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Abstract 

 

The drastic increase in the number of internet users and the general convergence of all other 

communication systems into an optical system have brought a sharp rise in demand for bandwidth 

and calls for high capacity transmission networks. Large unamplified transmission reach is another 

contributor in reducing deployment costs of an optical communication system. Spectrally efficient 

modulation formats are suggested as a solution to overcome the problems associated with limited 

channels and bandwidth of dense wavelength division multiplexing (DWDM) optical 

communication systems. Higher order modulation formats which are considered to be spectrally 

efficient and can increase the transmission capacity by transmitting more information in the 

amplitude, phase, polarization or a combination of all was studied. Different detection technologies 

are to be implemented to suit a particular higher order modulation format. In this research 

multilevel modulation formats, different detection technologies and a digital signal processing 

aided receiver were studied in a practical optical transmission system. 

The work in this thesis started with the implementation of the traditional amplitude shift 

keying (ASK) modulation and a differential phase shift keying (DPSK) modulation systems as 

they form the basic building block in the design of higher order modulation formats. Results 

obtained from using virtual photonics instruments (VPI)simulation software, receiver sensitivity 

for 10Gbpsnon-return-to-zero (NRZ), amplitude phase shift keying (ASK) and DPSK signals were 

measured to be -22.7 dBm and -22.0 dBm respectively. Performance comparison for the two 

modulation formats were done over different transmission distances. ASK also known as On-Off 

keying (OOK) performed better for shorter lengths whereas DPSK performed better for longer 

lengths of up to90km.Experimental results on a 10 Gbps NRZ- ASK signal gave a receiver 

sensitivity of -21.1 dBm from digital signal processing (DSP) aided receiver against -19.8 dBm 

from the commercial bit error ratio tester (BERT) yielding a small difference of 1.3 dB hence 

validating the reliability and accuracy of the digital signal processing (DSP) assisted receiver. 

 Traditional direct detection scheme and coherent detection scheme performances were 

evaluated again on a 10 Gbps NRZ ASK signal. Coherent detection that can achieve a large 

unamplified transmission reach and has a higher passive optical splitting ratio was first evaluated 

using the VPI simulation software. Simulation results gave a receiver sensitivity of -30.4 dBm for 
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coherent detection and -18.3 dBm for direct detection, yielding a gain in receiver sensitivity of  

12.1 dB. The complex coherently detected signal, from the experimental setup gave a receiver 

sensitivity of -20.6 dBm with a gain in receiver sensitivity of 3.5 dBm with respect to direct 

detection.  

A multilevel pulse amplitude modulation (4-PAM) that doubles the data rate per channel 

from10 Gbps to 20 Gbps by transmitting more information in the amplitude of the carrier signal 

was implemented. This was achieved by modulating the optical amplitude with an electrical four 

level amplitude shift keyed (ASK) signal. A receiver consisting of a single photodiode, three 

decision circuits and a decoding logic circuit was used to receive and extract the original 

transmitted data. A DSP aided receiver was used to evaluate the link performance. A receiver 

sensitivity of -12.8 dBm is attained with a dispersion penalty of about 7.2 dB after transmission 

through 25 km of G.652 fibre. 
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Chapter 1 

1 Introduction 

The existing diverse communication systems have advanced rapidly in the last few decades to 

support our information driven societies and economies, thereby transforming the whole world 

into a global village. It is common vision that the next generation and future communication 

networks are all converging into an optical communication system, which will enable a wide 

variety of digital services such as the internet, mobile television, mobile phones, fixed 

telephones, video conferencing and 3D entertainment. Commercial deployment of fibres started 

in the 1980s only as a backbone for long haul transmission systems, but today the deployments 

have extended to metro and even access networks [1]. The deployment of optical fibres in all 

networks is meant to meet the high demand in communication throughput by finding innovative 

ways to increase the data carrying capacity of a single optical fibre and/or increasing the 

bandwidth per channel [2-4]. To achieve the goal of increasing transmission capacity in a single 

channel, researchers have explored and attempted to optimize on multiplexing techniques that 

includes time division multiplexing(TDM), wavelength division multiplexing (WDM), 

polarization division multiplexing (PDM) and frequency division multiplexing (FDM) [2]. 

Commercial systems have been deployed that utilizes all four dimensions to send more 

information through a single fibre than ever before [5]. Most of the deployed optical 

communication networks use dense wavelength division multiplexed (DWDM) systems to 

increase the channel capacity by transmitting different data streams on different wavelengths 

(channels) simultaneously using a single fibre [5-7]. Until recently, most DWDM systems within 

the C–band (1530-1570 nm) have been used to transmit 96 channels at 50 GHz channel spacing, 

conforming to the international telecommunication union (ITU) standards [8, 9]. The legacy 

dense wavelength division multiplexed DWDM systems operating at data rates of 10 Gbps 

running in today‟s optical networks should be updated with more spectral efficient modulation 

formats to further achieve higher data rates per wavelength. Different higher order modulations 

formats have been studied [4, 10-12]. In the past three and a half decades, some record high 

capacity and high speed transmissions were recorded and are categorized into transmission 

generations. From the early 1980 to mid-1990s, transmission data rates of 2.5 Gbps, 5 Gbps and 
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10 Gbps per channel were attained using On-Off keying modulation format [8, 13]. The birth of 

the first generation of WDM from the mid-1990s has brought a greater expansion in the network 

capacity by sending multiple wavelengths, each at data rates of 10 Gbps within the same fibre 

achieving 32 x 10 Gbps transmission capacity [13]. The second generation of the DWDM system 

further increased the transmission capacity to 192 x 10 Gbps with channel spacing reduced to   

25 GHz on the same On-Off keying modulated signal [8]. The third generation was driven by the 

introduction of electronic equipment operating at higher data rates in the tune of 40 Gbps 

coupled with the use of higher order modulation formats which are more spectral efficient. 

Combining high data rates per channel, multilevel modulation format and spectral efficiency into 

a DWDM system, the third generation has achieved a landmark channel capacity of 88 x 40 

Gbps.  More recent advances in the years 2013 to date form the fourth generation of the optical 

communication networks. The fourth generation operating at data rates of 100 Gbps has achieved 

a maximum transmission capacity of 10 Tbps (100 x 100 Gbps).  Currently, research and 

development is now focused on working on systems that will operate at 400 Gbps per channel 

achieving a super channel for the fifth generation optical communication network employing 

advanced quadrature amplitude and phase (M-QAM) modulation techniques and coherent 

detection schemes[8, 13]. However these higher order modulation formats come with a trade-off 

between capacity and transmission reach. Fujitsu in 2011, along with a limited number of other 

vendors, introduced 100 G transponders and muxponders, based on single carrier dual 

polarization quadrature phase shift keying (DP-QPSK) modulation and coherent detection [8, 

14]. A short range transmission with a capacity of 255 Tbps  was demonstrated for a distance of  

1 km using space multiplexing [5].  
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1.1 Motivation 

The convergence of the different communication systems into an optical communication system 

and the recent rise in internet usage have brought about a higher demand for the available 

bandwidth and a need for longer unamplified transmission reach. Among the different solutions 

to increase capacity, deployment of new transmission systems and transmission links to support 

the high bit rate channels is expected to be highly costly.  A sustainable way to ease the demand 

for bandwidth is to craft cost effective high data rate channels that will be compatible with 

currently deployed optical communication networks. Compatibility implies that the new 

channels should be able to tolerate both linear and nonlinear optical transmission impairments 

taking place in the transmission links. Furthermore, they should be able suit the conditions of 

today‟s transmission systems such as the channel spacing and the transmission reach. 

 In order to satisfy the current demand for bandwidth, higher order optical modulation 

formats should be exploited together with the relevant detection and performance evaluation 

techniques. The motivation of the work performed in this thesis can be divided into three main 

categories:- 

 To implement a cost effective higher order modulation formats at 10 Gbaud and 20 Gbps 

data rate per channel and measure its performance with reference to receiver sensitivity. 

A spectral efficient, higher order (multilevel) signal, comprising of two bits per symbol 

was experimentally generated from a single programmable pattern generator (PPG) to 

achieve the desired transmission speed of 20 Gbps. The multilevel signal was 

successfully demodulated using a single photodetector making the whole design cost 

friendly. 

 

 To design and implement a reconfigurable digital signal processing aided receiver to 

evaluate the performance of high speed optical communication systems. The digital 

signal processing (DSP) aided signal analyzer that was developed for the first time at the 

Centre for Broadband Communication (CBC) research unit, at Nelson Mandela 

Metropolitan University (NMMU) is quite an important tool for monitoring the quality of 

the signal. The tool was used to analyze the traditional two level signal in general and a 

higher order modulated signal in particular for there are no companies in South Africa 

producing the required hardware. 
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 To design and implement a transmission system that achieves longer unamplified 

transmission distances in a high speed optical communication system. Coherent detection 

technique that increases the transmission distance was practically implemented using the 

traditional cost effective 3 dB coupler as opposed to the use of more complex and 

expensive 90 degree optical hybrid. 

 

The higher order modulation format with the relevant reconfigurable DSP assisted receiver and 

coherent detection schemes were experimentally demonstrated for the first time at the CBC at 

NMMU. The transmission speeds and distances demonstrated in this thesis are not to compete 

with the current trends and data rates in telecommunication industries but to develop compatible 

cost effective modulation and demodulation techniques that address the bandwidth demand by 

increasing the data rates per fibre while maintaining the bandwidth constant.  

1.2 Outline of the Thesis 

This thesis is organized into seven main chapters as follows: 

 The first chapter will give a brief description of the evolution in channel transmission 

capacity of optical communication systems in the last three and half decades. The chapter 

will conclude with a detailed motivation of the research work.  

 

 The second chapter opens with a brief description of some of the performance parameters 

used to compare different modulation formats. The second part introduces the primary 

digital modulation formats that are used in optical communication systems such as binary 

non-return to zero, amplitude shift keying (NRZ-ASK) and differential phase shift keying 

(DPSK). Secondary higher order modulation formats like differential quadrature phase 

shift keying (DQPSK) and quadrature amplitude modulation (QAM) will be discussed. 

For each of the modulation formats a brief explanation will be given on the generation 

schemes, detection schemes and the expected signal constellation diagrams. The primary 

modulation formats serve as the building blocks in understanding the architecture and 

operation of the multilevel modulation formats mentioned later in chapter six. 
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 The third chapter describes the linear and nonlinear transmission impairments within the 

optical fibre and how they degrade the signal quality during transmission. Chromatic 

dispersion (CD), polarization mode dispersion (PMD) and nonlinear effects are among 

the impairments discussed. Different optical detection techniques to include direct 

detection, non-coherent detection and coherent detection will be discussed. The chapter 

will conclude with a description of the digital signal processing techniques to evaluate the 

performance of a high speed optical communication system. The bits for bit and quality 

factor techniques are the performance evaluation methods that were developed to 

establish the receiver sensitivity. 

 

 The fourth chapter gives a comparative performance between an amplitude modulation 

direct detection and differential phase modulated optical communication system. The 

chapter ends with a description of the reconfigurable digital signal processing aided 

receiver and its performance validation and authentication against experimental results 

from a commercial bit error ratio tester. 

 

 The fifth chapter will evaluate the performance of an optical communication system with 

the same modulation format but different detection technologies. The optical coherent 

receiver will be explained in detail with emphasis on the digital signal processing (DSP) 

circuits that were designed to low pass filter the signal and eventually evaluate the link 

performance through bit error ratio (BER) computations. The chapter concludes with a 

comparative performance of the two detection technologies and their applicability to 

different optical networks. 

 

 Chapter six will discuss a spectral efficient higher order modulation format that was 

experimentally demonstrated.  Multilevel pulse amplitude (4-PAM) 10 Gbaud with a data 

rate of 20 Gbps per channel will be discussed. The generation and detection of the 

multilevel signal and the subsequent performance evaluation of the optical link are the 

main areas of discussion in this chapter. 

 

  Chapter seven will give a comprehensive conclusion to the research work. The thesis 

ends with appendices and references. 



