ  is the Brillouin gain coefficient 

with value of 5 x 10-11 m/W, ὒ  is the effective fibre length and b takes a value between 

1 and 2 dependent on the relative polarisations of the pump and stokes waves. One method 

of alleviating the consequence of SBS is by modulating the laser pump current at a 

frequency region in the upper kHz regime [136].  

 

 

 

 

2.8.5 Stimulated Raman Scattering  

 

Stimulated Raman scattering happens in optical fibres due to the scattering of a pump wave 

through the silica molecules. In the process, some photons release their energy, thereby 
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create other photons with reduced energy at lower frequency while the remaining energy is 

absorbed via silica molecules. This result in an excited vibrational state. Unlike SBS, the 

vibrational energy levels of silica determine the amount of Raman shift, and since it does 

not involve acoustic wave, SRS is isotropic (i.e. occurs in all direction). In optical fibre, 

SRS can happen in both the forward and backward directions [120], [123]. 

Similar to SBS, SRS can cause signal distortion if the launched power exceeds a certain 

threshold. Hence, the threshold power of SRS can be approximated as [13] 

                                                                 ὖ                                                  (2.29)                                                                               

  where  Ὃ  represents the peak value of the Raman gain with the numerical value of 6 x 

10-13 m/W at 1550 nm wavelength. For single channel transmission systems, SRS is not a 

limiting factor since channel powers in optical communication systems are naturally less 

than 10 mW. Nevertheless, SRS affect the performance of WDM systems significantly. 

 

 

2.9  Equalisation  

 

The linear and nonlinear distortions limit the system performance in high bitrate 

transmission systems. The CD is a significant linear impairment while the key nonlinear 

distortion is due to Kerr effects of the fibre. Non-mitigation of these distortions caused 

deterioration of signal quality leading to substantial power penalties in the optical links. 

Therefore, using equalisation techniques helps to enhance the system tolerance to these 

distortions. Hence, equalisation is a modest and effective methodology of mitigating 

distortion in optical links, and this can be realised either in the electrical or in the optical 

domain [23], [125], [137], [138]. Generally, electrical equalisers (EEQs) provide a flexible, 

steady and economical solution. Although several EEQs have been commercialised 

especially for direct detection transmission systems, there is the drawback of limited data 
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rates due to the restrictions of the optoelectronic components and the nonlinear 

characteristics of photodiode [23], [125], [138].  

          In the next subsection, the approach of using optical equalisers (OEQs) to 

compensate the fibre transmission impairments is presented. This approach is cost-effective 

and serves as appropriate solutions in present research on short-haul and access networks. 

 

2.9.1 Optical Equalisation 

 

The simple and effective method of mitigating distortion is equalisation in the optical 

domain, referred to as optical equaliser (OEQ). In direct detection (DD) optical 

transmission systems, Electrical equaliser (EEQ) achieves moderate performance because 

of the loss of phase and polarisation information of the signal hence, linear distortions in 

optical domain changed to nonlinear distortions in the electrical domain. To effectively 

mitigate signal distortion, optical equalisers (OEQs) could be placed directly in the optical 

channel without the knowledge of the transmitted bit stream. Additionally, optical 

equalisation achieves a lower noise (because it is placed in the link before the addition of 

significant noise from the receiver) compared to electrical equalisation for links with a 

particular type of optical ISI [125], [139], hence empowering optical equalised schemes to 

function at data rates beyond 100 Gb/s [140]. 

            Therefore, in DD systems OEQs have been discovered to not only be more effective 

and efficient than EEQs, but also mitigate distortion effectively across all wavelength 

channels in WDM systems. At the same time, OEQs compensate the effect of amplified 

spontaneous emission and ISI beat noise [22], [36], [141]ï[143]. The simple colourless 

OEQs that were proposed in 2003 [139] nevertheless draw substantial research attention 

since it can mitigate the ISI in 40 Gb/s NRZ systems because of its narrow-band optical 

filtering, residual dispersion and PMD [141]. These devices have also found applications 

in mitigating the signal distortions because of the fibre dispersion and bandwidth restriction 

of MZM [140], the DML [22], [36], [142], [144] as well as reflective semiconductor optical 

amplifier (RSOA) [143], [145]ï[147]. Moreover, it is capable of reducing the effects of 
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fibre nonlinearities, for example SPM, XPM and FWM [125], [148], [149]. Recently, OEQ 

development involves monolithic integration through silicon in-phase and quadrature (I/Q) 

modulator placed on the same chip to increase the modulation bandwidth and improved the 

BER performance [150]. The most recent research method on optical equalisation scheme 

is the deployment of optimised silicon micro-ring resonator (MRR) which is integrated into 

the DML for optimisation of the extinction ratio and pre-compensation of the dispersion 

optically. This integration helped to achieve an error-free NRZ transmission over 2.5 km 

of SSMF at 25 Gb/s [151]. It is suggesting that 4-PAM format would be the next focus 

because it doubles the link capacity in the system. 

             The summary of the system demonstrations reported in the literature during the last 

seven years is indicated in Table 2.2 in relations to the data rate per channel and modulation 

formats which use OEQ as a method of alleviating the dispersion-induced signal 

distortions. It is noteworthy that OEQ can be used as a pre-equaliser (when placed after the 

optical transmitter) or as a post-equaliser (when placed directly in front of the receiver) as 

illustrated in Figure 2.14 

 

 

 

Figure 2.14:  The schematic diagram demonstrating the location of the OEQ 

for the cancellation of the accumulated dispersion. 
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Table 2-2  The summary of transmission systems using OEQ and DD receivers within the 

last seven years.  

Bitrate/ɚ 

(Gb/s) 

Modulation 

Technique 

Modulation 

Optics 

References Year of 

Publication 

10 NRZ RSOA [147] 2013 

20 RZ 4-PAM RSOA [143], [145] 2016 

25 NRZ DML [142] 2016 

25 4-PAM DML [142] 2016 

25 NRZ VCSEL [14] 2016 

25 NRZ DML [22], [151] 2017 

25 NRZ MZM [152] 2017 

25 NRZ/Duo-binary MZM [153] 2018 

28 Duo-binary DML [144] 2015 

40 NRZ DML [36], [154] 2014 

50 NRZ/Duo-binary MZM [153] 2018 

56 NRZ MZM [50] 2017 

  

 

2.10  Concluding Remarks 

 

This chapter has covered the concepts and up-to-date works associated with modulation 

optics for the process of converting information signal in the electrical domain to the optical 

one before transmitting it through fibre medium. The channel characteristics that exist in 

IM/DD channels are also discussed. Also, the chapter described the generation and 

properties of various advanced modulation formats that have achieved significant attention 

in the present research on IM/DD systems together with multiplexing techniques. The 

linear and nonlinear fibre impairments and their effects on signal quality have been 

explained in this chapter. Discussion of optical equalisation as an effective technique in 

alleviating signal distortions caused by fibre impairments concludes this chapter. 
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3 Chapter 3: Modified Manchester (MM) Modulation 

Format 

   

3.1 Introduction    

  

This chapter reports a new advanced modulation format called Modified Manchester (MM) 

derived from the combination of Conventional Manchester (CM) and VSB techniques. It 

explains the generation of MM modulation format and provides performance assessment 

and numerical validation using OptiSystem 12 and MATLAB. Its comparison with other 

fundamental modulations such as NRZ (with the same spectral width), RZ and CM is also 

examined. The performance of MM over WDM system are also investigated and presented 

in this chapter. 

             The materials presented in this chapter have been published in: 

               F. I. Oluwajobi, N. Dong-Nhat and A. Malekmohammadi, ñModified Manchester 

modulation format for high-speed optical transmission systemsò, IET Optoelectronics, vol. 

12, no. 4, pp.  202ï207, 2018. 

               F. I. Oluwajobi, N. Dong-Nhat and A. Malekmohammadi, ñTransmission of 160 

Gb/s Modified Manchester modulation over WDM systemò, International Journal of 

Electronics, vol. 106, no. 12, pp. 1919-1937, 2019.    
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3.2 Simplest and Cost-effective Way of Generating Manchester 

Signal 

 

 In high-speed optical communication systems, the Manchester code offers robust timing 

information by providing a transition for every bit; it is either a bit 1 or a bit 0. Irrespective 

of the message sequence, it completely removes the residual DC problem because for every 

bit transmitted there is positive and negative polarity. Hence, there are several approaches 

or methods been adopted in generating Manchester code either in the electrical domain or 

in the optical domain. Among these techniques, the most regularly employed is using 

electrical exclusive OR (XOR) gate due to its simplicity and low cost [155], [156]. Methods 

of generating Manchester code includes the deployment of a push-pull dual-drive Mach-

Zehnder intensity modulator that does not require any electrical logic gate [157]; and using 

Kerr shutter that uses nonlinear polarisation rotation in a highly nonlinear fibre [155]. Apart 

from the complexity of this approach, the sensitivity of the state-of-polarisation (SOP) is 

not appropriate for NRZ-to-Manchester format conversion because of the control of the 

SOP of the incoming NRZ signal. The fluctuation of the surroundings also affects this 

technique since its realisation depends on a comparatively long fibre length and it is 

primarily intended for transmitter and not for the network switching functionality. The 

other methods comprise the utili sation of nonlinearity of micro-ring resonators (MRRs) for 

all optical switching, which is implemented using two XOR gates and a D-flip-flop [80]; 

and the utilisation of a dual-parallel MZM to realise XOR operation [85]. 

           Therefore, the simplest way of implementing the Manchester code is by using an 

XOR gate. In this study, the implementation of the CM modulation technique is carried out 

in the electrical domain by using an XOR gate with two inputs (data and clock) which 

adjudged to be the simplest method of generating such a code.  The XOR can be expressed 

as  

                                                              ὢ  ὃṥὄ                                                                  (3.1)    
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where ὃ is the data input and ὄ is the clock input while ὢ is the electrically generated 

Manchester signal and ṥ is the modulo-sum. The clock input signal must be the kind that 

oscillates between a high and a low state. The best clock signal, therefore, is a square wave 

with a duty cycle of 50%, which explains why RZ is used as a clock input to XOR.  In 

Manchester coding, the data and clock are encoded into one and transmitted serially. The 

XOR gate, truth table and waveform are illustrated in Figure 3.1.  

 

Figure 3.1:  Generation of the Manchester code. (a) The XOR gate for the 

generation of   Manchester code, (b) Truth table and (c) Waveform.  

          

 The data bit in Manchester has at least one minimum level transition at the middle of each 

bit period. A transition from negative-to-positive or low-to-high indicates 1 while positive-

to-negative or high-to-low transition indicates 0. Hence, for every bit transmitted in 

Manchester there is always a level transition at the middle of the bit period. Mathematically 

the Manchester code can be expressed as   
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ὢὸ  

 

ὃȟπ ὸ Ƞ ὃȟ ὸ Ὕ ύὬὩὲ π Ὥί ὸὶὥὲίάὭὸὸὩὨ

ὃȟπ ὸ Ƞ ὃ ȟ ὸ Ὕ  ύὬὩὲ ρ Ὥί ὸὶὥὲίάὭὸὸὩὨ  

                                          (3.2) 

where ὃ is amplitude level, Ὕ is the bit duration or period. With these features of 

Manchester code, the voltage level of the transmitted signal cannot remain constant for a 

long period, which is synonymous to other line coding schemes. Figure 3.2 shows the 

generated waveform of Manchester, NRZ and RZ signals for comparison.  

 

 

Figure 3.2:  Signals waveform in the electrical domain comparison. (a) 

Waveform of Manchester, (b) NRZ and (c) RZ signals respectfully.  

 

          In Figure 3.2 (a), (b) and (c), all formats have the same amplitude while in Figure 3.3 

the power level variation observed in all the formats is due to the intrinsic nature and the 

biasing point of each of the modulation schemes considered. It can be seen that both the 

NRZ and RZ are susceptible to a long sequence of 0s or 1s making the baseline wandering, 
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which is eliminated in Manchester. There is no DC component with Manchester and a 

receiver can easily detect the beginning and the end of a particular transmitted data without 

misrepresentation.  

 

 

Figure 3.3:  Signal waveform comparison of a modulated 

Manchester, NRZ and RZ signals in the optical domain. 

 

 

3.3 Vestigial Sideband (VSB) Filtering 

 

Generally, VSB means the elimination of a portion of one of the sideband while still 

preserving the entire modulation information. Therefore, optical band-pass filter that is 

involved in the elimination of a part of a sideband is very significant to the performance 

operation of this technique. That is, in VSB filtering, optical filter is used to reduce the 

spectral width of the modulated Manchester signal. Towards achieving spectral width 

reduction and to increase the bandwidth efficiency of VSB filtering, reduction in the 

bandwidth of optical filter is very important. However, the reduction in the bandwidth of 

the VSB filter resulted in signal degradation. Therefore, VSB filtering can be optimised to 

reduce signal degradation. The bandwidth of the VSB filter and its detuning frequency are 

significant parameters that affect system performance  [87], [90], [158]. The filter used for 
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VSB filtering has a narrow bandwidth. Due to the confinement of power in the small 

spectral width, it poses a hindrance to the detuning frequency of the centre frequency of the 

VSB filter. The smaller the detuning frequency, the higher the required bandwidth of the 

VSB filter to accommodate more high frequency components. Moreover, increasing the 

optical bandwidth of VSB filter beyond optimal allows noise to pass through the filter 

thereby reduce the sensitivity of the receiver. Thus, to implement VSB filtering, the 

bandwidth of the optical filter and the detuning of the centre frequency has to be optimised.  