6 
 

Chapter 2 

2 General overview of an optical communication link 

2.1 Introduction 

This chapter gives a detailed overview of the entire optical communication system with emphasis 

on major evaluation parameters, different modulation techniques, various modulation formats 

and ends with an account on detection technologies. Among the evaluation parameters discussed 

are the receiver sensitivity, channel capacity and spectral efficiency. The universal and cost 

effective intensity modulation format (IM) followed by differential phase shift keying 

modulation (DPSK) are discussed before giving a description on more spectral efficient higher 

order modulation formats. Multilevel pulse amplitude modulation (M-PAM) is explained in 

detail in this research for it was experimentally demonstrated. Differential quadrature phase shift 

keying (DQPSK), Dual polarization differential quadrature phase shift keying (DP-QPSK) and 

quadrature amplitude (QAM) modulation are some of the higher order modulation formats that 

areal so highlighted. The last section of the chapter is dedicated to a discussion of the different 

detection technologies that were implemented to efficiently decode particular modulation 

formats. Direct and coherent detection methods are discussed with a polarization towards their 

performance capabilities on appropriate modulation formats.  

2.2 Optical communication system overview 

A basic optical communication system consists of a transmitting device (optoelectronic 

transmitter) that converts an electrical signal into an optical signal, the physical transmission 

medium (an optical fibre cable) that carries the light and a receiver (optoelectronic device)  that 

accepts the light signal and converts it back into an electrical signal [15]. In the transmitter 

section, a serial bit stream in electrical form is presented to a modulator, which superimposes the 

data appropriately onto the optical carrier signal for transmission over the fibre to the receiver.  

At the receiver end, light is applied to a photodetector which converts the light signal 

from optical form back to electrical form. The signal is then amplified and applied to an 

analogue to digital converter (ADC) circuit which isolates the individual state changes and their 
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timing [16]. It then decodes the sequence of state changes and reconstructs the original bit 

stream.  

There are three dominant transmission modalities being used by the telecommunication 

industries, the copper wire, wireless and the optical fibre. Wireless technology which has greatly 

replaced copper wire in most sectors is still crucial in the communication industry because of 

some of its conveniences such as mobility. However optical fibre stands as an enabler to wireless 

technology. The attraction of transmission over an optical fibre are mainly in its much larger 

capacity, immunity to electromagnetic interference and low loss over long transmission reach 

compared to copper and wireless counterparts. At present, optical fibre transmission is seen as a 

dominant technology for both long haul and short haul broadband data transmissions [17, 18]. 

2.3 Performance characteristics of an optical communication link 

2.3.1 Channel Capacity (C) 

The channel capacity (C) of a transmission system is the maximum rate at which bits can be 

reliably transferred within the optical communication link. The migration from single channel to 

multi-channel systems has also contributed greatly to boosting the capacity of today's optical 

networks. Wavelength division multiplexing (WDM), a widely deployed technology in which 

multiple wavelengths are used to simultaneously carry data from multiple transmitters in the 

same fibre [19-21].The bit rate and reliability of a transmission system are affected by the 

channel bandwidth, the signal power and the noise power, commonly known as signal to noise 

ratio [16, 22].  

2.3.2 Channel Bandwidth (∆f) 

The bandwidth of a channel is defined as the range of frequencies that a channel can reliably 

transmit. The Shannon sampling theorem says that, if a channel has a bandwidth, , then the 

narrowest pulse that can be transmitted over the channel has a duration t = 1/(2 ). The 

maximum rate at which pulses can be transmitted through the channel is given by:                      

(C = 2 .pulses). In optical communication systems, binary signal which carries one bit at a 

time is normally considered for simplicity. Binary signals typically have two signal amplitude 

levels to encode the information on. However, it is possible using higher order modulation 
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formats to send data pulses with more than two levels. In its most general form multilevel signal 

pulses can be built from a set of amplitudes, phases and/or state of polarization alphabets, which 

will be used to transmit more bits per symbol. 

By using multilevel transmission system with  levels (alphabets) we could then 

transmit at a channel capacity of: 

.      [1.1] 

where M represents the number of levels or symbols (alphabets) for a given number „m‟ 

of binary variables (bits per symbol). 

Equation 1.1 shows that the channel capacity can be increased arbitrarily by increasing the 

number of bits per symbol (m) or by increasing the bandwidth of the channel ( . However, in 

a practical communication link, the number of bits per symbol must be limited. The channels 

may get distorted if too much power is inserted and nonlinearities will set in. Alternatively the 

number of levels in a channel is also limited by the signal-to-noise ratio (SNR). Lastly the 

bandwidth of the channel cannot be increased easily [22]. 

Theoretically, the best multilevel encoding that can be achieved for a signal with 

amplitude maxima   and a noise signal of maximum amplitude  is given by:- 

         [1.2] 

Then the channel capacity translates to:- 

       [1.3] 

In an optical communication system the main goal is to have a reliable link. A reliable 

communication system is one that achieves arbitrarily small error probabilities by using the 

appropriate encoding and decoding schemes. Shannon in his theorem addressed the issue of 

determining maximum possible achievable bit rate at which reliable communication is 

achievable over an ideal channel of bandwidth ∆f and a given signal- to-noise-ratio (SNR).  

The Shannon channel capacity theory considers that the noise distribution in the link is 

Gaussian. The channel capacity is therefore given by: 

            [1.4] 

Where    the ratio of the signal and noise power in the channel.  
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The channel capacity depends on the signal power (S) and the noise signal power (N) that the 

link can accommodate for reliable communication [23, 24]. 

The signal bandwidth required for a communications channel depends on the symbol rate 

and not on the bit rate. In digital communication systems, symbol rate is the number of symbol 

changes (waveform changes or signaling events) made to the transmission medium per unit time 

using a digitally modulated signal. The symbol rate is measured in baud (Bd) or symbols/second. 

In other words, symbol rate is the ratio of the bit rate to the number of bits transmitted per 

symbol whereas bit rate is the frequency of a system bit stream [25, 26].  

2.3.3 Spectral efficiency (S.E) 

Another important parameter that characterizes the performance of an optical communication 

system is its spectral efficiency or information density. The spectral efficiency is the maximum 

number of bits (the channel capacity) that can be transmitted per bandwidth (∆f) of a 

transmission media. The spectral efficiency is mathematically defined as:  

         [1.5] 

More often the spectral efficiency is expressed as:- 

          [1.6] 

Where S = C.EB, EB is the energy per bit and N0the noise spectral density.  

 From equation (1.6) it is evident that the total noise changes with the channel bandwidth under 

consideration. 

2.3.4 Receiver Sensitivity 

An important characteristic to indicate the receiver performance in an optical transmission 

system is called the receiver sensitivity. It is defined as the minimum average received optical 

power for a given bit error ratio (BER). For example in Telecommunications the standard BER 

of 10
−9

or below is used to define the receiver sensitivity. The BER depends on the signal to noise 

ratio (SNR), which depends on various noise sources that degrade the received optical signal. 

Significant noise contributions are the amplified spontaneous emission (ASE), shot noise and 

thermal noise. The receiver sensitivity can be degraded due to the fibre dispersion that leads to 

power penalties and depends on both the bit rate and the fibre length. The performance of an 
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optical receiver can also be measured using the eye diagram. The closing of the eye is a measure 

of degradation in receiver performance and is associated with a corresponding increase in the 

BER [6, 26]. 

2.4 Optical transmitter 

An optical transmitter is an optical communication component that comprises of a laser source 

and signal conditioning electronics used to couple a signal into the fibre for transmission to the 

receiver. Semiconductor lasers that include, distributed feedback (DFB)lasers, are intensively 

used as optical sources because of their compatibility with the optical fibre communication 

channel[23, 27]. DFB lasers are also easy to modulate and are more power efficient. In the 

transmitter the RF electrical signal is modulated onto the light signal before injection into the 

fibre. 

Three basic modulation technologies namely direct/internal modulation (DM),         

electro-absorption modulation (EAM) and Mach-Zehnder modulation (MZM)are commonly 

employed to modulate the light signal in most optical communication systems. New and 

innovative ways of implementing these existing modulation technologies give rise to novel 

higher order modulation formats. These modulation techniques are constantly  being researched 

on in order to resolve the future requirements of high spectral efficient and high bit rate dense 

wavelength division multiplexing (DWDM) optical networks [28, 29]. 

2.4.1 Modulator technologies 

2.4.1.1 Internal modulation or directly modulated lasers 

Direct modulation (DM) is the easiest and most cost effective way to impose data on an optical 

carrier. In a directly modulated system an offset current is applied to the laser diode, such that 

the laser is above the lasing threshold. The transmitted data is modulated onto the laser drive 

current, which then switches the optical signal between the  „On‟ and „Off‟ states depending on 

the logic state of the input data signal [6, 22]. Figure 2.1 shows how the input electrical data is 

directly modulating the laser. 
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The resulting modulation format is binary intensity modulation. However, directly modulated 

lasers have limited signal quality. The compromised quality is due to strong modulations of 

electrical carriers within the laser that leads to severe distortions on the signal amplitude and 

phase [30, 31]. Direct intensity modulation leads to some variation of carrier concentration in the 

laser active region, that greatly affects the refractive index and in turn the frequency of a 

generated optical signal. Thus, the internal laser modulation leads to undesired frequency 

chirping.The chirp of single frequency laser may be described by the adiabatic chirping 

coefficient which is proportional to the output laser power and the transient chirping which is 

proportional to the logarithm of the laser power as depicted in equation 1.7 [32]. 

 

            [1.7] 

 

where   is the instantaneous frequency deviation, is the line enhancement factor,  

is the coefficient of adiabatic chirp and is the laser output power [32]. 

 

Recent advances have made possible directly modulated lasers at bit rates up to 10 Gbps and in 

research up to 40 Gbps [6, 33]. In this research, simulation and experimental results are 

presented in which a directly modulated DFB laser at 1550 nm is used. Figure 2.2 is a picture for 

Light output 

Current 

Optical signal 

Electrical signal 

Threshold current  

Figure 2.1: Transfer curve of a directly modulated laser 

system 
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an internally modulated, DFB laser that was used in our experimental work and its conditioning 

electronics connections. 

 

 

    

 

 

 

 

 

 

 

2.4.1.2 External modulation 

2.4.1.2.1 Electro-absorption modulators  

An electro-absorption modulator (EAM) consists of a semiconductor material which controls the 

intensity of a laser beam through an applied external electric voltage as shown in figure 2.3.  
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Figure 2.2: Internally modulated DFB laser [NLK5C5EBKA] used in our work. 

 

Figure 2.3: An external electro-absorption modulator system 
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Its operational principle i.e. the Franz–Keldysh effect is based on the change of the absorption 

spectrum caused by an applied electric field. EAMs features relatively low drive voltages and are 

cost effective to produce. These modulators are used for high speed modulation rates of  up to  

40 Gbps, with some research demonstrations up to 80 Gbps [30]. However, similar to DMLs 

they exhibit some residual chirping. They also exhibit wavelength dependent absorption 

characteristics and their dynamic extinction ratios do not typically exceed 10 dB [30]. 

2.4.1.2.2 Mach–Zehnder modulators (MZMs) 

A Mach-Zehnder modulator (MZM) is used for controlling the amplitude and/or the phase of an 

optical wave. Unlike electro-absorption modulators, Mach-Zehnder (MZ) modulators work on 

the principle of interference. The schematic diagram in figure 2.4 shows the MZ modulator 

structure. 

 

 

 

 

 

 

 

 

The incoming waveguide is split up into two waveguide interferometer arms. In one arm an 

external voltage is applied to an opto-electronic material such as Lithium Niobate that introduces 

a phase shift to the light signal passing through it. At the output coupler, the two signals will 

interfere constructively or destructively in response to voltage levels of the modulating signal.  

The phase shift induced in the upper arm of the interferometer depends on the refractive 

index of the opto-electronic material, which itself depends on the applied external electric field. 

When a time dependent voltage V(t) is applied across the upper waveguide of the modulator, its 

refractive index will become time dependent and in turn the power transmission function 

[Pout/Pin] of the Mach-Zehnder interferometer will also be time dependent as shown in figure 2.5  

Assuming equal power splitting and combining ratio of the couplers of the Mach-Zehnder 

interferometer, the power at the output depends on the difference between the phase shifts 

Modulated output 

Voltage/Data 

Optical input 

Voltage/Data 

MZM 

Figure  2.4: Mach-Zehnder modulator structure 
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experienced by the light propagating in the upper and lower arm of the structure. These two 

fields interfere at an output coupler. Applied electrical voltage controls destructive or 

constructive interference, thereby producing intensity modulation and/or phase modulation.  The 

power transfer function is given by: 

         [1.8] 

Where    is the phase difference between the upper and lower arm of the interferometer 

 

 

 

Due to their good modulation performance and the possibility of independently modulating 

intensity and phase of the optical field, many advanced optical modulation formats are based on 

using these MZMs [22, 34]. They can be driven in different ways to generate a variety of 

important modulation formats. MZM modulator produces a high quality signal, especially when 

the continuous wave signal from the laser is first guided into a preconditioning device such as a 

pulse carver modulator which is responsible for shaping the return to zero (RZ) pulses which are 

more robust to inter symbol interference (ISI) than their equivalent non return to zero (NRZ) 

pulses. These kind of transmitters are almost uniquely used for ultra-long haul and high speed 

(40 Gbps and higher) communication systems [30]. 

 

Figure 2.5:  Transfer function for the MZ modulator and operation condition for a NRZ 

         modulation format 
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2.5 Digital optical data modulation formats 

There exist a variety of digital modulation formats that have been implemented and researched 

on up to date [10, 35-40]. The  main target in the design of an optical communication link is to 

investigate candidate optical modulation formats capable of achieving higher spectral 

efficiencies (SE) and eventually quality higher transmission capacities at an affordable cost to 

meet the requirements of a particular network [1]. 

Modulation is a technique by which the digital information is printed or inscribed or 

superimposed onto an optical carrier and in its most general sense also includes coding to 

prevent transmission errors [41, 42]. In optical communication systems, electromagnetic waves 

with frequencies of nearly 200 THz are used to transfer information from one point to another 

[37, 42]. An optical signal is fully characterized by its amplitude, frequency (wavelength), phase 

and its polarization state.  

The electric field of an optical signal is popularly represented in two different ways, the 

complex notation and rectangular notation respectively: 

              [1.9] 

     `      [1.10] 

where A is the amplitude,  is the frequency,   is the initial phase and  

represents the state of polarization. M stands for the number of symbols and i =1: M. 

In coming up with a variety of modulation formats, there are only three scalar parameters and a 

vector to modulate. The different modulation formats are named after the parameter of the laser 

signal being modified. These can be classified as: 

• Amplitude shift keying (ASK) modulation [43-45] 

• Phase shift keying (PSK) modulation [46] 

• Frequency shift keying (FSK) modulation 

• Polarization shift keying (PolSK) modulation [11, 47] 

The schematic diagrams in figure 2.6 shows how the optical signal is modulated by a „01010011‟ 

electrical bit stream for the different modulation formats mentioned above [6, 22]. 

Other advanced modulation formats such as multilevel pulse amplitude modulation 

(PAM), differential quadrature phase shift keying (DQPSK), dual polarization differential 
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quadrature phase shift keying (DP-QPSK)and  amplitude quadrature modulation (AQM) formats 

have higher spectral efficiencies than the standard binary modulation since they transmit more 

information in the amplitude, phase, polarization and/or a combination of both amplitude and 

phase. However all the different modulation formats are developed from the three basic 

modulation technologies highlighted above. 

 

Figure 2.6: An electrical binary data stream “01010011” used to modulate the amplitude, phase, 

and frequency of an optical carrier signal. [ASK,PSK and FSK] respectively [6] 

2.5.1 Amplitude shift keying (ASK) modulation 

Amplitude shift keying (ASK) signal can be generated using either a directly modulated laser, an 

electro-absorption modulator or a Mach-Zehnder modulator (MZM) [48, 49]. Directly modulated 

lasers and electro-absorption modulators provide a cost effective solution and require less 

electrical power to drive the signals feeding the optical modulator compared to the MZM. 

However, the fact that they usually introduce some chirp into the signal makes them less suitable 

for long-haul transmission [1]. 

Amplitude shift keying (ASK) also known as binary intensity modulation (IM) is the commonly 

used modulation format in the deployed optical transmission systems available today [34, 36].  It 
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is the simplest digital modulation technique where the digital information signal directly 

modulates the amplitude of an analog optical carrier. Amplitude shift keyed signal can be 

expressed as: 

       [1.11] 

where  is the amplitude modulated signal,  A is the amplitude,  is the 

modulating signal,  t is the time and  is the frequency of the carrier signal. 

 

The modulating signal [vm(t)] is a normalized binary waveform, taking values of +1 V for logic 

„1‟ and -1 V for  logic „0‟.The modulated wave VASK(t), is either Acos(ωct)  or  zero. The carrier 

is either „ON‟ or „OFF‟ which is why amplitude shift keying (ASK) is sometimes referred to as 

On-Off Keying (OOK) as shown in figure 2.6.This can be achieved by directly modulating the 

current of the laser source as shown in figure 2.1 or by using an external optical modulator to 

modulate the amplitude of the laser carrier signal, figure 2.3. On-Off keying can also be obtained 

by properly bias a MZM and it swings within Vπ voltage range as shown in figure 2.5 yielding a 

constellation plot shown in figure 2.7. The constellation plot shows two points corresponding to 

the one and zero bits for an ON OFF modulation format. 

 

 

  

 

 

 

 

To date most optical communication systems use the binary amplitude shift keying(ASK) 

modulation format mainly because it is simple and cost effective to implement. However due to 

increase in demand for bandwidth, advanced modulation formats with improved performance 

compared to binary modulations are the potential candidates to meet the ever increasing 

communication demand [33, 35, 49, 50]. 

2.5.2 Differential phase shift keying (DPSK) modulation 

In intensity modulation, digital signals are represented by instantaneous optical power levels. 

Digital signals can also be represented by the phase of an optical carrier and this is commonly 

  

Figure  2.7: OOK constellation diagram [1] 
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referred to optical phase shift keying (PSK). Differential phase shift keying (DPSK) modulation 

format is a promising technique to improve the performance of an optical communication 

systems[6, 35,51]. The main benefits of DPSK signals when compared to the conventional ASK 

format is the high receiver sensitivity due to the 3dB reduction in optical signal to noise ratio 

(OSNR), the extended unamplified transmission reach, reduced optical power requirements and 

the relaxed component specifications [6, 22, 34].   

In phase shift keying (PSK), bit streams are encoded into the phase of the optical carrier 

signal, while the amplitude and the frequency are kept constant. For binary phase shift keying 

(BPSK) formats, the phase takes two values, commonly chosen to be 0 and π. Phase modulated 

signal can be generated using a Lithium Niobate electro-optic crystal, embedded in a MZI 

structure.  

The phase shift induced by the Lithium Niobate crystal is proportional to the refractive index 

change and is linearly dependent on the applied voltage V(t). The input-output relationship of 

such a phase modulator can therefore be simply expressed as:- 

         [1.12] 

where V(t) is the applied external voltage and Vπ is the peak to peak voltage of the 

electrical signal also known as the driving voltage. 

The phase modulated optical signal has a constant power envelope. Figure 2.8 show how a MZM 

is biased at the minimum transmission voltage, point to produce a DPSK modulated signal. 

Bipolar biasing gives an electrical driving signal with an amplitude equivalent to 2Vπ as it 

swings between the two crest points of the MZM structure  [1].  

Achieving phase modulation is not practically straightforward, especially for digital 

signals, since the phase modulated signal is not easily visible, like an intensity modulated signal 

that can be easily monitored on an oscilloscope following detection by a photodiode. Figure 2.9 

shows the constellation plots for a DPSK signal. It is evident on comparing figures 2.7 and 2.9, 

that the DPSK constellation points are further apart by a factor of two which when translated to 

power results in a 3 dB sensitivity improvement for DPSK. 
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However the improved sensitivity comes with increased cost and complexity when it comes to 

practical implementation due to additional components required at the transmitter and receiver 

side [6]. A pre-coder circuit is required at the transmitter and a delay interferometer (DI) is 

required at the receiver. The additional components are called for since the photodetector we 

have on the market cannot directly detect the absolute phase of the signal. There is a need to 

modify the signal prior to transmission and then perform a phase to intensity conversion in order 

to demodulate the transmitted signal. 

  

Figure 2.8: Driving a MZM using a binary electrical signal with amplitude of 2Vπ to 

                   generate a DPSK signal [35] 

Figure 2.9: DPSK constellation diagram [35] 
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A standard DPSK transmission link consists of a continuous wave (CW) laser source, a pre-

coder circuit, a DPSK optical modulator which encodes the data into the phase of the optical 

signal and a DPSK receiver which demodulates the received data as shown in figure 2.10  [6, 

52]. 

 

 

 

 

 

 

 

 

 

A detailed description of each of the components is given in the following sections of this thesis. 

2.5.2.1 DPSK pre-coder and transmitter 

In DPSK the initial information sequence to be transmitted is first transformed into a new pre-

coded sequence. The new sequence often referred to as differentially pre-coded sequence, is 

obtained by coding information into the phase difference between two adjacent symbols.  

Table 2.1: Truth table for an XOR logic gate 

 

 

 

 

 

 

 

As shown in figure 2.10 the data to be transmitted an is first differentially encoded into a new 

sequence bn, which is then used to drive the phase modulator. Table 2.1 is the truth table for the 

differential encoder, showing all the possible phase difference combinations between any two 

bn-1 an bn ∆θ 

0 0 0 0 

0 1 1 π 

1 0 1 π 

1 1 0 0 

Fibre 
Laser 

an bn 

bn-1 

Pre-coder 1010

10 

Phase Modulator 

Transmitter 

Delay 

Coding 

Receiver 

Figure 2.10: Schematic diagram of an optical DPSK transmission setup 
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adjacent bits. There is no phase change on transmitting a “0” bit, while there is a „π‟ phase 

change on sending a „1‟ bit on the pre-coded bit stream bn [6, 52]. The pre-coder differentially 

encodes the original binary bit sequence using a logic XOR gate with a feedback tap with one bit 

delay. It is evident from the truth table, table 2.1, that the output data from the pre-coder is high 

only if the two inputs (  and are not the same. This means there is a π phase change when 

the two adjacent bits are not the same. The pre-coding logic function is best described by the 

following inequality digital logic function:- 

      [1.13]            

where an = [0,1] is the original transmitted data, bn = [0,1] is the pre-coded data sequence 

and  is the XOR logic function. 

 

The encoded data is then transmitted as a bipolar signal, where bn= [-1,1] as shown on the 

biasing of the MZM structure in figure 2.8. Figure 2.11 shows the logic circuit for an XOR gate 

that can be implemented as the pre-coder circuit to match all the possible phase differences 

shown in table 2.1.  

 

 

 

 

    

 

 

2.5.2.2 DPSK decoder 

In a normal PSK modulation format, the demodulation is implemented in a complex coherent 

receiver that uses a local oscillator (LO) laser as a reference signal. In the case of DPSK the 

demodulation is possible without the requirement of using a local oscillator. Instead of the LO 

signal, the incoming signal is mixed with a delayed replica of itself, resulting in a self-homodyne 

differential demodulation scheme also known as interferometric detection. In this scheme, the 

received signal is made to beat with a delayed version of itself in a photodiode. This is equivalent 

bn 

an 

bn-1 

Figure 2.11: Logic circuit for the XOR function 
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to performing phase to intensity modulation (PM-to-IM) conversion in an interferometer prior to 

direct detection in the photodiode [34, 53-55].  