          Using the VSB filter in the proposed MM modulation format, results in an 

improvement in its bandwidth efficiency. It is a known fact that in VSB filtering the 

bandwidth of the optical band-pass filter is linearly related to the centre frequency of the 

filter. Therefore, varying one and leaving another untouched will affect the system 

performance considerably. Since Manchester signal has an expansive spectral width, the 

primary purpose of VSB filtering anchor on minimisation of the spectral width of the 

optical signal. Concurrently, reducing the power penalty normally observed due to the 

narrow bandwidth of the optical filter [90], [159]. Hence, the need for optimisation of the 

bandwidth of the optical band-pass filter and its detuning frequency, which is crucial and 

significant for VSB filtering. The effect of VSB filtering on the modulated Manchester 

signal is indicated in Figure 3.4 where it is compared with a modulated Manchester signal 

before employing VSB filter (conventional Manchester coding). 

 

 

 

 

 

 

 

 

 

Figure 3.4:  Effect of VSB filtering on a modulated 

waveform. 
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          As shown in Figure 3.4, the amplitude of the waveform after VSB filtering is not the 

same as the modulated waveform before filtering because of the spectral width reduction 

that the signal went through, under VSB filtering. The reduction in power level seen in 

Figure 3.4 affect the receiver sensitivity, and can be improved appreciably by using optical 

amplifiers, e.g. EDFA after the VSB filter to boost the power level, hence, increase the 

transmission distance.  

 

 

3.4 Modified Manchester (MM)  Modulation and Setup at 25 

Gb/s bitrate 

 

The CM modulation has a drawback that limits its application in optical communication 

systems which is its broad spectral bandwidth. Its bandwidth is double compared to that of 

NRZ. This contributes to the degradation of its spectral efficiency and consequently limit 

the transmission distance significantly. Therefore, to improve the spectral efficiency and 

subsequently the dispersion tolerance of Manchester signalling in an optical IM/DD 

system, the combination of CM modulation and VSB modulation formats was proposed 

and demonstrated to generate a new advanced modulation format in optical domain named 

Modified Manchester. This Modified Manchester (MM) modulation format has a narrow 

spectral bandwidth in comparison with CM modulation. The VSB technique is an excellent 

scheme in optical transmission systems to enhance the spectral efficiencies of WDM and 

the network reach [81], [85], [89]. VSB filtering removes part of one of the sidebands using 

optical band-pass filter referred to as VSB filter while still maintaining the full modulation 

information as mentioned in chapter 2. Moreover, VSB technique has been investigated for 

NRZ, RZ, CS-RZ, and even duo-binary formats to determine their suitability for VSB 

filtering. However, to date, there were no studies carried out for the Manchester format.  

          This section discusses the research undertaken towards realising a new advanced 

modulation technique named MM. MM was proposed and realised for the first time for 

high-speed optical transmission systems and its performance compared with the CM, RZ 



- 55 - 

 

and NRZ modulation formats. The same spectral width comparison was being considered 

for all the formats assessed based on the reports on ñmultiformat transmitter with pulse 

width tenabilityò [87] and ñgeneration of high-speed Manchester encoded optical signalò 

[159]. 

The simulation setup of MM modulation format in EDFA-free transmission system is 

shown in Figure 3.5. The aggregate bitrate is 25 Gb/s and pseudo-random binary sequence 

(PRBS) employed has the sequence length of 210-1. Consequently, the Manchester signal 

was generated in the electrical domain when the data and clock signals are XORed. The 

electrically generated Manchester signal is used to modulate the continuous wave LD 

operating at 1553 nm wavelength by a dual-drive MZM. The MZM has an extinction ratio 

of 30 dB biased at its transmission maximum for a peak-to-peak voltage swing of 2Vˊ to 

obtain the optical Manchester signal. The optically generated Manchester signal is launched 

into the SSMF with the launch power of 0 dBm followed by the optical band-pass filter 

used for VSB filtering. The VSB filter could be either at the transmitter or the receiver side. 

Nevertheless, VSB filtering is best performed at the receiver than at the transmitter 

especially for single channel system as the suppression of the sideband at the transmitter 

would quickly rebuild itself upon nonlinearities in the fibre during transmission.  The main 

aim of VSB filtering in the MM coding is to reduce the spectral width of the optical 

Manchester signal resulting in increased bandwidth efficiency of the proposed MM 

scheme. 

 

Figure 3.5:  Simulation setup of the MM scheme. 
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         In this new scheme, the bandwidth of the VSB filter was set to 30 GHz at 25 Gb/s 

bitrate while the centre frequency was also set to 30 GHz which resulted to optimum 

performance of the technique. The centre frequency could be detuned either on the lower 

sideband or upper sideband of the Manchester signal. This tuning is denoted as Ñæɗ where 

æɗ is the detuned frequency.  The MM signal is received by a PIN photodiode detector 

through a variable optical attenuator (VOA) that varies the power into the receiver. The 

PIN photodiode has 0.8 A/W and 10 nA as the responsivity and dark current, respectively. 

The electrical MM signal is passed into a Gaussian electrical low pass filter (LPF) with a 

cut-off frequency of 37.5 GHz and then launched into a BER analyser. 

 

 

3.5 Results and Discussion 

 

3.5.1 Spectral Efficiency Comparison 

 

Higher spectral efficiency is essential in fibre optics since increasing it would help reducing 

the number of wavelengths, especially the single channel high-speed systems provide a 

small footprint and lower power consumption [160], [161]. The spectral efficiency (b/s/Hz) 

can be expressed as 

                                        ὛὴὩὧὸὶὥὰ ὉὪὪὭὧὭὩὲὧώ
Ў

                                                   (3.3) 

where ЎὪ represents the spectral width (Hz) and ὅ is the channel capacity in bit/s. 

        In enhancing the system capacity of an optical communication system, one of the 

challenges is to improve or increase the spectral efficiency of such system. It is interesting 

to note that the spectral efficiency of a system depends on the spectral width of the line-

coding scheme used. The compression of the spectral width of any of the line-coding 

schemes will result in bandwidth efficiency of such a scheme. With the optimisation of 
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optical band-pass filter that performed the VSB filtering on modulated Manchester signal, 

the bandwidth of the proposed modulation format is compressed in comparison with the 

CM, RZ and NRZ.  

         Figure 3.6 illustrates the optical spectral width of MM, CM, RZ and NRZ. Reduction 

in the optical spectral width of MM format results in a considerable increase in the spectral 

efficiency of the new scheme by 31.3% which is expected to enhance the dispersion 

tolerance of the proposed scheme. This will be suitable for the upcoming application of 

spectrally efficient wavelength division multiplexing passive optical networks (WDM-

PONs). 

 

 

 

Figure 3.6:  Variance in optical spectral width of MM, CM, RZ 

and NRZ modulation formats. 
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3.5.2 Chromatic Dispersion Comparison 

 

In order to assess the tolerance of the proposed scheme in the direction of fibre dispersion, 

the MM signal was simulated in a dispersive transmission environment. The modulation 

format with narrow spectral width will always have a better spectral efficiency and 

invariably increases its CD tolerance. The following equation indicates the relationship 

between spectral width and CD tolerance [19], [102] 

                                                            ὒ
 
                                                                      (3.4) 

where ὧ is the speed of light (3 x 108 m/s), Ὑ is the bitrate (bit/s), ЎὪ is the spectral width 

(Hz), Ὀ is the dispersion parameter (ps/nm), ὒ  is the maximum dispersion length (km) 

and ɚ is the signal wavelength (nm). From Eq. (3.4), the spectral width is inversely 

proportional to the transmission distance and dispersion parameter. Therefore, the narrower 

the spectral width of a signal the better the CD tolerance of such signal. Figure 3.7 shows 

the CD tolerance of MM modulation format in comparison with CM, RZ and NRZ 

modulation formats. 

 

Figure 3.7:  Chromatic dispersion tolerance of MM, CM, RZ and 

NRZ simulated with launched power of 0 dBm. 
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          From Figure 3.7, it is apparent that the MM modulation scheme has superior 

dispersion tolerance compared to the CM, NRZ and RZ modulation formats, which is 

mainly due to the compression of the spectral width of the MM signal by the optical band-

pass filter. Hence, the VSB filter in the proposed modulation setup enhanced the spectral 

efficiency of the scheme and at the same time increased the dispersion deficiency 

considerably by reducing its spectral width. Given this, the CD tolerance of MM at 25 Gb/s 

is 140 ps/nm, which is more than three times that of CM of 44 ps/nm and more than twice 

that of NRZ of 51.8 ps/nm at the BER of 10-9. In comparison with RZ, MM has 31 ps/nm 

better dispersion tolerance than RZ whose dispersion tolerance is 109 ps/nm at the same 

BER of 10-9. 

        The insets of Figure 3.7 (i), (ii), (iii) and (iv) are the eye diagrams for MM, NRZ, RZ 

and CM respectively. The eye diagram for MM that corresponds to 140 ps/nm dispersion 

shows an acceptable eye opening. An attempt to increase the dispersion tolerance of CM, 

NRZ and RZ beyond 44 ps/nm, 51.8 ps/nm and 109 ps/nm respectively, resulted in 

unacceptable eye openings. Therefore, the eye diagrams of the CM, NRZ and RZ are 

completely closed for any attempt to increase their dispersion tolerance, while at 140 

ps/nm, the proposed MM has an acceptable eye opening. It is evident that the proposed 

scheme is superior to other formats in terms of robustness to CD and favourable for high-

speed optical transmission links.  

 

3.5.3 Receiver Sensitivity Comparison 

 

The receiver sensitivity is a parameter in optical communication system to specify the 

receiver performance. Receiver sensitivity is defined as the minimum average received 

optical power needed by the optical receiver to operate at a BER of 10-9. A receiver is 

regarded to be more sensitive if it accomplishes the same performance with less required 

optical power. Figure 3.8 presents the setup for back-to-back (B2B) EDFA-free 
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transmission performance of MM modulation format. The launched power is 0 dBm as 

mentioned in Section 3.5 and EDFA is not included in the setup. 

 

 

 

 

Figure 3.8:  Setup for B2B EDFA-free transmission 

performance of MM modulation format. 

 

         For fair comparison, the carrier signal power ratio (CSPR) for all the schemes used 

are the same value. This is achieved by reducing the signal data power (ὖ) relative to the 

optical carrier power (ὖ) using a variable electrical attenuator. Since ὅὛὖὙὖ ὖ ϳ , for 

launched power of 0 dBm, the CSPR value for all schemes are maintained as 1. This is 

considered optimum for low launched power and avoids nonlinearities in the system [162]. 

The receiver sensitivity of MM scheme in B2B is -16.5 dBm, which is the same value with 

NRZ and degraded when compared with the RZ, and CM modulation formats as illustrated 

in Figure 3.9. Therefore, at the BER of 10-9 the receiver sensitivity of MM is -16.5 dBm 

which is degraded by 0.8 dB and 3.5 dB compared with CM and RZ, respectively.  
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Figure 3.9:  The receiver sensitivity graph of MM, CM, NRZ and RZ 

in B2B configuration.  

 

          The degradation noticed in the proposed scheme is because of the optimisation of 

optical filter used for VSB filtering. Generally, the sensitivity reduces naturally with a 

reduction in the filterôs spectral width. It is worth mentioning that improvement of 

sensitivity can easily be realised by using optical pre-amplifier or avalanche photodiode 

(APD). 

           Extending the reach of the MM modulation format can be effectively realised using 

equalisation. The reach of the MM is limited by ISI and to compensate for the CD in fibre 

resulting in ISI in the system, optical equaliser would be employed instead of electrical 

equaliser. Optical equaliser could compensate for CD effectively without deteriorating the 

SNR unlike electrical equaliser. Therefore, introducing optical equaliser in the simulation 

setup of the MM would reverse the ISI incurred by the signal transmitted through the 

channel thereby increasing its transmission reach. This aspect of research work is presented 

in Chapter 6 in this thesis. 
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3.6 Performance of the Proposed Scheme over WDM System 

 

The development of high bandwidth applications/services has propelled change in the area 

of high-speed optical metro-access networks and its WDM technology. Efficient utilisation 

of optical fibre network bandwidth can be realised by using more WDM channels. Hence, 

multiplexing is one of the requirements in digital communications that enables combination 

of different wavelengths carrying independent signal channels onto the same fibre. 

Increasing data transmission capacity involves adding more channels in WDM systems and 

the transmission of signals through fibre in WDM systems are significantly influenced by 

modulation formats due to spectral efficiency and fibre characteristics [111], [163]ï[166]. 

Several techniques had been suggested in the past years for the enhancement of the WDM 

transmission performance, which comprise the application of advanced modulation 

schemes, coding, and categories of new fibre in addition to higher dispersion management. 

Among these methods, the service of advanced modulation formats has been established as 

the most favourable as it provides an option and good solution to meet both the cost and 

capacity demands. The model of the advanced modulation scheme for high-speed WDM 

transmission networks should adopt with compressed spectrum as this results in high 

spectral efficiency and therefore higher dispersion tolerance [88], [102], [111]. Presently, 

the bandwidth gain of EDFA determines the maximum number of WDM channel. The 

utilisation of the gain bandwidth of the EDFA called for an improvement in the spectral 

efficiency. Narrow filtering features and extremely stable optical filters are needed to 

realise such a requirement. Narrow filtering introduces degradation in the received signal 

however, the compression of the signal spectrum reduce the distortion from the filtering 

effect [101], [111], [167]. 