. The critical component of the DPSK receiver is the Mach-Zehnder delay interferometer 

(MZDI) which demodulates the transmitted data. Figure 2.12 shows the schematic diagram of 

DPSK, self-homodyne receiver based on Mach-Zehnder structure. In a self-homodyne MZDI the 

incoming DPSK signal is split into two identical signals. A propagation delay time equivalent to 

one bit period is introduced between the two paths before the two light signals propagating in 

each of the paths recombine in an output 3 dB coupler as illustrated in figure 2.12. 

 

 

 

 

    

 

 

Assuming that the two 3 dB couplers  in the MZDI structure are ideal, the electric field at the two 

outputs couplers can be expressed as:- 

     [1.14] 

and 

     [1.15] 

Considering that the two split signals maintain the same state of polarization, the modulus of the 

electric field is given as:- 

    [1.16] 

    [1.17] 

The input electric field is generally expressed as:- 

        [1.18] 

The power at the output of the MZDI is therefore:- 

 [1.19]  

Eout, 1 

Eout, 2 

Ein 

τ 

 

Figure 2.12: Schematic diagrams for a MZDI to be used in a self-homodyne receiver 
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In phase modulation the signal envelope power is constant, hence . It is 

noted that in a practical MZDI the delay , the bit period and . Therefore 

the powers from the two output ports of the MZDI structure are referred to as constructive and 

destructive outputs. The powers are given in two expressions below. 

      [1.20] 

      [1.21] 

where  ) is the phase difference between the two neighboring bits. 

 

After the MZDI structure, direct detection can be achieved by using a single photodiode (single 

ended detection) to recover the signal by detecting it at one of the interferometer output ports or 

by using two photoreceivers (balanced detection) to receive the signal by detecting the difference 

between the constructive and destructive interferometer output ports [52, 53, 56]. 

The operation of a DPSK system with interferometric detection is illustrated by 

transmitting an input sequence an = [01010011]. The modulation and demodulation processes on 

the bit sequence are considered in Table 2.2. The original bit pattern is recovered after 

differentially encoding, phase modulating and interferometrically detecting it. The MZDI, which 

enables the demodulation of DPSK signals by converting the phase difference information 

between consecutive bits into an intensity modulated signal, is therefore a key component for 

this type of a system. For differential encoding a reference bit is required to initialize the 

encoding process. This reference bit could arbitrarily be set to logic „1‟ or logic „0‟. In the table 

the reference bit bn at instant n = −1 was set to logic „0‟. 
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Table 2.2: Transmitted and recovered bits in a DPSK system [6] 

 

Time instant n 

-1 0 1 2 3 4 5 6 7 8 

Transmitted bits an  0 1 0 1 0 0 1 1 1 

Differential encoded data bn 0 0 1 1 0 0 0 1 0 1 

Bipolar encoder -1 -1 1 1 -1 -1 -1 1 -1 1 

I/P Voltage MZM +/- Vπ -Vπ -Vπ Vπ Vπ -Vπ -Vπ -Vπ Vπ -Vπ Vπ 

O/P electrical Field +/- E +E +E -E -E +E +E +E -E +E -E 

Transmitted phase θ 0 0 π π 0 0 0 π 0 π 

Phase difference   |θ|  0 π 0 π 0 0 π π π 

2.6 High order modulation formats (HOM) 

The amount of traffic carried on optical communication networks has been growing 

exponentially over the past two decades. To meet the ever increasing communication 

requirements, the only cost effective solution might be the deployment of higher order 

modulation formats which are more spectral efficient and makes better use of the capacity of 

currently existing fiber infrastructure. Higher order modulation formats (HOM) coupled with 

dense wavelength division multiplexing (DWDM) are an alternative in  advancing to higher data 

rates [29, 57, 58]. All the different higher order modulation formats implemented to date are a 

result of manipulating the basis amplitude or phase or a combination of both amplitude and 

phase modulation techniques [1, 29, 59,60].   

Higher order modulation (HOM) formats are generally known as M-ary modulation 

schemes since data can be encoded in the M-possible alphabet symbols available to transmit the 

data. The word M-ary is used in analogy to the terms binary, ternary, quaternary etc. Typically 

the data may be encoded on the amplitude, phase and/or amplitude of the optical carrier signal.  

Every signal with M = 2
m 

levels can encode a word of „m‟ bits per symbol. Among the higher 

order modulation formats are the multilevel pulse amplitude modulation (M-PAM), differential 

quadrature phase shift keying (DQPSK), Dual polarization differential quadrature phase shift 

keying (DP-DQPSK) and the quadrature amplitude modulation (QAM), which combines phase 

and amplitude in one scheme [10, 30, 61]. An M-PAM higher order modulation format was 
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chosen and was experimentally demonstrated in this research due to the availability of relevant 

hardware at the NMMU Centre for Broadband Communication (CBC) research unit and the 

potential of the modulation format to be integrated into the already existing optical 

communication structures. 

2.6.1 Multilevel ASK 

Multilevel amplitude shift keying (ASK) commonly known as M-level pulse amplitude 

modulation (M-PAM), where M refers to the number of levels in the signal, is a way of coding 

more than one bit per amplitude symbol. There is need to map the bits into symbols. The 

mapping between binary „m‟ bits values and the “M‟ levels is arbitrary. A popular coding 

scheme is the Gray code, where the mapping rule is that every adjacent symbol differs from its 

neighbors by a single bit of lowest possible weight [55, 57, 62]. 

In recent years, 4-PAM modulation of direct modulated sources has achieved 

transmission rate from 10 Gbps to 40 Gbps [36, 63,64]. It was reported in 2013, that a 50 Gbps 

signal from the VCSEL was polarization multiplexed to a total capacity of 100 Gbps using a 

symbol rate of only 25 Gbaud [28]. In this research a transmission speed of 20 Gbps was 

obtained from a 4-PAM, 2 x 10Gbps electrical signals. The main purpose of the experiments 

demonstrated in this work is not to focus on transmission speeds, but on finding cost effective 

modulation formats with a higher spectral efficiency that can achieve higher data rates but 

maintaining the channel bandwidth of already deployed high speed optical communication 

networks. 

2.7 Optical receivers 

Photodetectors are the back bone of any optical communication system receiver for they convert 

the pass band optical signal back to the baseband electrical signal. In an optical receiver, the 

incoming modulated signal is filtered, amplified, and then applied to the demodulator and 

decoder circuits, which extract the original source information. A good optical communication 

system has higher fidelity, in that the send signal is received with the minimum possible errors 

[65]. The backend of the optical receiver comprises of the photodiode. The photodiode converts 

the optical signal back to the electrical form. There are mainly two types of photodiodes, the 

positive intrinsic negative (PIN) photodiode and the avalanche photodiode (APD), which are 
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used extensively in optical communication systems. To meet the ever increasing transmission 

speed requirements a photoreceiver with high bandwidth and higher sensitivity is required [65-

67]. 

In most deployed optical communication networks, two detection technologies, direct and 

coherent detection are normally used to demodulate the transmitted signal depending on the 

modulation type implemented.  

2.7.1 Detection technologies 

The migration from the traditional ASK modulation formats to higher order modulation formats 

in an attempt to address the rise in demand for communication requirements comes with greater 

complexity and increased cost at the receiver side. The direct detection technique, which is 

insensitive to the state of polarization of the light signal is limited to demodulating only the 

intensity of the incoming signal, its utility is therefore restricted  to one ASK  modulation format 

[24, 68].  Consequently, optical coherent detection is currently a detection technique of choice 

for it is capable of detecting any modulation format and providing a significant improvement in 

the detection sensitivity over direct detection receivers [54, 56, 57, 69]. 

2.7.1.1 Direct detection 

Signal intensities are detected with photodetectors (PDs). The physical process behind PDs is the 

absorption of light with certain quantum efficiency. Each time a photon is absorbed, an electron-

hole current is generated under the influence of an electrical field that is generated from the 

applied voltage. In this way a photocurrent (IP)is generated. The generated photocurrent is 

proportional to the incident optical power (Pin). 

The electric field of an optical signal is defined as:- 

     [1.22] 

with is the amplitude and the initial phase of the signal. 

Photodetectors are square law detectors [22].They convert the incident optical power (Pin) into an 

electric current and they convert the incident electric field by a square law into an electrical 

power. 
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In a direct detection scheme, the detected photocurrent Ip is given by: 

    [1.23] 

The electrical power generated in the detector with the Ohmic resistor is then given by [67]: 

         [1.24] 

Where R is the resistance and is the receiver responsivity,  electrical permittivity           

and is the carrier mobility. 

It is clear from the above equation that the directly detected power only carries information about the 

intensity/amplitude of the signal and has no information about the phase and/or state of 

polarization of the received signal. This makes direct detection to be restricted to only On-Off 

modulation format. 

2.7.1.2 Coherent detection 

The benefits of coherent detection schemes have been exploited on demodulating higher order 

modulation formats [12, 48]. Digital coherent receivers with data rates of up to 100 Gbps and 

beyond based on dual-polarization quaternary phase shift keying (DP-QPSK) and digital signal 

processing (DSP) have become a reality [70-72].  

The basic idea of a coherent detector is to mix the received signal coherently with another 

continuous optical wave signal before directing it in a photodetector. The continuous optical 

wave is generated locally at the receiver by using a narrow linewidth laser, known as a local 

oscillator (LO).The optical field of the modulated signal is expressed as: 

     [1.25] 

The optical field associated with the local oscillator is given by: 

    [1.26] 

where  are the amplitude, the frequency and the phase of 

the transmitted and local oscillator optical signals respectively.  

 

Assuming that the two fields have identical polarizations, the photodetector measures the total 

field, which is the resultant field of the modulated signal and the local oscillator after mixing, 

and is given by : .  
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The final expression for the photocurrent for a coherently detected signal has three parts:- 

 

[1.27] 

 

The high frequency components should be filtered out since they are beyond the frequency 

response of the detector. We are left with the constant DC component term and the beating term.  

A more convenient form is obtained, when converting the field amplitudes back into 

signal powers. This then leads us to. 

    [1.28] 

Considering only the AC-coupled output of the photodiode and assuming that PLO >> Ps, the 

above equation simplifies to:- 

     [1.29] 

From equation 1.29, the advantages of using a coherent detection scheme are clearly seen and the 

signal information can be retrieved from the amplitude (Ps), frequency (ωs) or phase (φs) of the 

optical signal [34, 73]. Depending on the frequency offset between the received signal and 

optical signal from the LO, coherent detection can be implemented in two flavors known as 

homodyne and heterodyne schemes[67]. In homodyne coherent detection, the intermediate 

frequency is given by . For a heterodyne coherent detection scheme, the 

intermediate frequency is not equals zero ( ).  
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2.7.1.3 Coherent detection with an optical hybrid 

Optical equipment manufacturing companies have designed a passive optical receiver that can 

demodulate data capacity beyond the legacy universal On-Off system. An optical hybrid receiver 

which is compatible with higher order modulation formats is a candidate for demodulating the 

current high data rates and is a potential candidate for the next generation high speed optical 

communication networks [74]. An optical hybrid is in principle a six-port device (two inputs and 

four outputs) consisting of linear dividers and combiners interconnected in such a way that four 

different vector additions of a reference local oscillator (LO) signal and the signal to be detected 

are obtained [74]. The levels of the four output signals are detected by balanced photoreceivers. 

Applying suitable baseband digital signal processing algorithms, the amplitude and phase of the 

unknown signal can be determined[58].The schematic diagram for an optical hybrid receiver that 

can be used in a coherent detection setup is shown in figure 2.13. 

 

 

 

 

 

 

 

 

 

 

The four detectors are arranged to detect and demodulate the complex quadrature signal in a 

balanced detection setup[52]. The in-phase detectors will output:- 

       [1.30]  

          [1.31] 

On the other hand the quadrature detectors will output:- 

          [1.32] 

          [1.33] 

Figure  2.13: 90 degree optical hybrid receiver for coherent detection setups 
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The generated photocurrents are similar to the one deduced in equation [1.28] and are 

independently given as: 

 [1.34] 

   [1.35] 

   [1.36] 

   [1.37] 

Balanced detection comes with the benefit of passively amplifying the signal as seen upon 

subtracting equation [1.34] from [1.35] and [1.36] from [1.37], reproducing the in phase and 

quadrature components of the transmitted signal. 