          Therefore, the MM modulation has a smaller spectral width due to the use of VSB 

filter and VSB technique and the scheme enhance the spectral efficiencies of WDM systems 

in high-speed optical transmission link as mentioned earlier in this thesis. Since the MM 

signal has a compact spectrum in comparison with CM, it has better spectral efficiency, 

leading to an increase in the capacity of the WDM channels significantly. 
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            The performance of MM modulation format over WDM systems are deliberated 

and compared with the CM scheme. The performance was evaluated for a 10 Gb/s bitrate 

per channel, and the influence of crosstalk from neighbouring channels as well as the 

robustness to CD was assessed. The simulation results confirm that MM coding scheme is 

superior to CM for bandwidth efficiency (improved by 32%) and CD tolerance, which is 

improved by +100 ps/nm. With the employment of 10 Gb/s transmitters, a communication 

link of 160 Gb/s (16 x 10 Gb/s) was demonstrated by engaging MM upon WDM. 

 

 

3.7 Single Channel 10 Gb/s MM Format 

 

The electrically generated Manchester signal is used to modulate a continuous wave LD, 

with an operating wavelength of 1550 nm using a dual-drive MZM with 30 dB as an 

extinction ratio. The bias voltage of the MZM is at the maximum transmission for a peak-

to-peak voltage swing of 2Vˊ to achieve the Manchester signal in the optical domain. The 

optically generated Manchester signal bandwidth from MZM is compressed using optical 

band-pass filter. Therefore, the bandwidth of VSB filter is optimised for this new technique 

by setting it at 30 GHz and detuning frequency of 25 GHz for the bitrate under 

consideration. This setting ensures the scheme performs optimally. The optical MM signal 

is transported through the SSMF using 0 dBm as launched power. The signal is then input 

to an optical preamplifier with gain (G) of 20 dB in addition to noise figure (NF) of 6 dB 

to amplify the MM signal. From the output of the optical amplifier the signal is conveyed 

to a PIN photodiode having 0.8 A/W responsivity with 10 nA, dark current. The PIN 

photodiode transforms optical signal to electrical signal. The received MM signal is sent to 

a Gaussian electrical LPF with a cut-off frequency of 15 GHz and then to a BER analyser. 

Figure 3.10 shows the simulation setup for 10 Gb/s MM modulation scheme over a single 

wavelength.   
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Figure 3.10:  Illustrates the simulation setup for 10 Gb/s MM format over a 

single wavelength channel. 

       OF mean optical Fibre. 

            The comparison between the optical spectral width of 10 Gb/s MM as well as CM 

signals is shown in Figure 3.11. As can be seen from Figure 3.11, the MM technique can 

offer 10 GHz reduction in terms of spectral width, which will consequently increase the 

spectral efficiency of the proposed scheme by 32% in comparison to the conventional one. 

This reduction leads to the enhancement of dispersion tolerance of the proposed scheme in 

comparison against the CM modulation scheme. Smaller spectral width and better 

dispersion tolerance will cause the MM technique to be a suitable candidate in WDM 

systems. 
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Figure 3.11:  Variation in optical spectral width of MM and CM 

modulation formats.  

 

 

 

3.8 Multichannel MM WDM Transmission  

 

3.8.1 Tolerance to Narrow Optical Filtering  

 

Since the spectral width of the Manchester code is generally broad and to be considered for 

WDM systems, therefore, optical filtering influence is very significant to be studied. For a 

narrowly spaced WDM system, robust optical filtering is required. MM with narrow 

spectral width compared with the CM permits the usage of narrow optical filters for de-

multiplexing, and this gives rooms to increase the channel count. Nevertheless, employing 

an appropriate narrow optical band-pass filter results in filtering out huge amount of the 

signal spectrum, which is responsible for the degradation of the quality of the output signal 

of the system [111], [158], [168], [169]. 
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         Therefore, to investigate the influence of waveform distortion due to the excessive 

filtering of the signals, the power penalties for a different range of optical filter bandwidth 

were analysed for BER of 10-9. As can be seen in Figure 3.12, MM is more tolerant against 

narrow optical filtering compared to CM. The result indicates that at 1 dB penalty, optical 

filter using 40 GHz as bandwidth can be employed in MM WDM system. It is worth to 

know that the result is likewise appropriate for the determination of requirement in 

Reconfigurable Optical Add and Drop Multiplexer (ROADM), which can be employed in 

the WDM system. 

 

Figure 3.12:  Tolerance for the narrow optical filtering.  

 

 

3.8.2 Influence of Coherent Crosstalk in 4 x 10 Gb/s MM WDM 

Transmission 

 

The influence of neighbouring channel crosstalk was assessed in 4 x 10 Gb/s MM WDM 

system by altering the channel spacing to determine the minimum acceptable channel 

spacing. Figure 3.13 shows the typical simulation setup with its optical spectral for MM 

modulation format over WDM system. 
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Figure 3.13:  (a) 4 x 10 Gb/s MM over WDM transmission setup, (b) Optical 

spectrum.  

 

         In the four-channel WDM scheme, the measured power penalties for the centre 

channel is indicated in Figure 3.14. The power penalties hinge on the relative polarisation 

states between the measuring channel and neighbouring channels. Therefore, whenever the 

polarisation states of all channels are the same, it contributes to the worst power penalty 

scenario. Whilst, the surpass situation takes place when the assessing channels with the 

neighbouring channels are orthogonally polarised. For this no penalties were experienced. 

Consequently, the coherent beat noise amid the assessing channel as well as the 

neighbouring channels is responsible for the power penalties. In a situation when all the 

channels have similar polarisation, bearing in mind the standard channel spacing of 100 

GHz (0.8nm), the influence of coherent beat noise diminished because of substantial 

spacing amid the channel under consideration and the neighbouring channels. Thus, no 
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penalties were experienced for MM and CM over WDM system. The minimum acceptable 

channel spacing (below 1 dB) for MM and CM signals were 40 GHz and 45 GHz, 

respectively at 10 Gb/s. This is a clear indication that MM over WDM scheme permits 

compact channel spacing compared to CM. However, there is no noticeable performance 

difference between MM and CM when orthogonally polarised neighbouring WDM 

channel. 

 

Figure 3.14:  Calculated power penalties for centre channel due to 

neighbouring channel crosstalk in four channels WDM.  

 

 

3.8.3 Dispersion Tolerance 

 

The assessment of dispersion tolerance for MM scheme was simulated in a dispersive 

transmission environment. High dispersion tolerance remains a requirement for signals 

used in WDM systems to ensure effective utilisation of EDFA bandwidth. Even though if 

there is a dispersion compensation module that compensates for the fibre dispersion, there 

remain some dispersion in the link because of the dispersion slope; hence, deteriorates the 
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signal waveform. Therefore, this section presents the dispersion tolerance comparison of 4 

x 10 Gb/s MM and CM signals over WDM. Hence, the CD tolerance of 4 x 10 Gb/s MM 

WDM and 4 x 10 Gb/s CM WDM are illustrated in Figure 3.15. As can be seen in Figure 

3.15, it is clear that the MM WDM exhibits an improved CD   tolerance in both positive 

and negative regimes of +360 ps/nm and -250 ps/nm than the CM WDM with +260 ps/nm 

and -180 ps/nm at BER of 10-9. The spectral width compression of the MM signal (Figure 

3.11) is responsible for this performance. The robustness to CD of MM signal offers 

benefits in WDM systems, and at the same time, there is no necessity for separate dispersion 

control for each of the MM WDM channel. 

 

Figure 3.15:  Chromatic dispersion tolerance of 4 x 10 Gb/s MM and CM over WDM 

transmission.  

 

 

 



- 70 - 

 

3.9   16 x 10 Gb/s MM WDM Transmission 

 

3.9.1  Simulation Setup 

 

Figure 3.16 shows the simulation setup for the MM modulation format over WDM 

transmission. The simulation was conducted by using the standard channel spacing of 100 

GHz (0.8nm) and compared its performance with the CM over WDM transmission. Sixteen 

channels (ɚ1 to ɚ16) were multiplexed within 12 nm (1550-1562 nm), EDFA band. Each 

WDM channel employing MM modulation format was modulated by a 10 Gb/s PRBS with 

the sequence length of 210 ï 1. A link transmission of ten spans of 22.4 km SSMF 

accompanied by a 3.6 km Dispersion Compensation Fibre (DCF) was realised. The 

transmission line for CM over WDM was seven spans of 22.4 km SSMF followed by a 3.6 

km DCF.  The fibre length ratio between the SSMF and DCF were optimised to achieve 

total second-order dispersion touches zero. The fibre parameters utilised in the simulation 

are indicated Table 3.1 

Table 3-1 Fibre parameters for SSMF and DCF utilised in the simulation. 

Fibre Parameters SSMF parameters 

 

DCF parameters  

 

Dispersion (D) 

 

17 ps/nm/km 

 

-100 ps/nm/km 

 

Dispersion slope (S) 

 

0.075 ps/nm2/km 

 

-0.3 ps/nm2/km 

 

Attenuation coefficient (Ŭ)   

 

0.2 dB/km 

 

0.5 dB/km  

 

Effective area (Aeff) 

 

80 ɛm2 

 

12 ɛm2 

 

Nonlinear index of refraction  (n2) 

 

2.7 x 10-20 m2/W 

 

2.6 x 10-20 m2/W  
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             In order to achieve a low noise figure (NF), high power, and gain flattening 

characteristics, an EDFA for Booster and preamplifier with 20 dB gain and 6 dB noise 

figure was used. The total power launched into SSMF is 3.8 dBm (0 dBm/channel). Hence, 

the effect of SPM in the transmission link is ignored in as much as the power launched into 

SSMF and DCF is below the SPM threshold. 

 

Figure 3.16:  (a) Simulation Setup of 160 Gb/s (16 x 10 Gb/s) MM ï WDM 

transmissions over 224 km SSMF (b) Optical spectrum before transmission (c) 

Optical spectrum after transmission.  
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3.9.2  Results and Discussion 

 

Figure 3.16(b) and (c) indicates the optical spectral of 16 channels before and after 

transmission. Due to phase mismatch in the highly dispersive environment, the FWM effect 

could not be noticed [170]ï[172]. The example of the eye diagrams taken before and after 

224 km SSMF (10 spans of 22.4 km plus 3.6 km DCF) for (a) single channel system, (b) 

channel 1, (c) channel 10 and (d) channel 16 of multi-channel system are presented in Fig. 

3.17, respectively. The selected channels have the Q-factor as 5.81, 5.88, 5.67, and 5.57 

respectively, with corresponding eye height as 4.63 x 10-5, 2.21 x 10-4, 2.04 x 10-4, and 1.89 

x 10-4. 

 

 

Figure 3.17:  Example of Eye diagrams in (a) 

Single channel transmission and 16 channel 

WDM after 224 km SSMF (b) channel 1, (c) 

channel 10 and (d) channel 16. 

 

          Figures 3.18 and 3.19 indicate the calculated BER performances of the remotest and 

three randomly selected WDM channels for MM WDM while for CM WDM is presented 

in Figures 3.20 and 3.21. There is degradation observed between the channel-1 back-to-

back (B2B) and the 16-channel B2B receiver sensitivity. This degradation is produced by 

the accumulated spontaneous emission light from each LD through the multiplexing 

process and by noise figure (NF) degradation in the preamplifier, which usually fluctuates 

dependent on the total input power.  
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          As presented in Figures 3.18 and 3.19, the receiver sensitivity together with OSNR 

for MM WDM were ï 22.5 dBm and 15 dB, respectively, while for CM WDM in Figures 

3.20 and 3.21, were ï 23 dBm and 16 dB, respectively. In MM WDM, the receiver 

sensitivity difference between the channels at BER of 10-9 was 1.5 dB and transferring from 

single channel to 16 channels raises the required power to around 8 dB as presented in 

Figure 3.22.  

 

 

 

Figure 3.18:  Pre-amplified receiver sensitivities of 160 Gb/s MM ï 

WDM over 224 km SSMF.      
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Figure 3.19:  Measured OSNR of 160 Gb/s MM ï WDM. 

 

 

Figure 3.20:  Pre-amplified receiver sensitivities of 160 Gb/s CM ï 

WDM over 135.2 km SSMF.  
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  Figure 3.21:  Measured OSNR of 160 Gb/s CM ï WDM. 

 

 

Figure 3.22:  Pre-amplified receiver sensitivity versus signal 

wavelength for a single channel and 16 channels. 

 

The OSNR variation between channels at BER of 10-9 for MM WDM and CM WDM are 

shown in Figure 3.23. This indicates that the MM modulation format over WDM is more 
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superior to the CM over WDM. From these results, all channels show adequate BER 

appearances after transmission.   

           Moreover, using hybrid compensation (a combination of pre and post) DCF instead 

of post compensation DCF in the simulation setup the total fibre length increases to 246.4 

km and 179 km in MM WDM and CM WDM, respectively. 

          Nevertheless, to have the channel spacing as narrow as possible based on Section 

3.9.2 in this chapter; 50 GHz (0.4 nm) channel spacing was used to achieve 320 Gb/s (32 

x 10 Gb/s) MM modulation format over WDM for transmission over 143.5 km SSMF 

(seven spans of 20.5 km followed by DCF of 3.4 km). This is not achievable with CM 

WDM. In the 32 channels MM WDM, the receiver sensitivity and OSNR difference 

between channels at BER 10-9 was 0.5 dB and 1 dB, respectively, while to migrate from 

single channel to 32 channels escalates the needed power to about 11 dB as indicated in 

Figures 3.24 and 3.25.   

 

Figure 3.23:  Measured OSNR versus signal wavelength for all the 

16 channels in MM and CM schemes. 
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Figure 3.24:  Pre-amplified receiver sensitivity versus signal 

wavelength for a single channel and 32 channels. 

 

 

Figure 3.25:  Measured OSNR versus signal wavelength for all the 32 

channels in MM. 
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3.10  Concluding Remarks 

 

Presented in this chapter is a new advanced modulation format, namely MM that is derived 

from the combination of CM and VSB. The optimisation of the bandwidth of the optical 

band-pass filter and the detuning of its centre frequency enhanced the spectral efficiency 

of MM considerably. This significant increase in the MM spectral efficiency subsequently 

improved its CD tolerance considerably as recorded in the results presented. Based on 

these, the proposed scheme is a promising format for high-speed optical communication 

systems. 

Also, the performance of the proposed scheme over WDM system was deliberated 

where the compression of its optical spectrum in comparison with CM WDM responsible 

for the reduction in the inter-channel coherent crosstalk. The high and symmetrical 

dispersion tolerance of MM signals is very attractive in high-speed WDM transmission 

systems. The channel spacing as narrow as 50 GHz (0.4 nm) is achievable for 32 x 10 Gb/s 

MM WDM over 143.5 km SSMF that is not realisable with CW WDM. This achievement 

is a clear indication that MM format is appropriate and promising for the implementation 

in high-speed WDM transmission systems. 

Due to the increasing demand for higher transmission capacity and with the 

performance recorded in this work, the MM modulation format serves as motivation to 

develop higher-order Manchester-based (2 bits/symbol) modulation format which is 

presented in Chapter 4.   
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4 Chapter 4: Higher-order Manchester (2 bits/symbol) 

Modulation Format  

 

4.1 Introduction  

 

  In this chapter, the methodology behind higher-order Manchester (2 bits/symbol) 

modulation formats based on Shannon channel capacity and the channel characteristics are 

presented. The chapter deliberated on the system design and model of four-level 

Manchester Coding (4-MC) technique and four-level Modified Manchester (4-MM) 

modulation format. The development of data recovery for the proposed multilevel 

Manchester modulation formats using a technique for BER estimation that is also known 

as the probability of error (PE) estimation is discussed. This estimation was realised based 

on a usual approach of estimating the PE in AWGN channel. 

            The materials presented in this chapter have been published in:  

             F. I. Oluwajobi, N. Dong-Nhat and A. Malekmohammadi, ñNovel Manchester-

Based Multilevel Signalling for High-Speed Optical Communication Systemsò, Journal of 

Optical Communications, 2019. https://doi.org/10.1515/joc-2018-0139   

            F. I. Oluwajobi, N. Dong-Nhat and A. Malekmohammadi, ñPerformance 

Evaluation of 4-Level Modified Manchester Modulation Format for High-Speed Optical 

Transmission Systemsò, IET Communications, vol. 13 no. 15, pp. 2344-2351, 2019. 

 

 

 

 

https://doi.org/10.1515/joc-2018-0139
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4.2 Methodology behind Multilevel Manchester Modulation 

Format 

 

Claude Shannon in his famous paper titled ñA Mathematical Theory of Communicationò 

set the groundwork for digital communication [173]. This work had paved the way for the 

enormous advances in communication and information theory. The paper set a constraint 

on the best dependable transmission over a noisy channel (corresponding to low bit error 

probability). It declared that the transmission of data in a noisy channel could be realised 

with a definite signal power at a randomly low bit error probability on condition that the 

coding rate is not beyond a particular factor that is the channel capacity (in bit/sec). 

According to Shannon, the channel capacity (normally referred to as Shannon channel 

capacity) is expressed as [173] 

             ὅ ὄὰέὫρ    ὄὰέὫρ                                                                        (4.1) 

 where ὄ represents the bandwidth of the channel in Hz, Ὓ or ὖ is the average signal 

received power in watts, ὔ is the total received signal to noise power in watts and 

corresponding to ὔ ὔὄ, where ὔ  is the one-sided power spectral density and Ὓὔϳ  is 

the signal to noise ratio (SNR). The approach of realising this channel capacity has been 

left as an open question by Shannon for researchers throughout the world and over many 

years to acquire the practical methods and design procedure to accomplish this Shannon 

limit  [174], [175].     

         In order to proffers solution to this question, three essential trade-off design resources 

have been taken into account by system designers which regulate any data transmission 

scheme proposed by Shannon capacity formula. The three-trade-off key factors are power, 

bandwidth and complexity. In other words, the Shannon formula states that the fundamental 

goal in designing any transmission scheme is to attain an impactful trade-off between 

design parameters to overcome the challenges and meet the necessities of a particular 

needed application. 
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           In the Shannon equation, the capacity is directly proportional to the SNR. SNR and 

BER have an inverse exponential relationship, i.e. when there is reduction (enhancement) 

in BER the required SNR increases. One method to increase the capacity was to utilise 

higher order modulation formats. Higher order modulation schemes present scaling of the 

system baud rate at a fraction of the totalled bitrate.  

           In recent times, 4-PAM has been developed as a higher order modulation format for 

short-range and metro networks [176], [177]. 4-PAM offered high spectral efficiency at the 

cost of high power penalty [178]. Therefore, to realise a satisfactory BER at a fixed baud 

rate would require a huge SNR. This huge SNR prerequisite is responsible for high power 

penalty in 4-PAM system links. Any solutions thus to address this issue of power penalty 

in 4-PAM link would increases the system complexity [99], [179]. 

         One of the objectives of this research is to propose a novel multilevel modulation 

format based on the Manchester code to increase the transmission capacity of an optical 

network. In realising this objective, the high power penalty synonymous to 4-PAM is 

avoided. Moreover, the nature of Manchester code gives provision for this in that in every 

transmitted symbol there are two slots. 

          Although, the two slots in the multilevel Manchester signal produce an increase in 

the bandwidth and it has two key influences on the capacity. Firstly, it increases the existing 

link degrees of freedom because Ὓὔ ὖὔὄϳ , hence at fixed SNR, the dependence is 

obvious on restraining the power. That is, at a fixed power and by amplifying the 

bandwidth, the required SNR is reduced. The second influence is included in the SNR per 

dimension that will be shared among the dimensions or degree of freedoms with the 

bandwidth increase. Therefore, multilevel Manchester modulation format can be observed 

as a power-efficient alternative to 4-PAM.  
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4.3 Channel Characteristics 

 

Since there is an enormous demand for modulation formats with system simplicity and low 

cost for short-haul and metro optical fibre systems [180]ï[182], multilevel Manchester 

modulation formats are depicted as a power-efficient alternative transmission techniques 

for non-coherent applications. Even though the proposed modulation formats are 

appropriate for wired and wireless communication links, nevertheless, the attention of this 

thesis is to present Manchester-based multilevel modulation formats for IM/DD links. The 

purpose behind selecting the IM/DD channel was motivated by the trade-off benefit 

between cost and power efficiency, thereby achieving the thesis objective in comparison 

with coherent systems.  

          The signal information is transmitted in IM/DD systems in the form of optical power 

intensity signal where the input is an electrical signal. The direct detection is a direct 

procedure where a photodiode is responsible for the opto-electrical conversion. The IM/DD 

channel characteristics have two important restraints on all implemented transmission 

schemes. No negative amplitude can be employed because information is transmitted 

through modulating the instantaneous optical signal power [181], [183], [184]. Therefore, 

multilevel Manchester signal fulfils the non-negativity constraint. 

           Meanwhile, multilevel Manchester modulation formats are developed to cope with 

IM/DD for both fibre and wireless optical links. One of the most fundamental restrictions 

for IM/DD systems operating in the infrared, ultraviolet, visible light communication 

frequency band is eye safety. Hence, adhering to safety regulations set by international 

regulatory bodies guarantee that the emitted radiated power falls within the safe operation 

limit  [181], [183]ï[185]. For 1550 nm wavelength, the maximum allowable power for safe 

operation is less than 10 mW while for 1310 nm wavelength the maximum allowable power 

is less than 8.8 mW [184].  

        The proposed multilevel Manchester modulation formats are primarily concentrating 

on optical fibre links while the deliberation on wireless will be considered for future works 

(as mentioned in Section 7.2). 
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4.4 System Model of Four-Level Manchester Signal 

 

4.4.1 Transmitter Model 

 

Figure 4.1 shows the simulation setup of a four-level Manchester transmitter. The proposed 

2-bits/symbol Manchester-based signalling was realised by combining two unequal-

amplitude Manchester signal through electrical combiner leading to a multilevel 

Manchester signal. The multilevel Manchester signal generated has a distinctive 

nonnegative polarity symbol. Now, with this distinguishing idea of generating multilevel 

Manchester signal, applying data recovery rules at the receiving end will help with the 

retrieval of the original data. The transmitter comprises two lanes with two inputs (data and 

clock) each. The first lane contains XOR gate with two inputs and an output to produce one 

bit per symbol to form a data stream. While the second lane is the same as the first lane but 

with a 6 dB electrical attenuator module to divide the amplitude into half of its value to 

form the second data stream. Normally, the simplest way of generating Manchester signal 

electrically is by using XOR gate (as discussed in Section 3.3), and this can be expressed 

as     

                                         %  !ṥ"                                                                                                    (4.2)   

  where ! and " are input data and clock, respectively, % is the Manchester signal in the 

electrical domain for the first lane. Similarly, the same process is realised for the second 

lane only with the addition of 6 dB electrical attenuator to divide the amplitude into half of 

its value. The two data streams E and F are combined via an electrical combiner to form a 

multilevel Manchester signal. Figure 4.2 illustrates the two bits that are bound together to 

form a symbol and then mapped to a distinctive voltage level of two lanes Manchester 

signalling. Therefore, the output is mapped into one of the four possible levels (00, 01, 10, 

11) representing four combinations of the two transmitted data after the combiner as shown 

in Table 4.1. The truth table of the multilevel Manchester signal is tabulated in Table 4.2.  
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Figure 4.1:  Schematic diagram of a 4-level Manchester Transmitter. 

 

 

Figure 4.2:  4-Level Manchester signalling (a) 

Mapping symbol and (b) Constellation diagram. 

 

Table 4-1  Mapping of input binary data to output levels of a 4-level Manchester signal.   

Data stream 1 (E) Data stream 2 (F) Output level (Z) 

0 0 0 

0 1 1 

1 0 2 

1 1 3 
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    Table 4-2  The truth table of a 4-level Manchester signal.  

A B C D Lane 1 (E) Lane 2 (F) Z 

(LEVELS) 

0 0 0 0 0 0 0 

0 0 0 1 0 1 1 

0 0 1 0 0 1 1 

0 0 1 1 0 0 0 

0 1 0 0 1 0 2 

0 1 0 1 1 1 3 

0 1 1 0 1 1 3 

0 1 1 1 1 0 2 

1 0 0 0 1 0 2 

1 0 0 1 1 1 3 

1 0 1 0 1 1 3 

1 0 1 1 1 0 2 

1 1 0 0 0 0 0 

1 1 0 1 0 1 1 

1 1 1 0 0 1 1 

1 1 1 1 0 0 0 

 

         It can be observed that the multilevel Manchester signal generated has four intensity 

levels, which are nonnegative and equidistant, hence satisfying one of the major constraints 

in IM/DD channel (as stated in Section 4.3). The electrically generated 4-level Manchester 

signal is used to modulate the continuous wave LD with the wavelength of 1550 nm and 

power of 0 dBm by a dual-drive MZM. The dual-drive MZM comprises an input Y-branch 

splitter and an output Y-branch combiner together with two arms with independent drive 

electrodes. Assume at the input/output Y-branches, the splitting ratio (SR) remain 

indistinguishable. The modulator output can be described as [115], [130], [186] 
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                           Ὁὠȟὠ ὛὙ Ὡὼὴ Ὦɝ‍ὠ ὒ

                                                           Ὡὼὴ Ὦɝ‍ὠ ὒ Ὦ‰   

                                                           ḳ Ὅὠ ȟ ὠ   ὩὼὴὮ‰ὠȟ ὠ                      (4.3) 

where ὛὙ = P1/P2 denotes Y-branch splitting ratio, ɝ‌ is the absorption in dB, æɓ is the 

phase difference in radians, ὒ signify interaction length of the modulator arms, ‰  is 0 

radians for a conventional modulator and ˊ radians for ˊ phase-shift modulator. ὠ and ὠ 

are the voltages applied to arms 1 and 2, respectively,  Ὅ is the intensity of the optical signal 

and ‰ is the phase.   

          For i = 1, 2  

                                 ὠὸ ὠ  ὠ ὺὸ                                                                  (4.4) 

 

 where ὠ  is the DC bias voltage, ὠ  is the peak-to-peak amplitude of the modulating 

voltage while ὺὸ denotes the modulation waveform in peak-to-peak amplitude of 1V and 

an average value of 0V. The attenuation and phase constants of the modulator depends on 

the applied voltage and is the measurement of the straight section of the waveguide arm. It 

is worth to note that dual-drive MZM display interesting nonlinear characteristics, where 

the absorption (ɝ‌), as well as the phase difference (æɓ) is a function of the applied bias 

voltage as shown in Figure 4.3.   
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Figure 4.3:  The optimised dual-drive MZM features in terms 

of absorption (ῳ‌) and  phase difference (ȹɓ) [115]. 

    

        The setup shown in Fig.4.1 is employed for the proposed multilevel Manchester 

modulation formats namely: four-level Manchester Coding (4-MC) and four-level 

Modified Manchester (4-MM) scheme. The variation between the two formats will be 

discussed in the next subsection. 