      [1.38] 

      [1.39] 

The detected photocurrents from the three detection modalities, direct detection, single 

photodiode coherent detection and balanced coherent detection are detailed below considering 

only the AC components. 

Direct detection:        [1.40] 

 

Single photodiode coherent detection:   [1.41] 

 

Balanced coherent detection:    [1.42] 

The detected current components from a balanced detection setup, equation [1.42] are more by a 

factor of two when compared to single photodiode detection in equation [1.41] and is more by a 

factor of four compared to the direct detection scheme, equation [1.40]. The increase in the 

generated photocurrent in a coherent detection scheme comes with the improved receiver 

sensitivity, increased unamplified transmission reach and more tolerance to transmission 

impairments [57, 74, 75]. The availability of the in phase and quadrature signals allows 

demodulation of higher order modulation formats by driving information from both the 

amplitude and phase of a complex signal. 
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In summary, this chapter has given an insight into the transmitter and receiver section of 

an optical communication link and their respective technologically advances. The chapter opened 

with an explanation on the performance parameters of a high speed optical communication link, 

which included channel capacity, spectral efficiency and receiver sensitivity. The main 

modulation technologies, direct modulation and external modulation with emphasis on electro-

absorption and Mach-Zehnder modulators were discussed. The different digital modulation 

formats, amplitude shift keying, phase shift keying and frequency shift keying and how they are 

integrated to come up with higher order modulation formats was also a subject of discussion in 

this chapter. The chapter concludes with a detailed discussion on the different detection 

technologies to properly demodulate data from the several modulation formats. The two main 

detection schemes discussed are direct detection and coherent detection. The next chapter will 

highlight on the transmission impairments and the digital signal processing procedures used to 

monitor and evaluate the performance of the entire optical communication link. 
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Chapter 3 

3 Signal transmission in an optical fibre and digital signal processing 

3.1 Introduction 

This chapter gives an account of the different fibre transmission impairments and the relevant 

digital signal processing (DSP) techniques for signal recovery and link performance stability 

evaluation. Linear fibre impairments, chromatic dispersion (CD) and polarization mode 

dispersion (PMD) are explained with emphasis on how they negatively impact on the bit error 

ratio (BER) performance of an optical communication link. Inter-channel self-phase modulation, 

together with intra-channel effects of cross phase modulation and four-wave-mixing are the 

nonlinear effects discussed in this chapter. The chapter ends with a discussion of digital signal 

processing (DSP) techniques used as a tool for signal recovery and overall optical link 

performance evaluation through bit error ratio (BER) computations. The bit for bit and quality 

(Q) factor DSP techniques and their capabilities to evaluate signals from different modulation 

formats conclude the chapter. 

3.2 Benefits of an optical fibre as a transmission medium 

Optical fibres which were intensely studied and implemented starting in the 1970s are the 

transmission medium of choice in a high speed optical communication link. Data transmission in 

an optical fibre that allows bundling together all the  communication service requirements, such 

as telephone, video, television and mobile data  at high speed in both  enterprise and service 

provider networks comes with advantages of [76]:  

 Great  transmission capacity i.e. high bandwidth 

 Low loss in the order of 0.2 dB/km 

 Low signal distortion and dispersion       

 Signal immunity to electromagnetic interference 

 High signal security 

Depending on the type of application and the reach to be achieved, optical fibres have been 

divided into two categories, namely single mode fibre (SMF) and multimode fibre (MMF). SMF 

allow one mode of propagation whereas the MMF supports several modes.  
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The major differences between the two categories are the variations in the transmission range, 

the number of different wavelengths or channels at which the light is transmitted and lastly the 

speeds at which those signals can travel [66, 77]. In optical communication, most SMFs operate 

in the 1310 nm and 1550 nm windows with minimum attenuation and are used for long reach 

transmission. On the other hand MMF which are designed for short range reach operate  in the 

850 nm and a few at 1310 nm  transmission window [66]. 

3.3 Basic signal propagation equation 

 An optical fibre is a waveguide (optical wire) used for transmission of an optical signal that 

carries the information. The goal of a communication system is to propagate a signal from the 

transmitter to the receiver with minimum distortion, so that the signal at the receiver will be 

identical to the transmitted signal. Figure 3.1 below shows the geometry of the optical fibre and 

how the optical signal propagates along the z axis of the core of the fibre. 

    

 

 

 

 

The complex notation of the electric field E(r,t) of the optical signal propagating inside a single 

mode fibre is given by: 

   [3.1] 

The term  represents the spatial profile of the fibre mode and  is the polarization unit 

vector. The pulse amplitude , which is independent of x and y leaves us with the task of 

solving a simple one dimension equation showing the variation of the pulse amplitude along the 

z axis as a function of time [1]. 

y 

x 

z 

Cladding 

Core 

Figure 3.1: Geometry of an optical fibre 
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3.3.1 General pulse propagation equation 

The quality of the signal degrades as it propagates along the fibre due to transmission 

impairments along the link. The general pulse envelope as the signal propagates along the fibre is 

expressed as: 

      [3.2] 

A is the electric field, α is the attenuation coefficient, β are the dispersion parameters, γ is the 

nonlinear coefficient, z and t are the propagation direction and time, respectively [23, 78]. The   

term corresponds to the constant delay that the pulse experiences along the fibre during propagation, 

but has no effect on the quality of the overall signal and therefore can be neglected. 

3.3.2 Non-linear Schrodinger equation (NLSE) 

The third order   dispersive effects are practically negligible and are not considered. Hence 

setting the first and third order dispersive terms to zero in equation 3.2 gives: 

        [3.3] 

The solution to the nonlinear Schrodinger equation [3.2] whose behavior is governed by the 

existence of the nonlinear parameter is obtained after setting the attenuation parameter α = 0. 

Each of the two terms (α and  mentioned in equation 3.2 describe both the linear and nonlinear 

impairments that cause signal distortion and need to be compensated for if error free 

transmission is to be achieved [23]. 

3.4 Transmission impairments 

An optical fibre is often mistaken for a perfect transmission medium with almost limitless 

bandwidth, but in practice the propagation through an optical fibre is beset with several 

limitations especially as distance is increased to multi-span amplified systems. As the 

transmission systems evolved to longer distances and higher bit rates, the linear effects, which 

are attenuation and dispersion become important limiting factors [76]. The degree to which fibre 

impairments are compensated for determines the transmission capacity of an optical fibre 

transmission systems [79]. 
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3.4.1 Attenuation 

Attenuation causes the decay of signal strength or loss of light power as the signal propagates 

along the fibre. Attenuation in optical fibres is caused by both intrinsic and extrinsic factors. 

Intrinsic factors include scattering and material absorption, whereas extrinsic factors which are 

waveguide related include stress from the manufacturing process, environmental and physical 

bending. 

Considering only the effects of attenuation α and neglecting the effects of chromatic 

dispersion (CD) and Kerr nonlinearity γ, equation [3.2] can be solved to give: 

 

         [3.4] 

Where α is the attenuation coefficient with units of dB/m. 

It is important to note from equation 3.4 that the attenuation increases exponentially with 

increasing transmission distance. 

The attenuation coefficient (also known as fibre losses) is expressed in dB/km using the 

relation:- 

           [3.5] 

where α is the attenuation coefficient,  PT and P0 are the transmitted optical power and 

launch optical power respectively. 

  

Multiple contributions to an overall transmission value arise from intrinsic fibre material 

properties as well as attenuation mechanisms associated with fibre fabrication. The different 

processes add to the observed reduction in transmitted power PT through contributions to the 

magnitude decrease and wavelength dependence of the total attenuation coefficient αtotal. 

Optical absorption involves the direct transfer of energy from the propagating light beam 

to the material structure, resulting in the excitation of the material to a higher energy state. The 

phase velocity  of radiation at a specific frequency in a specific material is related to the 

refractive index of the material by the following expression [23]. 

           [3.6] 

where   is the group refractive index and c is the speed of light 
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The group velocity refractive index can be written in terms of the wavelength dependence of the 

refractive index as:- 

          [3.7] 

The attenuation coefficient therefore is expressed as:- 

         [3.8] 

where α(ω) = absorption coefficient  

 Equation 3.8 gives the relationship between the absorption coefficient and the group refractive 

index of the material. Evaluation of equation 3.4 indicates that the absorption coefficient 

contributes directly to the output power observed through its participation in the overall 

attenuation coefficient, αtotal. The material composition and specific structural characteristics 

directly impact the optical absorption observed at a particular wavelength of light. 

 

   

Figure 3.2: Absorption in optical fibre [69] 

Figure 3.2 illustrates the variation of attenuation with wavelength taken over an ensemble of 

optical fibre cable material type (silica in this instance). Three principal windows of operation 

are shown in figure 3.2 labeled in a light blue colour.  Depending on the optical frequency range, 
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a window corresponds to a certain attenuation region and matches the ability of a transmitter to 

generate light efficiently and the receiver to detect it correctly. 

 

• The first window which was used in the late 1980‟s with frequency centered at 850 nm 

with typical values of attenuation of 2 to 3 dB/km[23]. 

•  Second window („0‟ band) centered around 1300 nm with typical values of attenuation of 

0.4 to 0.5 dB/km. 

•  Third window that corresponds to the “C” and “L” band is centered around 1550 nm 

with attenuation of 0.2 to 0.25 dB/km  [26, 77]. 

3.4.2 Chromatic dispersion (CD) 

Chromatic dispersion (CD) is the time domain broadening of the signal pulse width due to 

dependence of the refractive index of the material of the fibre on the wavelength of the optical 

carrier signal. On transmitting digitized pulses, they are converted into broadened Gaussian 

pulses. Chromatic dispersion (CD) effect is due to the non-existence of an optical source with a 

single wavelength output, rather they emit a narrow range of wavelength (a band of spectral 

width). Dispersion leads to distortion or degradation of the signal quality at the output due to 

overlapping of the pulses (inter-symbol interference), causing an increased bit error ratio        

[66, 80]. Figure 3.3 shows the phenomena of chromatic dispersion which will lead to 

introduction of errors in an optical transmission link due to pulse broadening. 

 

Figure 3.3: Dispersion effect in an optical fibre [71] 

Removing the effects of attenuation and nonlinear effects, equation [3.2] transforms to a linear 

system that corresponds to an optical transmission link of low power. 

           [3.9] 

where β2 is the group - velocity dispersion (GVD) parameter often called dispersion.  
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Group-velocity is the traveling speed of a light pulse in the fibre and it is a function of frequency 

ω, therefore different spectral components of the signal travel at different group velocities 

leading to the CD. 

An analytical solution of equation 3.5 is much simpler in the frequency domain using the Fourier 

transforms and is given by: 

         [3.10] 

The above solution shows that in the frequency domain the chromatic dispersion brings a 

distortion on the phase of the signal spectrum without changing the total spectral power 

distribution and at the end of the propagation the resultant pulse is broadened. The group velocity 

dispersion (GVD) parameter β2 gives the time delay between two different spectral component 

separated by a certain frequency interval and it has units s
2
m

-1
. Usually the dispersion is 

measured with the dispersion coefficient D defined as: 

           [3.11] 

D gives the time delay between two different spectral components separated by a certain 

wavelength interval and it has units ps/nm.km. Dispersion length, which is the propagation 

distance after a Gaussian pulse is broadened by 40 %, is given by:  

           [3.12] 

where τp is the pulse half width  [78]. 