 

    

4.4.2 System Channel Model 

 

The channel and receiver system model for 4-MC and 4-MM formats are shown in Figures 

4.4 and 4.5 respectively. The modulated 4-level Manchester signal (i.e. 4-MC) is conveyed 

through SSMF that introduced dispersion into the link. The VOA included after the SSMF 

measures the received optical power and optical signal-to-noise ratio (OSNR) as shown in 

Figure 4.4. The position of VOA for the 4-MM format is after the VSB filter as shown in 
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Figure 4.5. In the absence of PMD, the effect of CD alone is studied in a dispersive 

environment. The equivalent low-pass transfer function of the fibre can therefore, be 

expressed as [19], [115] 

 

                                       Ὄ Ὢ ὩὼὴὮς“‍ὒὪ                                                  (4.5) 

where ɓ2 ſ -D(ɚ)ɚ
2/(2ˊc) and D(ɚ) is the CD parameter of the fibre (17 ps/nm/km) at 

wavelength ɚ = 1550 nm; ὒ is the fibre length; Ὢ is the frequency deviation with respect to 

the carrier frequency, c is the speed of light and ‍ is referred to as group velocity dispersion 

(GVD). Therefore, the signal distortion induced by CD is mostly instigated by the spectral 

components deviation from the carrier frequency.    

 

Figure 4.4:  Channel and receiver model for 4-MC technique. 

 

 

 

Figure 4.5:  Channel and receiver model for 4-MM format.   
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 Furthermore, an optical band-pass filter employed for VSB filtering is inserted in 

the link immediately after SSMF. The purpose of the VSB filter in this system is for spectral 

width reduction of the optical multilevel Manchester signal in order to obtain 4-MM. 

Therefore, the needs for optimisation of the bandwidth of the VSB filter and the detuning 

of its centre frequency is vital.  However, the foremost sources of noise in an optically 

amplified system are mostly owing to the influence of the signal-spontaneous beat noise 

component, a signal component and spontaneous-spontaneous beat noise component. 

Therefore, the power spectral density of the amplified spontaneous emission (ASE) noise, 

per polarisation, can be expressed as [19], [187] 

                                     ὔ Ὃ ρὬὺὲ                                                                                     (4.6) 

where is Ὤὺ the photon energy and ὲ  represents the spontaneous emission factor. 

Therefore, the variance (power) of the random variables is given as  

                                            „ ὖ Ὃ ρὬὺὲ                                                          (4.7) 

     

 

4.4.3 Receiver Model 

 

At the receiving end, a simple receiver used for OOK signals can be employed to easily 

detect the 4-level Manchester signal without any alteration resulting in complexity 

reduction implementation [11], [58], [97], [110], [188]ï[191]. Therefore, the amplified 

optical signal is received by PIN photodiode detector. The photodiode detector is  a square-

law detector that is usually employed in converting light signal into a current signal 

Ὥ ὸȢ The PIN photodiode current is directly proportional to the optical intensity field 

incident on the PIN photodiode, Ὡ Ȣὸ and can be expressed by [19] 

                                      Ὥ ὸ ὙȿὩ ὸȿ                                                            (4.8) 

where Ὑ is the responsivity of the PIN photodiode in A/W.  
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          Mathematically, the incident power ὖὸ is directly correlated to the intensity 

function ‗ὸof Ὥ ὸ. This can be expressed as [115], [186] 

                                                     ‗ὸ ὖὸ ‗                                                     (4.9) 

where ɖ represents quantum efficiency for conversion process and ‗ is the dark current in 

nA. While the PIN photodiode responsivity can also be expressed as   

                                          Ὑ                                                                                                        (4.10) 

The amount of noise equivalent bandwidth of the electrical filter can be expressed as  

                                              ὄ ᷿ ȿὌ ὪȿὨὪ                                                              (4.11) 

where ὌὪ is the transfer functions of the electrical filters. At the BER monitoring and 

data recovery unit, the received signal is launched into the sampling circuit. The 4-level 

Manchester signal has two slots therefore, there will be two sampling points. All the sample 

values are consequently passed into the decision and regeneration module so as to compare 

against three threshold values as Th1, Th2 and Th3 which correspond to six different eye 

patterns (two eyes for each level) signifying the bottom, middle and top eye, respectively. 

The data recovery rules that help in the detection of the 4-level electrical Manchester signal 

is indicated in Table 4.3. 

 

 

4.5 Bit Error Rate (BER) Estimation 

 

To assess the system performance of multilevel Manchester signal, a technique for BER 

calculation that is also known as probability of error (PE) estimation was developed. The 

calculation was achieved based on a usual method of estimating the PE in AWGN channel 

[192]. Figure 4.6 indicates the eye diagram of 4-level Manchester systems and its Gaussian 

probability densities with added Gaussian noise. In the data recovery unit, the detected 4-

MC and 4-MM signals are passed into the sampling circuit. Therefore, in every symbol 
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there are two slots hence, PEs are calculated for each slot. The samples are taken at two 

sampling points of S1 and S2. Then, sampling circuit outputs are fed into the decision and 

regeneration unit. In the decision and regeneration unit the sampled values are calculated 

against three pre-defined threshold values, Th1, Th2 and Th3 and decisions are made based 

on the process defined in the Table 4.3. It is interesting to note that the decision rule for 

regeneration involved three threshold levels (Th1, Th2 and Th3), as shown in Figure 4.6. 

The aggregate BER can then be calculated by taking into account the Probability Density 

Functions (PDFs) that agree with the incorrect identifications of 4-MC and 4-MM signals. 

From the table, there are four levels (0 ï 3) that correspond to the four pair of bits as ó00ô, 

ó01ô, ó10ô and ó11ô. 

        Table 4-3   Rules for the recovery of data 

Number Rules Decision on             

Lane 1 (E) 

Decision on           

Lane 2 (F) 

Levels 

1 If S1 < Th1 and S2 < Th1 0 0 0 

2 If Th1 < S1 < Th2 and Th1 < S2 < Th2 0 1 1 

3 If Th2 < S1 < Th3 and Th2 < S2 < Th3 1 0 2 

4 If S1 > Th3 and S2 > Th3 1 1 3 

 

 

Figure 4.6:  Eye diagram and the probability density function (PDF) for 4-level 

Manchester system. 
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Probability of error (PE) is specified as follows  

                                   PE ὖὉ ὖὉ                                                                    (4.12) 

where ╟Ὁ and ╟╔ are the probability of error when ñ0ò and ñ1ò is received respectively. 

Because of the introduction of shot noise with Gaussian random variable statistics at the 

receiver by PIN photodiode detector, these can now be expressed as 

                                        ╟╔ ὩὶὪὧ                                                                           (4.13) 

                                       ╟╔ ὩὶὪὧ                                                                             (4.14) 

where ὩὶὪὧ is the complementary error function, ‘ȟ is the mean value for both bit ñ0ò 

and ñ1ò while „ȟ is the standard deviation for both binary bits at sampling decision point.    

Meanwhile there is an equally probable transmission of ñ1ò and ñ0ò hence, equal probable 

for each symbol level applied. From Eqs. (4.13) and (4.14), the BER or PE can be 

determined for each of the eye in the eye diagram of both 4-MC and 4-MM signals as 

follows   

                           ║╔╡ͅ▼■▫◄
╣▐ Ⱨ

▼

Ɑ ▼ͅ
 
Ⱨ
▼
╣▐

Ɑ ▼ͅ
                                                       (4.15) 
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ͺ

 
ͺ

                                                       (4.19) 

 

                           ║╔╡ͅ▼■▫◄
ͺ

 
ͺ

                                               (4.20) 

 

Therefore, the aggregate BER can be considered as 

 

        "%2 ὄὉὙͅ ὄὉὙͅ ὄὉὙͅ   ὄὉὙͅ ὄὉὙͅ

                                                            ὄὉὙͅ Ⱦφ                                                              (4.21) 

 

     Moreover, the Q-factor for the eye diagram is also determined as follows 
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                                                   ὗͺ
ͺ ͺ

ͺ ͺ
                                                        (4.27)    

                     

 

The aggregate ὗ-factor is given as  

 

                   1  ὗͺ ὗͺ ὗͺ ὗͺ ὗͺ ὗͺ Ⱦφ                                (4.28) 

 

The mean and standard deviation are represented by ɛ and ů respectively, while the 

subscript indicate the respective level and slot. It is worth to note that optimal BER could 

be achieved by optimising the threshold levels and eye heights. This could be realised 

within the dual-drive MZM through adjustment of Vb1 and Vb2. 

 

 

4.6 Concluding Remarks 

 

In this chapter, the approach behind the development of multilevel Manchester modulation 

formats have been presented. Therefore, the developed four-level Manchester modulation 

formats attain an impactful trade-off between system parameters to fulfil the prerequisite 

in realising high capacity transmission formats with reduced power penalty. The recovery 

rules that govern the reception of 4-MC and 4-MM formats together with the BER 

estimation based on AWGN channel have been presented. 

          Since the transceiver structure and data recovery of 4-MC and 4-MM have been 

demonstrated as formats with much simplicity therefore, the performance analysis of these 

formats in terms of receiver sensitivity, spectral efficiency and CD tolerance compared with 

other prevailing modulation formats will be comprehensively presented in Chapter 5. 
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5 Chapter 5:   Performance Analysis of Higher-order 

Manchester Modulation  

 

5.1 Introduction   

  

This chapter presents two types of multilevel intensity signalling that is centred on the 

conception of 4-level Manchester transmitter for various optical transport applications such 

as interconnects, short-reach and access networks. The performance evaluation of each is 

demonstrated specifically in accordance with the numerical validated software OptiSystem 

12 and MATLAB. The comparison with other modulation formats for instance CM, MM 

and 4-PAM is likewise examined.  

The resources presented in this chapter have been published in: 

 

             F. I. Oluwajobi, N. Dong-Nhat and A. Malekmohammadi, ñNovel Manchester-

Based Multilevel Signalling for High-Speed Optical Communication Systemsò, Journal of 

Optical Communications, 2019. https://doi.org/10.1515/joc-2018-0139    

            F. I. Oluwajobi, N. Dong-Nhat and A. Malekmohammadi, ñPerformance 

Evaluation of 4-Level Modified Manchester Modulation Format for High-Speed Optical 

Transmission Systemsò, IET Communications, vol.13, no. 15, pp. 2344-2351, 2019.    

 

 

 

 

 

 

https://doi.org/10.1515/joc-2018-0139
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5.2 Performance Evaluation of 4-MC 

 

5.2.1 4-MC Setup 

 

Figure 5.1 shows the simulation setup for 4-MC technique. The aggregated bitrate is 2 x 20 

Gb/s with PRBS of sequence length 210-1. The electrically generated 4-MC signal is used 

to modulate the continuous wave LD operating at 1550 nm wavelength by a dual-drive 

MZM. For optimal performance, the splitting ratio of the dual-drive MZM was set as ó1ô 

while the modulating voltage (Vmod) and the bias voltages (Vb1 and Vb2) of the MZM were 

also set as 1 V, 2.4 V and 1.2 V, respectively. Therefore, the optically generated 4-MC 

signal is launched into SSMF with the launch power of 0 dBm and subsequently amplified 

by an optical pre-amplifier (EDFA) with the flat gain of 20 dB and 6 dB as the noise figure. 

 

    Figure 5.1:  Simulation setup for the 4-MC technique. 

 

The PIN photodiode with the responsivity and dark current of 0.8 A/W and 10 nA, 

respectively was engaged to transform the optical signal to electrical signal.   The electrical 

4-MC signal is passed into a Gaussian electrical LPF with the cut-off frequency of 30 GHz 

and thus, the BER performance was calculated using the error analyser based upon a 
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MATLAB -based programming module as discussed in Section 4.5. It is worth noting that 

the effects of nonlinearities are negligible as the launch power into the fibre is much below 

the nonlinear threshold. 

Table 5-1  Summary of the design parameters for 4-MC format 

Bitrate 2 x 20 Gb/s 

LD Operating Wavelength 1550 nm 

PRBS Sequence Length 210-1 

MZM Splitting Ratio 1 

Modulating voltage (Vmod.) of MZM 1 V 

Bias Voltages (Vb1 and Vb2) of MZM 2.4 V & 1.2 V 

Flat Gain of EDFA 20 dB 

EDFA Noise Figure 6 dB 

Responsibility of PIN Photodiode 0.8 A/W 

Dark Current of PIN Photodiode 10 nA 

LPF Cut-off Frequency 30 GHz 

  

 

5.3 Results and Discussion 

 

5.3.1 Receiver Sensitivity 

 

Figure 5.2 depicts the BER curves for the six 4-MC received eye diagrams (Top1, Top2, 

Middle1, Middle2, Bottom1 and Bottom2) with respect to the received optical power of the 

signal. It is evident from Figure 5.2 that the BER of each eye diagram for slot1 is exactly 

the same as for slot2. This is because the mean and the standard deviation for each level of 

data received is the same for both slot. Therefore, the slots can be considered as one and 

the six eye diagrams could now be treated as three signifying top, middle and bottom.  

However, the corresponding 4-MC eye diagram is shown as inset of Figure 5.2 at the BER 
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of 10-9. The middle eye diagram in 4-MC dominates the total BER in all the cases under 

consideration. The calculated BER of top and bottom eye diagrams experienced 1 dB and 

1.5 dB penalties with respect to the middle eye diagram, respectively. This can be described 

by making use of ASE-signal beating noise approach. The noise powers accompanying 

each symbol can be approximately expressed as [73], [188], [193] 

 

              „ ςὧὙὔ Ὅ τὖὋὧὧὙὔ ὄ  „                                                    (5.1) 

The average power of level is designated as ὖ and n = 0, 1, 2, 3. The ὧ and ὧ are the 

coefficients at the input and output coupling losses of the optical pre-amplifier that is 

EDFA, respectively. The noise bandwidth of the ASE-ASE beat noise is calculated 

through Ὅ. Ὑ is the responsivity of the optical receiver while Ὃ is the amplifier gain at the 

operating wavelength of an optical pre-amplifier. The ὄ is a measure of the noise 

equivalent bandwidth for electrical filtering process.    

 

Figure 5.2:  BER curve for the received eyes of 4-MC in B2B 

configuration. Inset is the corresponding eye diagram. 
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As it can be seen from Eq. (5.1) and because of higher noise power, the Q-factor of bottom 

eye diagram is lower in comparison with middle and top eye diagrams (Figure 5.3b). This 

leads to higher performance degradation when compared with other two eyes. It is 

interesting to note that the variation between adjacent signal levels is similar for all the six 

eye diagrams. Additionally, allowing the input signal to be a constant power does not affect 

the ASE-signal. This is owing to the fact that ASE-signal beat noise hinge on the spectral 

properties of the signal. Because of different disparity of standard deviations and means at 

each level at the same received optical power as shown in Figure 5.2, the eye with the least 

variations of noise has the best performance and vice versa. It is worth to note that for the 

minimisation of the performance variation between the different eyes, the dual-drive MZM 

with optimised bias voltages is used. Therefore, Figure 5.3 indicates 4-MC eye diagram Q-

factor computation before and after MZM optimisation at BER of 10-9.  

 

 

 

Figure 5.3:  4-MC eye diagram Q-factor computation (a) before and 

(b) after optimisation. 
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5.3.1.1 Receiver Sensitivity and OSNR Comparison between 4-MC and 4-

PAM 

 

 In order to compare the proposed technique with 4-PAM transmission system, the 

electrically generated 4-ary signal was launched to a dual-drive MZM. At the receiving 

end, the 4-ary modulated signal is transformed to the original transmitted signal using direct 

detection. The binary bits are therefore recovered by making use of clock and recovery 

unit. Nevertheless, Figures 5.4 and 5.5 illustrate the calculated aggregate BER versus 

receiver sensitivity and the required OSNR performances of 4-MC in comparison with 4-

PAM format in back-to-back configuration. It can be observed that at the same transmission 

conditions and capacity of 2 bits per symbol, 4-MC indicates 3.5 dB and 4.5 dB better 

performance in terms of receiver sensitivity and OSNR respectively, in comparison with 4-

PAM. This performance is hinged on the utilisation of the optimised MZM. Besides the 

easier clock and level recoveries of the proposed technique, it also shows that 4-MC is a 

power efficient alternative to 4-PAM system for next generation application in metro and 

short-haul networks. 

 

Figure 5.4:  The graph of receiver sensitivity of 4-MC and 4-PAM 

formats in B2B configuration. 
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Figure 5.5:  The graph of OSNR of 4-MC and 4-PAM formats in B2B 

configuration. 

 

5.3.1.2 Receiver Sensitivity and OSNR Comparison between 4-MC and CM 

 

 Figures 5.6 and 5.7 depict the calculated aggregate BER versus receiver sensitivity and the 

required OSNR performances of 4-MC compared with CM modulation format in back-to-

back configuration. In 4-MC system, at the BER of 10-9, the receiver sensitivity and OSNR 

are -22 dBm and 29 dB, respectively, while the receiver sensitivity and OSNR of the CM 

modulation format are -25.5 dBm and 25 dB, respectively. The degradation noticed in 4-

MC system compared with CM system is because of an increase in number of levels and 

the signal dependency of signal spontaneous beat noise. 
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Figure 5.6:  The graph of receiver sensitivity of 4-MC and CM modulation 

formats. 

 

 

 

Figure 5.7:  The graph OSNR of 4-MC and CM modulation formats. 
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5.3.2 Spectral Efficiency Comparison 

 

 The optical spectral width of 4-MC, 4-PAM and CM modulation formats are depicted in 

Figure 5.8. The transmission bandwidth of CM modulation scheme is double that of 4-MC. 

Therefore, the spectral efficiency of 4-MC is twice that of CM modulation format at the 

same bitrate of 40 Gb/s. However, in comparison with 4-PAM, considering null-to-null 

bandwidth, the optical spectral width of 4-PAM is 40 GHz hence, has better spectral 

efficiency (1 b/s/Hz). This has to be so because 4-PAM is based on NRZ line coding scheme 

in which its bandwidth is halved that of Manchester coding scheme. Nevertheless, the 

optical spectral widths of 4-MC and CM are 80 GHz and 160 GHz, respectively, which 

correspond to the spectral efficiency of 0.5 b/s/Hz and 0.25 b/s/Hz, respectively. The 

reduction in the optical spectral width of 4-MC is noteworthy, which results in an improved 

CD tolerance and hence, permitting the future application of spectrally efficient WDM 

transport networks. 

 

Figure 5.8:  Optical spectral width of 4-MC in comparison with (a) CM modulation 

format and (b) 4-PAM at 40 Gb/s. 
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5.3.3 Dispersion Tolerance Comparison 

 

 Toward assessing the tolerance of the proposed scheme in the direction of fibre dispersion, 

the 4-MC signal was simulated in a dispersive environment. Generally, the CD causes pulse 

broadening when operating at higher bitrates over lengthy fibre lengths that is identified as 

ISI thereby creating degradation in the received signals. 

 

5.3.3.1 Dispersion Tolerance Comparison between 4-MC and CM 

 

The CD tolerance of the proposed 4-MC scheme compared with CM modulation format is 

shown in Figure 5.9. Since 4-MC system could deliver bandwidth relief, this will enable 

the system robustness to dispersion tolerance. Therefore, at the BER of 10-9, the CD 

tolerance of 4-MC system is 67.5 ps/nm, which is three times that of CM of 22.4 ps/nm at 

the same bitrate of 40 Gb/s. The spectral width reduction of 4-MC system which invariably 

enhanced its dispersion tolerance makes the proposed technique to be favourable for high-

speed optical transmission links.  

 

Figure 5.9:  CD tolerance of 4-MC and CM modulation 

formats simulated with launched power of 0 dBm. 
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5.3.3.2 Dispersion Tolerance Comparison between 4-MC and 4-PAM 

 

Figure 5.10 shows the CD tolerance of the proposed technique compared with 4-PAM at 

the same capacity of 2 bits per symbol and bitrate. Since the spectral width of 4-PAM is 

narrower than 4-MC system, that is, the optical spectral width of 4-PAM is halved of 4-

MC. Therefore, 4-PAM has a better CD tolerance of 112.5 ps/nm at the BER of 10-9 in 

comparison with the proposed scheme. However, 4-MC system has easier clock and level 

recoveries than 4-PAM.  

 

Figure 5.10:  CD tolerance of 4-MC and 4-PAM simulated 

with launched power of 0 dBm. 
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5.4 Performance Evaluation of 4-MM  

 

5.4.1 Simulation Setup of 4-MM  

 

Figure 5.11 depicts the setup for the simulation of 4-MM modulation format. The 4-level 

Manchester signal generated in electrical domain modulates the continuous wave LD 

having 1550 nm wavelength as operating frequency using a dual-drive MZM and its 

splitting ratio is 1. For optimal performance Vb1 and Vb2 are -0.9 V and -2.3 V, 

respectively, with 0.95 V as modulating voltage (Vmod). Meanwhile, the total bitrate of 2 x 

20 Gb/s alongside PRBS with sequence length of 210-1 are employed in the performance 

setting. Therefore, the modulated 4-level Manchester signal is launched into SSMF with 0 

dBm as the launch power and next to it is the VSB filter employed in support of filtering 

purpose. The enhancement recorded in bandwidth efficiency of 4-MM is because of 

reduction in the spectral width of 4-MM signal and this is accomplished with the aid of 

VSB filter. Nevertheless, bandwidth of VSB filter is optimised for this new technique by 

setting it at 40 GHz and detuning frequency of 30 GHz for the bitrate under consideration. 

This made the scheme to perform optimally. Then, an optical pre-amplifier (EDFA) with a 

flat gain of 20 dB and a noise figure of 6 dB now amplifies the 4-MM signal. The PIN 

photodiode takes 0.8 A/W as responsivity and 10 nA as dark current is employed in 

transforming the optical signal to electrical signal. Therefore, the received 4-MM signal is 

low-passed by a Gaussian electrical LPF having 30 GHz as cut-off frequency and BER 

performance was measured by employing error analyser that is built on MATLAB 

programming as deliberated in Section 4.5. 
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Figure 5.11:    Simulation setup of the 4-MM modulation format. 

    

 

Table 5-2  Summary of the design parameters for 4-MM format 

Bitrate 2 x 20 Gb/s 

LD Operating Wavelength 1550 nm 

PRBS Sequence Length 210-1 

MZM Splitting Ratio 1 

Modulating voltage (Vmod.) of MZM 0.95 V 

Bias Voltages (Vb1 and Vb2) of MZM -0.9 V & -2.3 V 

Flat Gain of EDFA 20 dB 

EDFA Noise Figure 6 dB 

Responsibility of PIN Photodiode 0.8 A/W 

Dark Current of PIN Photodiode 10 nA 

LPF Cut-off Frequency 30 GHz 

VSB Filter Bandwidth  40 GHz 

VSB Filter Detuning Frequency 30 GHz 
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5.5 Results and Discussion 

 

5.5.1 Receiver Sensitivity 

 

The BER curves for the six 4-MM received eye diagrams (Top1, Top2, Middle1, Middle2, 

Bottom1 and Bottom2) with respect to the received optical power is depicted in Figure 

5.12. Since the mean and standard deviation of data received for each level is the same for 

both slots (S1 and S2) hence, it is observed that the eye diagrams in both slots are 

experiencing the same BER as evidently indicated in Figure 5.12. The slots now consider 

as one while the six eye diagrams can now be treated as three representing top, middle and 

bottom eye diagrams. Nevertheless, the corresponding 4-MM eye diagram is shown as inset 

of Figure 5.12 at BER of 10-9. In 4-MM, the middle eye diagram dominates the total BER 

in all the cases under consideration. The calculated BER of top and bottom eye diagrams 

experience 1 dB and 0.5 dB penalty with respect to middle eye diagram, respectively. This 

can as well be described by making use of ASE-signal beating noise approach as stated in 

Section 5.3.1. 

 

Figure 5.12:  BER curve for the received eyes of 4-MM in 

B2B configuration. Inset is the corresponding eye diagram. 
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         Therefore, it is observed that the Q-factor of top eye diagram of 4-MM is the lowest 

compared with the middle and bottom eye diagrams. This results in higher performance 

degradation in comparison with other two eyes. As stated earlier there is also similarity of 

variation between adjacent signal levels for all the six eye diagrams. Furthermore, 

permitting the input signal to be a constant power does not affect the ASE-signal. This is 

because ASE-signal beat noise hinge on the spectral characteristics of the signal. Due to 

different discrepancy of standard deviations and means at each level at the same received 

optical power as shown in Fig.5.12, the eye with the least disparities of noise has the best 

performance and vice versa. It is worth to note that in order to minimise the performance 

variation between the different eyes; the dual-drive MZM with optimised bias voltages is 

employed. Then Figure 5.13 illustrates the 4-MM eye diagram Q-factor computation before 

and after optimising the MZM at BER of 10-9. 

 

 

Figure 5.13:  4-MM eye diagram Q-factor computation (a) before 

and (b) after optimisation. 
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5.5.1.1 Receiver Sensitivity and OSNR Comparison of 4-MM and 4-PAM 

 

 Figures 5.14 and 5.15 show the calculated aggregate BER (based on BER estimation 

earlier discussed Section 4.5) versus receiver sensitivity and the requisite OSNR 

performances for 4-MM in the back-to-back configuration compared against 4-PAM. It is 

quite cleared that at the same transmission environments and capacity of 2 bits per symbol, 

the receiver sensitivity and OSNR of 4-MM at the BER of 10-9 are -21.5 dBm and 29.5 dB, 

respectively in comparison with 4-PAM. Therefore, 4-MM has better performance in terms 

of both receiver sensitivity and OSNR compared to 4-PAM in back-to-back scenario. 

Moreover, apart from its (4-MM) easier clock and level recoveries, it shows that the 

proposed technique is a power efficient substitute to 4-PAM system for next generation 

application in metro and short-haul links. 

 

Figure 5.14:  The graph of receiver sensitivity of 4-MM and 4-PAM formats 

in B2B configuration. 
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Figure 5.15:  The graph of OSNR of 4-MM and 4-PAM formats in B2B 

configuration. 

 

 

 

5.5.1.2 Receiver Sensitivity and OSNR Comparison of 4-MM, CM and 

MM  

Figures 5.16 and 5.17 indicate the back-to-back pre-amplified receiver sensitivity and the 

required OSNR for 40 Gb/s 4-MM format. This is in comparison with 40 Gb/s CM and 

MM modulation formats. In MM format, the same VSB filter was used as in 4-MM hence, 

the same parameter optimisation. In 4-MM format, at the BER of 10-9, the receiver 

sensitivity and OSNR are -21.5 dBm and 29.5 dB, respectively. While the receiver 

sensitivity of CM and MM are -25.5 dBm and -23.5 dBm, respectively, and their respective 

OSNR are 25 dB and 27 dB. As it was expected the receiver sensitivity and OSNR of 4-

MM are degraded compared with CM and MM modulation formats since the number of 

levels increases at the same time the signal dependence of signal-spontaneous beat noise 

also increases. 
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Figure 5.16:  The graph of receiver sensitivity of 4-MM, MM and 

CM modulation formats. 