3.4.3 Chromatic dispersion compensation 

Dispersion compensation is one of the most important features required in optical fibre 

communication systems because its absence will lead to pulse spreading, that causes the output 

pulses to overlap thereby increasing the bit error ratio [66, 81]. Different chromatic dispersion 

compensation techniques have been implemented in optical networks. Chromatic dispersion can 

be compensated at three different points within an optical communication system, at the 

transmitter, within the transmission medium or at the receiver. Various dispersion compensation 

techniques to include the use of  dispersion compensating fibres (DCF), electronic dispersion 

compensation (EDC), fiber Bragg grating (FBG) and digital filters were studied and 

implemented [81]. 
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DCF is an in-line CD compensation technique, in which a loop of fibre having negative 

dispersion equal to the dispersion of the transmitting fibre is inserted at either the beginning (pre-

compensation techniques)or end (post-compensation techniques) of an optical communication 

link. Pre-compensation is preferred as it is robust to non-linear phase noise [82]. Another 

technique that can be implemented, is dispersion managed (DM) cables also known as reverse 

dispersion fibre (RDF) that is based on mixing in each individual span a positive dispersion fibre 

and a negative dispersion fibre that cancels the overall dispersion and has the advantage of 

reducing the effects like, four wave mixing (FWM) and cross phase modulation (XPM). 

 Electronic dispersion compensation (EDC) is a post-compensation technique that 

involves electronic correction and equalization of the signal at the receiver. More recent and 

advanced techniques make use of forward error correction to recover the correct signal at the 

receiver [66]. In the digital domain, digital signal processing techniques can also be used to 

compensate for chromatic dispersion in optical communication networks. 

Fibre Bragg grating (FBG) is an all-optical passive device that is used for chromatic dispersion 

compensation by recompression of the dispersed optical signal. In this technique, chirped fibre 

grating (CFG) is preferred. CFG is a small all-fibre passive device with low insertion loss that is 

compatible with the transmission system and CFG‟s dispersion can be easily adjusted [81, 83]. 

CFG should be located in-line for optimum results but come with complexity on its design. 

 Digital filters using Digital Signal Processing (DSP) can be used to compensate for 

chromatic dispersion. They are important for they provide fixed as well as tunable dispersion 

compensation for wavelength division multiplexed systems [81, 83]. 

3.4.4 Polarization mode dispersion (PMD) 

In long haul transmission link, standard single mode fibres (SSMF) are used. As the signal 

propagates along the fibre it experiences polarization mode dispersion (PMD) in addition to the 

chromatic dispersion. Polarization is a wave phenomenon of light as it travels in a medium with 

its two components, the fast axis and slow axis, at right angles to each other. An optical fibre has 

a different index of refraction for each of those components of the light wave, which is called 

birefringence. 

The propagating electric field in the fibre is described as a single mode comprising of two 

degenerate modes and each of the modes correspond to an orthogonal polarization state. The 
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degeneration is due to the cylindrical symmetry of the optical fibre. A practical optical fibre 

however is not perfectly cylindrical due to some mechanical stress, tension and temperature 

fluctuations along the link. The presence of the imperfections exposes the two modes to varying 

refractive indices making the fibre to exhibit   birefringence property. The birefringence makes 

the two modes to travel at different group velocities thereby arriving at the receiver at slightly 

different times leading to errors in the detected signal. Figure 3.4 shows how the signal gets 

distorted due to PMD [16, 84]. 

 

 

Figure 3.4: Illustration of PMD in an optical fibre [71] 

The magnitude of PMD in a fibre is expressed as the difference in arrival times, which is known 

as the differential group delay (DGD) expressed as Δτ. The state of polarization varies during the 

propagation, and hence PMD is stochastic in nature as a result of the randomness of its origin. In 

an optical fibres, mode coupling enables transfer of energy from one ideal mode to another 

during propagation. Mode coupling can be induced by random or intentional external 

perturbations, bends and stresses leading to the statistical nature of PMD. 

The total DGD is given by: 

           [3.13]  

Where Dg is the PMD coefficient and its typical value is in the range between0.1 and 1 

ps/km. 

3.4.5 Polarization stabilization in optical fibres 

Polarization mode dispersion (PMD) is an important linear phenomenon occurring inside an 

optical fibre, which can cause the optical receiver to incorrectly interpret the received signal 

resulting in high bit error ratios. Polarization  state of an optical signal as it propagates  along a 

fibre varies over time in an unpredictable manner [85]. Some active polarization stabilization 

techniques are required to keep an accurate correlation between the state of polarization of the 
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light at the input and output of the fibre. Dynamic polarization control, using a fibre squeezer or 

arranged wave plates with fixed orientation and variable retarders were used to control 

polarization fluctuations [66]. In the recent past polarization stabilization was achieved by using 

special types of fibre known as polarization maintaining fibres (PMF). PMFs are designed to 

maintain a particular state of polarization throughout the fibre portion. In the digital domain, 

digital signal processing algorithms were developed to compensate for the effects of PMD in an 

optical communication network [75, 86-88]. 

3.4.6 Nonlinear effects (NL) 

The nonlinear effects in an optical fibre is a result of either the intensity dependence of the 

refractive index of the medium or due to inelastic scattering phenomenon [89]. The origin of the 

nonlinear response comes from the interaction of the electromagnetic  field  with silica electrons 

that make up the fibre [78]. There are two nonlinear scattering phenomenon in fibres and both 

are related to vibrational excitation modes of silica. These phenomenon are known as stimulated 

Raman scattering (SRS) and stimulated Brillouin scattering (SBS). The fundamental difference is 

that, the optical phonons participate in SRS while SBS is through acoustic phonons. As a result 

of this difference, SBS occurs only in one direction i.e. backward while SRS can occur in both 

directions-forward and backward [89]. 

A solution to the NLSE in the absence of the chromatic dispersion coefficient is given by: 

         [3.14] 

where P0 has information about the pulse peak and  is the nonlinear phase shift 

given by: 

     [3.15] 

The power dependence of the refractive index is responsible for the Kerr-effect. Depending upon 

the type of input signal, the Kerr-nonlinearity manifests itself in two main categories namely 

intra-channel and inter-channel nonlinear effects. The intra channel deals with the nonlinear 

effects of a single channel on itself, a phenomenon called self-phase modulation (SPM). SPM 

brings a widening of the spectrum while the shape of the pulse remain unchanged, resulting in 

the interference of the signals within the same channel. On the other hand inter-channel 

nonlinearity deals with the effects due to neighboring channels. These manifests mainly in a 
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wavelength division multiplexing system were several signals are transmitted at different 

wavelengths and neighboring channels interfere with each other, yielding cross-phase 

modulation (XPM). The presence of different wavelengths within the same fibre will also result 

in the signal interfering, generating new frequencies, a phenomena called four wave mixing 

(FWM) [23, 78, 87,89]. 

3.5 Power budget in an optical communication link 

In an optical communication link, there are gains and losses encountered as light pulses 

propagate along the entire link. A system power budget is the most important task in the design 

of an optical fibre link to determine the maximum range of the transmission path. This helps to 

find the optimal parameters of transmitting and receiving devices to ensure proper signal 

transmission [26, 66, 90]. 

The power budget is the difference between the output power of the transmitter and the 

input power requirements of the receiver. The receiver has an operating range determined by 

receiver sensitivity at an acceptable BER threshold of 10
-9

. The available power to budget on is 

given by:  

       [3.16] 

where is the available power to budget (dBm),  is the receiver sensitivity (dBm), 

and  is transmitter output power (dBm),  are the channel losses to include fibre and 

connection losses (dBm).  is the channel gain mainly from amplifiers and  is the 

system margin, which is power loss due to components aging and degradation. 

3.6 Digital signal processing (DSP) 

The transition to higher data rates in a  long-haul optical communications systems, witnessed in 

the last few years, is due to the gradual adoption of spectrally efficient multilevel modulation 

formats in conjunction with digital signal processing (DSP) algorithms at the receiver [57, 91]. 

When a light signal propagating in an optical fibre channel arrives at the receiver, the optical to 

electrical signal conversion can significantly slow down the overall transmission speed within 

the link. The recent advances in electronic processing capability have made possible the 

extensive signal processing at the highest commercial data rates. By using electronic digital 

signal processing we can replace expensive optics with inexpensive electronic processing 
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circuits[92]. Digital signal processing is a group of techniques and algorithms that are optimized 

to deal with high speed numerical operations or analysis of signals, in either discrete or 

continuous time, to perform useful operations on those signals. In most cases, these signals 

originate as sensory data from the real world physical phenomena such as  sound waves, seismic 

vibrations or visual images [91, 93]. 

Optical communication systems are currently undergoing a real technological revolution 

through the use of digital signal processing (DSP) techniques for improving the accuracy and 

reliability of the optical the links [55, 91, 94, 95]. Digital signal processing (DSP) algorithms 

have been studied to compensate for physical layer impairments in optical fibre communication 

systems. The physical layer impairments investigated include optical fibre chromatic dispersion 

(CD), polarization mode dispersion (PMD) and the nonlinear effects. At the receiver end the 

DSP technique was also studied for tracking light sources frequency shifts, phase offset and 

phase noise [17, 78, 87, 96].  

Recent advances in DSP techniques were the major drivers in the rebirth of high spectral 

efficient transmission capacity with coherent detection, in optical communication networks. The 

major previous obstacles to manage the phase and state of polarization of the optical signal are 

now realized in the electrical domain using DSP techniques. Moreover, coherent detection in 

conjunction with DSP techniques  have made it possible to  compensate for  optical fibre  

transmission impairments, opening up new possibilities that will likely shape the future of optical 

transmission technology [84]. 

3.7 Digital signal processing based coherent receiver 

3.7.1 Digital carrier phase estimation 

In a coherent detection scheme shown in figure 2.13, the coherently detected signal is given by: 

        [3.17] 

where the optical carrier phase is the phase of the transmitter laser referenced to the 

local oscillator (LO) and the data phase and takes one of the four 

values:  . 
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Phase locking in the hardware domain can be replaced by phase estimation in the software 

domain using DSP technique. Figure 3.5 shows a schematic diagram of the algorithm for DSP 

based phase estimation.  

 

 

 

 

 

 

 

 

The complex received signal is digitized by using an analog-to-digital converter (ADC) and 

processed in the software domain by using DSP techniques[84]. The received signal is raised to 

the fourth power to eliminate the data phase and to give the phase drift between the local 

oscillator and the transmitter laser. 

   

    [3.18] 

 

It is noted that, for all the possible values of and as a result the power 

operation strips off the data phase. The carrier phase can then be computed and subtracted from 

the phase of the received signal to recover the data phase and the actual transmitted bits as shown 

in figure 3.5. 

In our work DSP techniques were used mainly at the receiver end of the optical 

communication link for signal filtering to remove power line noise, for signal sampling and 

reconstruction and finally for the overall link performance monitoring through bit error ratio 

(BER) measurements. These developed techniques are very useful because of their stability in 

error detection, correction and their reduced vulnerability to noise and to system aging effects. 

3.7.2 DSP algorithms for optical communication system performance evaluation 

At the receiver end of an optical communication link, the pass band optical signal is down 

converted to the baseband original electrical signal. During transmission the signal quality is 

degraded due to linear and nonlinear impairments in the fibre and noise added at the receiver. 
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Figure 3.5: Phase estimation algorithm 



45 
 

DSP techniques are implemented to reconstruct  and accurately estimate the system bit error ratio 

(BER) by collecting the statistical distribution of the received analogue data samples [97]. The 

bit error ratio (BER) performance of an optical communication system is a figure of merit that 

allows different designs to be compared in a fair and consistent manner. 

In the following sections, two DSP techniques to evaluate the optical communication link 

performance are discussed. The studied evaluation methods are bit for bit and the quality (Q) 

factor technique. The DSP techniques were developed and implemented in MATLAB (Matrix 

laboratory) a fourth generation programming language, to evaluate the optical link performance.  

3.7.3 Bit for bit BER calculation  

Ideally, the desired and ultimate goal in optical communication systems is to transmit a signal 

overlong lengths of fibre, at high bit rates and receive it error free. In practice the upper limits of 

transmission length and bit rate are a result of the possibility of an unacceptable number of errors 

in the received signal [98, 99]. When designing an optical communications system, BER is a key 

objective of the system design and is a measure of success. BER is affected by the link speed, its 

power, the distance and the amount of noise among other factors. 

BER is defined as the ratio of the bits received in error to the total transmitted bits in an 

optical transmission system. This can be directly translated into the number of errors that occur 

in a string of a stated number of bits [98, 100].  