 

 

Figure 5.17:  The graph of OSNR of 4-MM, MM and CM 

modulation formats. 
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5.5.2 Spectral Efficiency Comparison 

 

Figure 5.18(a)-(b) indicates the optical spectral width of 4-MM, MM and CM modulation 

formats. The transmission bandwidth of 4-MM is exactly halved of MM modulation 

scheme while the optical spectral width of CM is more than double that of 4-MM. The 

optimisation of optical band-pass filter used for VSB filtering in the 4-MM and MM 

formats resulted into bandwidth reduction and subsequently increases their dispersion 

tolerance in comparison with CM format. This reduction results in considerably increase 

in the spectral efficiency of 4-MM by 66.7% at the bitrate of 40 Gb/s which is expected to 

enhance the dispersion tolerance. Therefore, the optical spectral width of 4-MM, MM and 

CM formats are 60 GHz, 120 GHz and 160 GHz corresponding to the spectral efficiency 

of 0.67 b/s/Hz, 0.33 b/s/Hz and 0.25 b/s/Hz. Meanwhile, Figure 5.18(c) depicts the spectral 

width of 4-MM in comparison with 4-PAM. Moreover, considering null-to-null bandwidth, 

the optical spectral width of 4-PAM is 40 GHz hence, can offer a better spectral efficiency 

(1 b/s/Hz). This can be explained as 4-PAM is based on NRZ line coding scheme in which 

its bandwidth is halved that of Manchester coding scheme. The amount of saving in the 

optical spectral width of 4-MM is noteworthy which results in better CD tolerance and 

permitting the future application of spectrally efficient WDM transport networks.  

Table 5-3 Summary of Spectral Efficiency comparison at 40 Gb/s bitrate. 

Modulation Format Spectral Width 

(GHz) 

Spectral Efficiency 

(b/s/Hz) 

% Spectral 

Efficiency 

4-MM 60 0.67 66.7 

CM 160 0.25 25 

MM 120 0.33 33 

4-PAM 40 1 100 
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Figure 5.18:  Variance in optical spectral width of (a) 4-MM and CM, (b) 4-MM and 

MM and (c) 4-MM and 4-PAM modulation formats. 

 

 

 

5.5.3 Dispersion Tolerance 

 

In order to assess the tolerance of the proposed scheme in the direction of fibre dispersion, 

the simulation analysis of 4-MM was carried out after fluctuating the dispersion parameter 

in a positive domain at 40 Gb/s.  Normally, when operating at higher bitrates over long 

lengths of fibre, the CD causes broadening of a single transmitted pulse that is identified as 

ISI which responsible for degradation in the received signals (as discussed in Section 
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2.7.2.1). It is worth to note that spectral width is inversely proportional to transmission 

distance and dispersion parameter (as illustrated in Eq. (3.4)). This shows that the narrower 

the spectral width of a signal the better the CD tolerance of such signal. 

 

5.5.3.1 Dispersion Tolerance Comparison of 4-MM, CM and MM Formats 

 

Figure 5.19 shows CD tolerance of the proposed 4-MM scheme compared with MM and 

CM modulation formats. The CD tolerance of 4-MM is 95 ps/nm which is more than twice 

that of MM of 40 ps/nm whereas CM modulation has the worst dispersion tolerance of 22.4 

ps/nm at the BER of 10-9. It is evident that the proposed scheme is robust to CD and 

favourable for high-speed optical transmission links. 

 

Figure 5.19:  CD tolerance of 4-MM, MM and CM modulation formats 

simulated with launched power of 0 dBm. 
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5.5.3.2 Dispersion Tolerance of 4-MM and 4-PAM 

 

The CD tolerance of 4-MM scheme in comparison with 4-PAM at the same system capacity 

of 2 bits per symbol and at 40 Gb/s bitrate is depicted in Fig. 5.20. As mentioned before 

the narrower the spectral width of a signal the better the CD tolerance of such signal. 

Therefore, since 4-PAM is known as a bandwidth efficient scheme because of its narrow 

spectral width it can offer better dispersion tolerance (112.5 ps/nm) at the BER of 10-9 

compared with 4-MM scheme. Nevertheless, 4-MM scheme has easier clock and level 

recoveries than 4-PAM, which make it more suitable for access and short-haul optical 

communication systems. 

 

Figure 5.20:  CD tolerance of 4-MM, and 4-PAM formats simulated 

with launched power of 0 dBm. 
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5.6 Performance Comparison between 4-MM and 4-MC 

systems 

 

Figures 5.21 and 5.22 illustrate the back-to-back pre-amplified receiver sensitivity and the 

required OSNR performances for 4-MM and 4-MC systems at 40 Gb/s. As discussed 

earlier, the dual-drive MZM used for both 4-MM and 4-MC were optimised. Therefore, 

from Fig.5.21 the receiver sensitivity of 4-MC at the BER of 10-9 is -22 dBm that is, it has 

0.5 dB better sensitivity than 4-MM. While the OSNR of 4-MC is 29 dB compared with 

that of 4-MM of 29.5 dB as indicated in Figure 5.22.  

 

Figure 5.21:  The graph of receiver sensitivity of 4-MM and 4-MC 

modulation schemes in B2B scenario. 
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Figure 5.22:  The graph of OSNR of 4-MM and 4-MC formats in B2B 

scenario. 

 

          Nevertheless, the performance of 4-MM and 4-MC after various transmission 

distances at 40 Gb/s bitrate is displayed in Figure 5.23. The 4-MM is more robust to CD 

tolerance than 4-MC due to its narrower spectral width. The receiver sensitivity of 4-MM 

at 10-9 BER over 4 km fibre link is -19 dBm which is ~2.5 dB power penalty comparing 

with B2B scenario. While for 4-MC, it has -18 dBm as receiver sensitivity over 2 km which 

suffered ~4 dB as power penalty compared to B2B. However, increasing 4-MC link 

distance to 4 km suffered extremely high power penalty while 4-MM link distance could 

be extended to 5.5 km with moderate power penalty as indicated in Figure 5.23. 
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Figure 5.23:  BER versus received optical power for 4-MM and 4-MC 

over B2B and various transmission links. 

 

 

Moreover, Table 5.1 summarises the performance comparison of the proposed scheme at 

an aggregate bitrate of 40 Gb/s with other modulation techniques. 

Table 5-4  Summary of comparison for aggregate bitrate of 40 Gb/s at BER of 10-9. 

Modulation 

format  

Bandwidth 

(GHz) 

Spectral 

Efficiency 

(b/s/Hz) 

Dispersion 

Tolerance 

(ps/nm) 

Receiver 

Sensitivity 

(dBm) 

OSNR 

(dB) 

4-MM 60 0.67 95 -21.5 29.5 

4-MC 80 0.5 67.5 -22 29 

4-PAM 40 1 112.5 -18.5 33.5 

MM 120 0.33 40 -23.5 27 

CM 160 0.25 22.4 -25.5 25 
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5.7 Performance comparison of 4-MM, 4 -MC and 4-PAM in 

Optical Networks 

 

In order to examine the performances of 4-MM and 4-MC at a bitrate higher than 40 Gb/s 

another sets of simulations were carried out at 100 Gb/s to determine their receiver 

sensitivity and OSNR and compared with 4-PAM as illustrated in Figures 5.24 and 5.25. 

The receiver sensitivity of 4-MM and 4-MC at 10-9 BER are -17 dBm and -17.5 dBm 

respectively, compared to 4-PAM with receiver sensitivity of -14.5 dBm. While 4-MM and 

4-MC have their OSNR to be 35 dB and 33.5 dB, respectively, compared to 4-PAM with 

OSNR of 36.5 dB. This shows that 4-MM and 4-MC have 1.5 dB and 3 dB respectively, 

better performance in both receiver sensitivity and OSNR in comparison with 4-PAM at 

the BER of 10-9. 

 

Figure 5.24:  The graph of receiver sensitivity of 4-MM, 4-MC and 4-PAM 

at 100 Gb/s in B2B scenario. 
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Figure 5.25:  The graph of OSNR of 4-MM, 4-MC and 4-PAM at 100 

Gb/s in B2B scenario. 

 

        In the overall, the results in this work indicate that the performance of multilevel 

Manchester modulation formats (4-MC and 4-MM) outperform 4-PAM in terms of receiver 

sensitivity and the needed OSNR. Therefore, the proposed techniques (4-MC and 4-MM) 

are power efficient alternatives to 4-PAM for high-speed optical access, metro and short-

reach networks.  

 

 

 

5.8 Concluding Remarks 

 

Presented in this chapter is the performance analysis of the proposed higher-order 

Manchester (4-MC and 4-MM) modulation formats for high-speed optical links. Firstly, 
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the results show that 4-MC and 4-MM have a clear advantage over CM and MM in terms 

of spectral efficiency and dispersion tolerance. 

         Secondly, the performance of the proposed schemes in comparison with 4-PAM 

whose characteristics are analogous to 4-MC and 4-MM that is, having the same 

transmission conditions and capacity of 2 bits per symbol as well as direct-detection 

receiver. The results indicate that the proposed schemes at 40 Gb/s and 100 Gb/s have a 

better receiver sensitivity compared to 4-PAM. This indicates that 4-MC and 4-MM are 

power efficient substitutes to 4-PAM for high-speed optical links. 

        Lastly, from the results presented in this chapter it shows that 4-MM compete 

favourably with 4-PAM in terms of dispersion tolerance despite its broad spectral width 

when compared against 4-PAM. 
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6    Chapter 6: Mitigation of Signal Distortion in  MM 

and Multilevel Manchester Systems  

 

6.1 Introduction   

 

In this chapter, the overall performance improvement of the proposed formats using optical 

equaliser as an alternative technique for compensating the fibre dispersion that produces 

signal distortion is presented and discussed. The integration of OEQ with the proposed 

formats in order to extend their transmission reach is comprehensively reported using 

numerical simulations. The first part of this chapter presents a simple optical access 

network without having optical amplifiers, EEQ and DCF is considered for MM format at 

10 Gb/s and 25 Gb/s. While presented in the second part is the integration of 4-MM and 4-

MC with OEQ for short-reach optical networks at 20 Gb/s and 40 Gb/s. The main 

motivation is to increase the transmission reach of the proposed formats without adding 

any devices at both transmitter and receiver for dispersion compensation. The transmission 

reach and BER of the proposed modulation formats are actually enhanced using first- and 

second-order OEQs for dispersion compensation for the first time in post-equalisation 

configurations. 

 

6.2 Performance Settings and Simulation Setup of MM with 

OEQs 

 

  Figure 6.1 shows the simulation setup for the MM modulation format in a simplified 

optical access network. The bitrate is 10 Gb/s and PRBS employed has the sequence length 

of 210 ï 1. Therefore, the generated Manchester signal modulates the optical carrier wave 

from the continuous wave LD, which operates at 1550 nm using a LiNbO3 MZM with an 

extinction ratio of 30 dB biased at its transmission maximum. The switching voltage Vˊ is 
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set at 4 V. The MZM output power is 0 dBm. The optical Manchester signal was then 

launched into SSMF having a dispersion parameter of 17 ps/nm/km and an attenuation of 

0.2 dB/km. This followed by second-order Bessel band-pass filter employed for VSB 

filtering to generate optical MM. The optimisation of VSB filter bandwidth was set to 40 

GHz while the centre frequency detuned by 30 GHz for all the bitrates under consideration. 

The signal was then fed into OEQ.  

 

  

 

Figure 6.1:  Simulation setup of 10 Gb/s MM with OEQ. 

         

 Figure 6.2(a) illustrates the first-order OEQ as post-equaliser whereas Figure 6.2(b) 

illustrates second-order post-equaliser. The first-order OEQ is a two-tap feed-forward 

linear equaliser while the second-order OEQ (i.e., a cascade of two first-order OEQs) is a 

three-tap feed-forward equaliser [147], [194]. Therefore, the OEQs in this setup have 

optical path delay of one-third of the bitrate with 00 phase shifters and 0.8 coupling 

coefficients. A PIN photodiode detector with responsivity and dark current of 0.8 A/W and 

10 nA respectively, received the signal through a VOA. This is subsequently followed by 

a fourth-order Gaussian electrical LPF with the cut-off frequency of 15 GHz at 10 Gb/s 

bitrate. Consequently, the filtered output signal was launched into a BER analyser.  
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Figure 6.2:  SSMF links with (a) first-order post-equalisation and (b) 

second-order post-equalisation. 

 

 

 

6.3 Performance Analysis of 10 Gb/s MM with OEQs 

 

The performance of MM was evaluated in terms of BER, power penalty, eye diagrams and 

CD tolerance. 

         Firstly, the MM performance without OEQs was examined. Figure 6.3 shows the 

BER for B2B configurations and various transmission distances. Therefore, the receiver 

sensitivity at 10-9 BER for the B2B scenario is -19.3 dBm while the receiver sensitivities 

over 10 km, 15 km and 20 km SSMF are -19.8 dBm, -18.5 dBm and -16 dBm, respectively. 

This results in 0.5 dB, 0.8 dB and 3.3 dB power penalties respectively, compared to B2B. 

The MM performance over 20 km SSMF found to degrade by 3.3 dB and the degradation 

can be attributed to the overshoot on   the level ñ1ò of the eye diagram as can be viewed in 

Figure 6.5.  

           However, Figure 6.4 illustrates the BER performance for the first- and second-order 

OEQs configurations over various transmission distances. Moreover, making use of OEQs 
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generally enhanced the performance of the transmission link considerably in comparison 

with the results shown in Figure 6.3. From the simulation results, it shows that the second-

order OEQ is more effective for alleviating dispersion-induced ISI and waveform 

degradations compared to first-order OEQ. With the first-order OEQ for instance, the 

maximum reach is 25 km with 2.3 dB power penalty at 10-9 BER as indicated in Figure 

6.4(a). Meanwhile, the second-order OEQ performance increases the link distance 

considerably with the maximum reach of 40 km with only 0.5 dB power penalty. At the 

same transmission distance with the first-order OEQ, the MM performance with the 

second-order OEQ is nearly the same with the B2B performance at 10-9 BER over 20 km 

with only 0.2 dB observed as power penalty. Therefore, inference can be drawn from Figure 

6.4(b) that second-order OEQ not only compensates for the outstanding dispersion from 

first-order OEQ as indicated in Figure 6.5(a) over the same distance but also extends the 

MM transmission distance from 25 km to 40 km. 

 

 

Figure 6.3:  The graph of MM at 10 Gb/s without OEQ over 

B2B and various transmission distances. 
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Figure 6.4:  The graph of MM at 10 Gb/s with (a) first-order and (b) second-order 

OEQ over B2B and various link distances.  

           

Figure 6.5 indicates the equivalent eye diagrams of MM in B2B and at various fibre 

lengths, which represents dispersion-induced ISI. The shot noise and thermal noise in the 

receiver responsible for the presence of noise in the eye diagram. As the transmission 

distance increases, the overshoot is noticed significantly on the mark level that leads to the 

closure and distortion of the eye diagram, which in the overall indicates the consequence 

of CD. The severe influence of ISI responsible for the 3.3 dB degradation noticed over 20 

km SSMF.  

Figure 6.6 illustrates the corresponding eye diagrams of MM with first- and second-order 

OEQs. In Figure 6.6(a), the mark and space levels of the eye diagrams with first-order OEQ 

were affected by distortion, which resulted in other smaller openings in the eye diagram 

and make it less effective for MM format. At the same transmission link of 20 km, the 

second-order OEQ has a better and clear eye opening with almost no distortion on both the 

mark and space as demonstrated in Figure 6.6(b). This apparently indicates that the second-

order OEQ mitigate the dispersion successfully over 30 km fibre link and even up to 40 

km. However, it is observed at 40 km link distance that one of eyes almost closed 
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completely while second one is clearly opened. The closure of one of the eyes only results 

to 0.5 dB power penalty. This is because with Manchester eye diagram any of the slots can 

sufficiently give the correct BER.  

 

 

 

Figure 6.5:  MM eye diagrams at 10-9 BER without OEQ over B2B and 

various transmission distances.  

 

 

 

Figure 6.6:  MM received eye diagrams at 10-9 BER for 10 Gb/s with 

(a) first-order and (b) second-order OEQ. 

 

         The CD tolerance of MM with and without OEQs is demonstrated in Figure 6.7. From 

the results, it shows that MM at 10 Gb/s with second-order OEQ has CD tolerance of 790 

ps/nm at 10-9 BER. This is more than twice the dispersion tolerance of MM without OEQ 

which is 371.3 ps/nm conversely, almost twice that of MM with first-order OEQ of 440 
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ps/nm at BER of 10-9. The eye diagrams that corresponds to each dispersion tolerance of 

MM without OEQ, with the first-order and second-order OEQs at BER of 10-9 are displayed 

in the insets of Figure 6.7 (i)-(iii), respectively. Nonetheless, it is evident that OEQs 

improved the dispersion tolerance of MM appreciably especially the second-order OEQ. 

This indicates that OEQs compensate successfully the signal waveform distortion and 

increases the transmission reach of MM format.  

 

Figure 6.7:  MM dispersion tolerance without and with first-order and second-

order OEQ for 10 Gb/s and (i)-(iii) are the eye diagrams that corresponds to each 

dispersion tolerance of MM without OEQ, with first-order and second-order 

OEQs at 10-9 BER, respectively.   

 

           Observing the optical spectral comparison of MM with and without first- and 

second-order OEQs as indicated in Figure 6.8; revealed that the optical spectral width of 

MM was further compressed by the OEQs. For instance, looking at the spectral width of 

MM with second-order OEQ, the lower side lobe was compressed to the same level with 
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MM without OEQ on the upper side lobe. While the first-order OEQ has little effect on the 

lower side lobe and there is a sharp ridge at the upper side lobe which makes it ineffective 

for dispersion compensation especially when the bitrate increases beyond 10 Gb/s. It could 

be inferred that second-order OEQ is effective for compensation of signal waveform 

distortion in MM due to CD.  Therefore, resulted in a significant enhancement of the CD 

tolerance of the format and invariably increases its transmission distance significantly.  

 

Figure 6.8:  MM optical spectral width with and without first-order 

and second-order OEQs. 

 

 

 

6.4 Performance Analysis of 25 Gb/s MM with OEQs 

 

As the symbol rate increases so also the bandwidth of the optical signal hence, signal 

distortion worsen because of CD thereby imposed limitation to the transmission distance 

[140]. The performance analysis of 25 Gb/s MM with and without OEQs for optical access 

networks is presented in this section. The performance of MM without OEQ in B2B and 
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for various fibre distances at 25 Gb/s is depicted in Figure 6.9. The received power 

increases by 2 dB at the BER of 10-9 from the results of 10 Gb/s as indicated in Figure 6.3. 

Therefore, at 25 Gb/s the power penalty increases relentlessly with distance. The receiver 

sensitivity at 10-9 BER over 4 km fibre link is -14 dBm, which is 3.3 dB power penalty 

compared with B2B scenario. 

Moreover, the 25 Gb/s MM scheme BER performance featuring the first-order and second-

order OEQ arrangements is illustrated in Figure 6.10. It is observed from the results that 

the MM with first-order OEQ performed poorly even worse than the MM without OEQ. 

For instance, the received power at the BER of 10-9 over 4 km (maximum transmission 

distance) is -12.5 dBm comparing with MM without OEQ at the same link distance suffered 

only a power penalty of 1.5 dB as shown in Figure 6.10(a). This shows that as the bitrate 

increases to 25 Gb/s and above the first-order OEQ no longer able to compensate for signal 

distortion in MM due to CD. Nevertheless, MM with second-order OEQ is more 

appropriate in compensating for dispersion tolerance effectively and thereby increases the 

transmission distance as indicated in Figure 6.10(b). This also could be explained in the 

graph of BER versus CD tolerance in Figure 6.11. While the eye diagrams that corresponds 

to each dispersion tolerance of MM without OEQ, with first-order and second-order OEQs 

at BER of 10-9 are displayed in the insets of Figure 6.11 (i)-(iii), respectively. With first-

order OEQ, even at 10-9 BER, there is a pronounce overshoot at both ómarkô and óspaceô 

levels this resulted in the degradation of its waveform and thereby affect dispersion 

tolerance. Hence, reason for its worst performance. Whereas the MM without and with 

second-order OEQ have a better and acceptable eye-opening. Therefore, second-order OEQ 

is an effective means of extending the transmission distance of MM for optical access 

network. 



- 132 - 

 

 

Figure 6.9:  The graph of MM at 25 Gb/s without OEQ 

over B2B and various transmission distances. 

 

           

 

Figure 6.10:     The graph of MM at 25 Gb/s with (a) first-order and (b) second-order 

OEQ over B2B and various link distances.      
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Figure 6.11:     MM dispersion tolerance without and with first-order and 

second-order OEQ for 25 Gb/s and (i)-(iii) are the eye diagrams that 

corresponds to each dispersion tolerance of MM without OEQ, with first-order 

and second-order OEQs at 10-9 BER, respectively.    

 

 

 

6.5 Performance Setting and Setup of 4-MM and 4-MC with 

OEQs 

 

Figure 6.12 demonstrates the simulation setup for 4-MM system with OEQ at 20 Gb/s 

bitrate. The generated 4-level Manchester signal modulates the continuous wave LD having 

1550 nm wavelength using a dual-drive MZM. The dual-drive MZM has its modulating 

and bias voltages optimised, and it has a splitting ratio of 1. The total bitrate of 20 Gb/s (2 
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x 10 Gb/s) and PRBS with sequence length of 210-1 are used in the performance setting. 

Therefore, the modulated 4-level Manchester signal is launched into a SSMF having 17 

ps/nm and 0.2 dB/km as dispersion and attenuation parameters respectively, with 0 dBm as 

launched power. Next to it is the VSB filter with its parameters optimised for the bitrate 

under consideration, bandwidth is set at 40 GHz and detuning frequency of 30 GHz. This 

setting enhanced bandwidth efficiency of the generated 4-MM signal due to a reduction in 

its spectral width.  

 

 

Figure 6.12:        Simulation setup of 4-MM at 2 x 10 Gb/s with OEQ. 

 

          Therefore, the OEQs in the described setup have optical path delay of one-third of 

the bitrate with 00 phase shifters and 0.2 coupling coefficients. Furthermore, the 4-MM 

signal is amplified using an EDFA having a flat gain of 20 dB and a noise figure of 6 dB. 

The PIN photodiode takes 0.8 A/W as responsivity with 10 nA as the dark current is 

engaged in transforming an optical signal to an electrical signal. The received 4-MM signal 

is filtered using a Gaussian electrical LPF having 15 GHz as its cut-off frequency. The BER 

performance was measured by employing error analyser that is built on MATLAB 

programming. For the 4-MC scheme, the modulating and bias voltages in the dual-drive 

MZM are also optimised with all other system parameters kept the same except there is no 

VSB filter in the 4-MC link.   
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6.6 Performance Evaluation of 2 x 10 Gb/s 4-MM and 4-MC 

with OEQs 

 

The performance evaluation in terms of BER, power penalty, eye diagrams and CD 

tolerance are carried out for 4-MM and 4-MC for various link distances. The 4-MM at 20 

Gb/s (2 x 10 Gb/s) without OEQs was investigated first and compared with 4-MC. Figure 

6.13 depicts the BER for a B2B scenario and different transmission distances. Therefore, 

the receiver sensitivity of 4-MM in B2B configuration is -23 dBm at 10-9 BER, which is 

the same as that of 4-MC. Moreover, the 4-MM system has the same receiver sensitivity of 

-21 dBm over 10 km and 15 km SSMF that results in 2 dB power penalty in comparison 

with B2B scenario while the 4-MC system also has the same receiver sensitivity and power 

penalty over 10 km fibre length. However, 4-MC performance becomes worsen because of 

CD and fibre nonlinearity over 15 km fibre length with the power penalty of 9 dB compared 

to B2B while nearly the same power penalty (8 dB) degradation was also observed for 4-

MM over 18 km fibre length. This poor transmission performance is because of dispersion-

induced ISI and ASE noise. 

            Moreover, Figure 6.14 demonstrates the BER performance for first- and second-

order OEQs configurations over various transmission distances. It is worth mentioning that 

making use of OEQs generally enhanced the performance of the transmission link 

considerably in comparison with the results shown in Figure 6.13. Therefore, the simulation 

results revealed that in the overall, second-order OEQ is more efficient and effective for 

alleviating dispersion-induced ISI and waveform degradations in comparison with first-

order OEQ for both formats. Nevertheless, 4-MM with first-order OEQ generally has worse 

performance, and it has the maximum reach of 17 km with 9 dB power penalty at 10-9 BER 

while with 4-MC, the first-order OEQ improved its BER at maximum transmission reach 

of 15 km with 4 dB power penalty observed. The result shows that with the first-order 

OEQ, 4-MC performance is enhanced by 5 dB at the BER of 10-9 at the maximum 

transmission reach as indicated in Figure 6.14(a). Meanwhile, the second-order OEQ 
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performance increases the link distance of 4-MC and 4-MM considerably. For instance, 

with second-order OEQ, 4-MC has the maximum reach of 25 km with 6.5 dB power penalty 

at BER of 10-9 while for 4-MM only 2 dB power penalty was observed over the same 

distance. Moreover, it further increases the 4-MM transmission reach from 25 km to 27 km 

as indicated in Figure 6.14(b). The result also shows that second-order OEQ compensates 

for both outstanding dispersion from first-order OEQ and also increases the transmission 

distance. 

 

 

Figure 6.13: 4-MM and 4-MC performance without OEQ over 

various transmission distances at 2 x 10 Gb/s bitrate.    
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Figure 6.14: BER performance for 4-MM and 4-MC at 2 x 10 Gb/s with (a) 

first-order and (b) second-order OEQ over B2B and various link distances. 

            

Figure 6.15 indicates the equivalent eye diagrams of 4-MM and 4-MC in B2B and at 

various fibre links, which represent dispersion-induced ISI. The higher performance 

degradation is noticed at the bottom eye diagram of both (4-MM and 4-MC) formats 

because it experienced higher noise power in comparison with the middle and top eye 

diagrams. Also, there is a different disparity of standard deviations and means at each level 

at the same received optical power; hence, the eye with the least variations of noise will 

normally have the best performance and vice versa. Therefore, as the transmission distance 

increases, for example, at 15 km fibre length, 4-MM still maintained a clear eye diagram 

compared to 4-MC where the bottom eye diagram is almost close. As a result of dispersion-

induced ISI and noise present at the receiver, 4-MC can only reach 15 km maximum 

distance while the maximum reach of 4-MM is 18 km. 

Figure 6.16 relates the corresponding eye diagrams of 4-MC and 4-MM systems with first- 

and second-order OEQs. As indicated in Figure 6.16(a), the first-order OEQ compensates 

distortion and improve the eyes opening of 4-MC over 15 km while there is much noise 

present in the eye diagram of 4-MM over 17 km link distance. The first-order OEQ failed 

to mitigate signal waveform distortion in 4-MM system. However, with the second-order 

OEQ, for 4-MM over 25 km and 27 km there is a clear and mostly equal eye opening for 



- 138 - 

 

each slot while 4-MC over 25 km (that is, the maximum transmission reach) the bottom 

eye for each slot is affected by distortion as indicated in Figure 6.16(b). The improved 

performance infers that second-order OEQ mitigate dispersion successfully for the 

modulation formats under consideration. 

 

 

 

 

Figure 6.15:  The received eye diagrams at 10-9 BER of (a) 4-MM 

and (b) 4-MC without OEQ over B2B and for various transmission 

distances. 

 

 

 

        

 

 


