 

        [3.19] 

 

The above relationship suggests that the rate at which transmitted „1‟ and „0‟ bits are received in 

error is calculated by simply comparing the transmitted sequence to the received sequence on a 

bit for bit bases. However BER measurement is not a trivial process. It requires sophisticated and 

expensive equipment or complex DSP algorithms to achieve accuracy, particularly at high bit 

rates. 

The bit for bit BER measurements techniques gives the most accurate results at a cost of 

longer computational times and larger data storage space. In a 10 Gbps data sequence, there are 

10
10

 bits of data within one second and large memory size is required to process these data 

through DSP. Such huge storage space is a constraint in the sampling oscilloscopes that we 

experimentally use as analogue to digital converters (ADC). 
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3.7.4 The Q factor technique for BER measurements 

The rapid growth in demand for communication has necessitated an upgrade in the transmission 

capacity of an optical communication system. This should be coupled with a more time efficient 

but reliable method to estimate the BER of  the system [30, 33, 98]. A statistical method, which 

uses the analogue parameters of the signal to compute the fidelity of the recovered baseband 

signal, is a suitable alternative. The Q-factor is a parameter that directly reflects the quality of a 

digital optical communication signal. The higher the Q-factor, the better the quality of the optical 

signal [101, 102]. The Q-factor is the optical signal-to-noise ratio (OSNR) of the analogue signal 

and it gives a measure of the propagation impairments caused by optical noise, non-linear 

effects, polarization effects and chromatic dispersion [62, 103-105]. 

3.7.4.1 The Q factor technique for a two level system 

The decision circuit in a fibre optical communication receiver, demodulates the signal by 

comparing the sampled voltage, V(t), to a reference value, VTH called the optimum decision 

threshold. An assumption is made that the additive white Gaussian noise (AWGN) is the 

dominant cause of erroneous decisions, and then the statistical probability of making such a 

decision can be calculated. To determine the probability of error we need to know the signal 

probability distribution functions (PDF) for the „zero‟ and „one‟ levels i.e. the probability that the 

sampled signal level will fall below or above the decision threshold. 

According to figure 3.6 the badly received bit is the overlapping region between PDF of 

zero symbol and one symbol. 
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Figure 3.6:  Probability density function for (a) balanced two level (b) unbalanced two level 

                   systems [101]. 

 

The total probability that a „0‟ bit is recorded in error as a „1‟ bit, is the area under the 

probability distribution function (area A) and is given by:    

        [3.20] 

Also the total probability that a „1‟bit is recorded in error as „0‟ bit is the area under the 

probability distribution function, (area B) given by: 

        [3.21] 

where  , x = V(t) and  are the standard deviation for „0‟ and „1‟ level, the 

received signal voltage and the threshold value respectively for the balanced case where 

 .  

For the unbalanced case ), as shown in figure 3.5 (b), the threshold value is not 

half way between the two symbols. This represents a more general and practical PDF for both 

the zero and one level and are expressed as:- 

 

 

a b 
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       [3.22] 

and 

       [3.23] 

The bit error ratio (BER) is determined by two factors:- 

(i) The standard deviations of the noise for the zero (low) level (σL) and one (high) 

level (σH) and  

(ii)  The voltage difference between the zero level (VL) and one level (VH).  

The above parameters relate to give the quality factor (Q- factor). The Q-factor defines the 

optical signal-to-noise ratio (OSNR) for a binary optical communication system and is expressed 

as: 

         [3.24] 

The above expression shows a way of representing the quality factor for both the zero and the 

„one‟ level. The Q factor can also be written as: 

           [3.25] 

The analytical solutions to equations 3.22 and 3.23 are found by taking the normalized Gaussian 

function and introducing: 

           [3.26] 

Substituting equation 3.24 and 3.26 into equation 3.22 gives the well-known error function 

(erfc). 

     [3.27] 

The same procedures can be applied to equation [3.17] to give: 

    [3.28] 

Therefore the total BER for a two level system is given by: 

    [3.29] 

         [3.30]  
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Equation 3.30 combines BER associated with the high and low levels into an overall system 

BER. This form of the Q factor simplifies both the measurement of BER and the calculation of 

the overall theoretical BER due to additive random noise [33, 102].  

3.7.4.2 The Q factor technique for an M- array system 

An M-array is a multilevel baseband signal with M signal levels or symbols.  It is a more spectral 

efficient modulation format where each symbol will be carrying m bits given by: 

        [3.31] 

In such a system there are M-1 threshold values. The above PDF procedures can be done at each 

threshold value on a multilevel system to determine the BER.  

Consider a four level system with three threshold values. The total BER is calculated as 

follows: 

         [3.32] 

The same reasoning can be applied to any M -array level signal by setting the M-1 threshold 

values before calculation the BER [33, 62,106]. 

 This chapter was dedicated to analyze the transmission impairments that arise as the 

optical signal propagates along the fibre. Both linear and nonlinear impairments were discussed. 

Detailed accounts were given on the effects of attenuation, chromatic dispersion (CD) and 

polarization mode dispersion (PMD). Different methods to mitigate the different impairments 

were also explained in detail. The last part of the chapter highlighted on digital signal processing 

(DSP) algorithms that were developed to recover both coherent and direct detected signals. The 

chapter ends with a discussion on the different performance evaluation techniques that were 

developed in the DSP domain namely the bit for bit and the quality factor technique. The next 

chapter is the first results chapter on both simulations and experimental work. The chapter will 

give a performance comparison between amplitude shift keying (ASK) and differential phase 

shift keying (DPSK) modulation formats. 
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Chapter 4 

4 Differential phase shift keying (DPSK) and Amplitude shift keying (ASK) 

modulation formats in a high speed optical communication system 

4.1 Introduction 

Fibre optical communication systems form the back bone of high capacity transport 

infrastructure that enables global ubiquitous broadband data services and advanced internet 

applications[30]. In modern optical communication systems, modulation format has a great 

impact on system performance and reliability [43, 107]. Among the different modulation formats 

implemented to date, they all share the same basic motive to improve the transmission fidelity, 

increase the data rate and increase the transmission distance between stations [38]. Most of the 

higher order modulation formats that have been intensively studied and implemented are 

derivatives from ASK modulation technique [6, 7, 33, 35, 68]. In recent studies a transmission 

speed of 50 Gbps has been achieved using a directly modulated vertical cavity surface emitting 

laser (VCSEL) [35]. In this chapter differential phase shift keying (DPSK) and amplitude shift 

keying (ASK) are discussed. The transmitter and receiver for each modulation format are 

discussed in detail in the proceeding sections. Digital signal processing (DSP) assisted receiver 

circuits were designed and implemented to evaluate the performance of the high speed optical 

communication system. The comparative performance of the two modulation modalities were 

demonstrated using virtual photonics instruments (VP1) simulation software. In a differential 

phase shift keying (DPSK) modulated signal, the optical power is the same for all transmitted 

bits  and the separation between  the transmitted symbols is  large, making the technique more 

tolerant to the effects of dispersion in the link compared to ASK  format [46, 68, 108]. An 

experimental demonstration to validate the reliability of the DSP aided receiver was performed 

using the ASK modulation format. Possible applications of the two modulation formats in 

different optical communication systems are highlighted. 

 

 

 

 



51 
 

4.2 Experimental and simulation design procedure 

In the following sections of the research work, both experimental and simulation results for a     

10 Gbps non-return-to-zero, amplitude shift keying (NRZ-ASK) scheme and differential phase 

shift keying (DPSK) modulation scheme are presented. The need to establish a performance 

comparison of the different modulation formats, virtual photonic instruments (VPI) simulation 

software was used. Phase modulators which are not available for experimental demonstration in 

the Centre for Broadband Communication (CBC) at NMMU, could only be investigated through 

a simulation.VPI software provides a powerful simulation environment for it has different 

modules emulating various components in a real experimental setting. These modules are briefly 

describes for the two modulation formats. 

 The transmitter module has a pattern generator, that will generates different pseudo-

random bit sequences (PRBS) and a laser whose output is modulated by a NRZ electrical bit 

pattern generating „1‟ and „0‟ level states for the “On Off” keying modulation format. A 

universal fibre module with adjustable parameters such as attenuation, dispersion coefficient, 

effective area, nonlinear effects constants and length is used as the transmission medium. The 

other important modules are the optical attenuator, power meter and the signal analyzer that can 

be used to visualize the signal at different points along the link. The receiver module constitutes 

a photodetector (positive intrinsic negative (PIN)) or avalanche photodiode (APD) in addition to 

the bit error ratio (BER) estimation module. 

 Differential phase shift keying (DPSK) is a binary modulation format and is another 

alternative primary building block in the architecture of spectral efficient higher order 

modulation formats [68, 96, 109]. A DPSK transmission module comprises of an optical 

source(continuous wave, distributed feedback (DFB) laser source), a non-return to zero (NRZ) 

electrical binary data stream, precoder circuit and an externally modulated Mach-Zehnder 

modulator which encodes the electrical data onto the phase of the optical signal. A precoder is a 

requirement in the transmitter module to generate a new data sequence (differential coded data), 

using an XOR gate as explained in chapter two. 

The DPSK receiver at the end of the link demodulates the transmitted data back to its 

original electrical form. An optical DPSK receiver decodes an optical differential phase shift 

keyed signal to an intensity keyed signal in an optical fibre communication network. The most 

important component in the receiver module is a Mach-Zehnder interferometer with a 1-bit 
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period delay (T) in one arm and a pair of balanced photodiodes [16, 35,46]. It is at the output of 

the MZDI were the two signal interfere and the phase modulated signal is converted to intensity 

modulated signal prior to detection by the balanced photodiodes. 

4.3 Digital signal processing aided receiver 

4.3.1 Bit for bit BER measurement technique 

A reconfigurable digital signal processing (DSP) circuit was developed to monitor and evaluate 

the performances of a two level digital optical communication system. The final goal of the DSP 

receiver is to monitor the bit error ratio (BER) performance of the entire optical communication 

system. BER is a figure of merit that allows different optical communication systems to be 

evaluated  in a fair  and consistent manner [110]. 

 

 

 

 

 

 

Figure 4.1 shows the functional block diagram for the developed DSP assisted receiver. It 

comprises of sub-circuits performing different but integrated functions. The role of the first DSP 

circuit is to normalize the received continuous time signals, which is represented by a sequence 

of numbers or samples stored in an array in the oscilloscope memory. The stored numbers or 

samples represent the amplitudes of the received analogue signal. The next circuit is an analogue 

to digital convertor (ADC).  The ADC samples the continuous time analogue signal at bit period 

intervals and quantizes it into discrete amplitude magnitudes. Digitization of the analogue signal 

into an array of data bits was implemented using a D-type flip flop by comparing each sampled 

and quantized discrete amplitude value to a set threshold value [111]. Figure 4.2 shows a detailed 

logic circuit for the DSP aided receiver that was developed to evaluate the performance of a two 
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Figure 4.1: Block diagram for a digital signal processing (DSP) aided receiver 
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level system. The functional operations of each circuit were developed in the software domain, 

using MATLAB. 

 

 

 

 

 

 

 

 

 

  

The gated D-type flip flop is synchronized to the sampling clock signal and tracks the inputs, 

mapping the transitions to the output that matches those inputs values. At every clock sampling 

time, the input to the D-flip flop is compared to a set threshold value. A high „1‟ bit is output for 

an input value greater than the set threshold value whereas a low „0‟ bit is output for a value less 

than the threshold value.  

The last DSP circuit has the most important function of computing the actual BER value. 

The BER is computed by comparing the transmitted and received data on a bit for bit basis in 

order to determine the total number of bits that were demodulated in error. The received 

sequence normally has more bits than the transmitted sequence since it is repeatedly sampled to 

accumulate the minimum billion bits required to meet the ITU standards on performance 

evaluation. However the starting point of the send pseudo random bit pattern is not known and as 

a result an offset has to be established between the transmitted and received bit sequence. The 

offset between received and transmitted bits has to be corrected before the actual BER 

calculation is carried out. A correlation of the two data arrays is done to determine the offset. 

The index value corresponding to the correlation peak is located to determine the offset. The 

erroneously demodulated bits are singled out by passing the received and transmitted data bits 
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Figure  4.2: Logic circuit for the DSP receiver 
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through an EXOR gate. The EXOR also known as an inequality gate, for it always outputs a high 

whenever the inputs are not the same. All the bits detected in error are summed up and the BER 

is computed using equation 3.13.  

4.4 Simulation setup for DPSK and ASK modulation formats 

Figure 4.3 shows the developed VPI simulation for both ASK and DPSK transmission setup used 

to generate and detect 10 Gbps signals. VPI is photonic simulation software supporting 

requirements for active and passive integrated photonics, fibre optic applications and optical 

transmission and networking systems. A 1550 nm DFB laser was used at the transmitter. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 1550 nm DFB laser was used at the transmitter. For the case of DPSK a MZM  
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For the case of a DPSK a MZM modulator was used to generate the DPSK signal. A pattern 

generator was used to generate a   2
7
-1 binary non return to zero (NRZ) pseudo random bit 

sequence (PRBS). The 10 Gbps NRZ data stream was pre-coded, to generate a new data 

sequence. 

The new data sequence generated at the output of the pre-coder was used to modulate the       

1550 nm laser signal in the MZM modulator. The modulated signal was launched into a G.652 

fibre for transmission to the receiver. The de-multiplexer (DEMUX) in the link, acted as a 

narrow band pass optical filter to remove the broadband optical noise. After the DEMUX, the 

signal is amplified in the Erbium doped fibre amplifier (EDFA). A variable optical attenuator 

(VOA) emulates the actual link by varying the optical power getting to the receiver and the 

optical power getting to the receiver was measured by the power meter (PM). At the receiver a 

MZDI, was used to demodulate the signal. The received signal was split into two arms of the 

MZDI. In one arm, the received data sequence was delayed by one bit duration before the two 

signals were made to interfere at the output of the MZDI achieving phase to intensity conversion. 

Constructive and destructive signal intensities were detected by two balanced (PIN) photodiodes 

depending on the phase difference between two consecutive received bits. The output powers 

getting to the photodiode were governed by equation 1.20 and 1.21. A phase difference of zero 

means a one bit was transmitted and a phase difference of „π‟ means a zero bit was transmitted. 

For ASK the 1550 nm laser signal was intensity modulated using an externally modulated 

MZM structure. The ASK signal was launched into the same transmission link that was used for 

DPSK setup before being directly detected by a PIN photodiode at the receiver. 

The performance of an optical communication link should be monitored and evaluated for its 

fidelity and make sure it meets the set international telecommunication union (ITU) standards. 

The output of the PIN photodiode in the two setups was connected to a signal analyzer for signal 

monitoring and to a bit error ratio (BER) detector for measuring the BER and receiver 

sensitivity. BER measurements were achieved by programming the error detector with the 

transmitted information and compare it to the data sequence received at the output of the 

demodulator. 

Using the VPI simulation setup shown in figure 4.3 and the above description, BER 

measurements were performed for different length of fibre using the two named transmission 

modalities. 
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4.5 Performance comparison between DPSK and ASK 

4.5.1 Dispersion penalties at different transmission distance 

The optical communication system‟s tolerance and elasticity to the effects of dispersion were 

measured for different lengths of fibre. The measurements were performed using VPI simulation 

software. Simulation software are of paramount importance in science and engineering research 

for they provide insight into properties and features of systems which we might not have 

capacity to perform experimentally due to higher equipment cost. Additionally, simulations can 

be run before practical implementation as a safety measure to the equipment [66, 112].  

The optical communication link performance was evaluated through BER measurements 

at different received optical powers. Different lengths of G.652 fibre were used in turns for the 

two transmission modalities. The G.652 fibre used has low attenuation but has very high 

chromatic dispersion parameter of 18 ps/nm.km at 1550 nm compared to 0.35 ps/nm.km at    

1310 nm.  The use of  a G.652  fibre at 1550 nm yields non optimum performance due to the 

effects of chromatic dispersion  and  it therefore provides a better platform  to compare the 

performance between the two modulation formats, ASK and DPSK respectively. Figure 4.4 

shows the BER measurements for ASK for back-to-back transmission and for transmission on 

different fibre lengths.  
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Figure 4.4: ASK BER measurements for back-to-back and for transmission over different lengths 

      of G.652 fibre 

From figure 4.4 a receiver sensitivity of -22.7 dBm was obtained. The value falls within the 

specified range of a PIN photodiode  of (-18 to - 24) dBm. Experimental values for receiver 

sensitivity in the range of   -19.3 dBm to -23.0 dBm were previously obtained using the same 

photodiode [66]. The receiver sensitivity gives the minimum optical power that the receiver 

requires to correctly demodulate the signal. At any power below the receiver sensitivity, the BER 

in the system will be high. BER value decreases at optical powers above the receiver sensitivity 

value, giving error free transmission. 

On introducing a fibre into the link, additional optical power with be required for the 

receiver to decode properly. This additional power compared to the receiver sensitivity value, is 

known as the transmission penalty. Transmission penalties of 0.2 dB, 0.6 dB and 2.5 dB were 

obtained for transmission length of 20 km, 30 km and 40 km respectively. An error free 

transmission was achieved for a maximum distance of 40 km before getting an error floor at     

60 km of G.652 fibre. The error floor which is graphically indicated by a sudden change in the 

BER curve shape as it fails to cross the minimum threshold BER of 10
-9 

as shown in figure 4.4. 

The error floor is independent of the received optical power, hence no-matter how much optical 

power is introduced into the system it will never cross the minimum threshold BER value. In this 
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setup the error floor was mainly attributed to the high chromatic dispersion parameter of            

18 ps/nm.Km for the G. 652 at of 1550 nm wavelength. 

Optical communication link performance measurements were also performed for DPSK 

signal for back-to-back and for different lengths of the same G.652 fibre that was used in the 

ASK setup. Figure 4.5 shows the BER curves for back-to-back and for different length of fibre 

for a DPSK transmission setup. 
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Figure 4.5: DPSK BER measurements for back-to-back and transmission over different length of 

                   G.652 fibre 

From the simulation BER results plots in figure 4.5, a receiver sensitivity of - 22.0 dBm was 

recorded for the DPSK compared to - 22.7 dBm for the OOK setup, with the latter being  0.7 dB 

more sensitive. Transmission penalties of 0.1 dB, 1.0 dB, 2.0 dB and 3.7 dB were recorded for 

transmission length of 40 km, 60 km, 80 km and 90 km respectively. A maximum unamplified 

transmission distance of 90 km was achieved with acceptable errors and an error floor was 

obtained at 98 km of G.652 fibre. DPSK has achieved larger transmission distances compared to 

ASK, irrespective of the high chromatic dispersions (CD) in the G. 652 fibre at 1550 nm. 
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4.5.2 Transmission penalties for amplified and unamplified ASK and DPSK formats 

On increasing the transmission distance the receiver requires extra power to demodulate the 

signal accurately [36, 66,113]. The extra power for each transmission length as compared to the 

receiver sensitivity for back-to-back at an acceptable optical communication BER of 10
-9

 is 

known as the transmission penalty. Figure 4.6 shows a graph of the transmission penalties for 

different transmission distances in the link. 
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                      Figure 4.6: Transmission penalties on different transmission distances 

In figure 4.6 the performance of the two modulation formats ASK and DPSK was analyzed and 

compared. From figure 4.4 and 4.5, it is evident that ASK gave a 0.7 dB better receiver 

sensitivity than the DPSK modulation format. It is further noted that for both the amplified and 

unamplified transmissions, ASK system performs better than DPSK system for distance less than 

30 km. The fact that the effects of chromatic dispersion accumulates with increasing distance 

makes the legacy ASK modulation format a better candidate for short distance transmission. As 

can be seen from figure 4.6, for short distances the penalty values for ASK are significantly 

lower than for the DPSK modulation format.  However as the transmission distance increases, 

the effects of CD become pronounced, degrading the quality of the ASK signal, leading to high 
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BER.  At distances greater than 30 km the performance of the DPSK system was superior to that 

of the ASK modulation format due to  a   factor of two increase in symbol points separation, 

which translates to 3 dB gain in received optical power as suggested in figure 2.9. As seen from 

figure 4.6, DPSK has an almost constant performance for distances of up to 50 km indicating its 

high tolerance to the effects of CD compared to ASK modulation format. An error floor for the 

amplified ASK scheme occurs at about 58 km compared to at about 98 km for the amplified 

DPSK formats. Basing on the above simulation results DPSK achieves an additional 40 km 

making it a better candidate for use in long haul transmission setups while the ASK system 

serves better in short range transmission systems.  

4.6 Experimental demonstration of direct detection intensity modulation (IMDD) link 

with digital signal processing aided receiver 

The experimental setup for direct detection intensity modulation is shown in figure 4.7. A     

1550 nm WDM laser signal is intensity modulated at 10.3 Gbps in an external Mach-Zehnder 

modulator (MZM) with a non-return to zero (NRZ) electrical data stream and was transmitted 

through a single mode fibre. A polarization controller (PC) was used to launch the signal into the 

fibre. A variable optical attenuator (VOA) controls the power of the signal prior to detection and 

conversion to an electrical signal by the photodiode. 

 

 

 

   

 

 

 

An Agilent oscilloscope was used to acquire a measurement burst of the received transmitted 

analogue data, which is then transferred to a computer for offline processing. The received 

continuous time signal is represented with a sequence of numbers representing the amplitude of 

NRZdata 

stream 
PPG 

10111

01 

Modulator 
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WDM Laser 
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Demux PD 
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PM 

SCOPE 

DSP 

Figure 4.7: Experimental setup for intensity modulation direct detection (IMDD) 

                   scheme 
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the signal at a specific instant in time. The received electrical signal is processed offline using 

relevant DSP circuits, to determine the BER as a measure of performance of the optical fibre 

transmission link. 

4.7 Digital signal processing aided receiver validation 

For intensity modulation, the receiver scheme comprises of a single photodiode, oscilloscope and 

the digital signal processing algorithm. A 2
7
-1 pseudo random binary sequence (PRBS) bit 

pattern sequence is transmitted at 10.3 Gbps at different attenuation values for back-to-back 

transmission.  The developed DSP algorithm comprises of four integrated important sub-circuits. 

The function of the first part is to load the digital data saved in the sampling scope to an offline 

processing computer. The second part normalizes and digitizes the continuous signal into 

discrete bits using the gated D-flip flop shown in figure 4.2.  

Figure 4.8 shows a plot of the analogue normalized received signal amplitudes plotted 

against time using a sequence of voltage values as sampled by the oscilloscope. The analogue 

signal was digitized using the ADC depicted in figure 4.2. The normalized analogue signal          

x (nT) is sampled at discrete times equivalent in integer multiples of the bit period (T), yielding 

an array of data bits X [n] expressed as X [n] = x (nT). 

The ADC in figure 4.2 was implemented in the software domain to digitize the analogue 

sequence of samples x (nT) by comparing the average of the three middle points within a bit 

period to a set threshold value of the signal amplitude to obtain a binary array X[n]. If the 

average value is greater than the threshold value then the received bit is interpreted as  a „1‟ bit  

and when the average value is below the threshold value it is demodulated as a „0‟ bit, as shown 

in figure 4.8.  
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Figure 4.8:  A DSP normalized and digitized signal as captured from the digital storage 

       oscilloscope 

The third part generates the pseudo random binary sequence (PRBS), (2
7
-1) bit pattern, 

representing the send data bits and then compares it to the recovered data bits to determine the 

bit error ratio as illustrated in figure 4.1 and 4.2. The transmitted and received data streams are 

first correlated to establish the offset between them, before the BER calculation is done. The 

receiver sensitivity will be determined at an acceptable BER of 10
-9

, which means in a billion 

transmitted bits only one is allowed to be incorrectly detected. 

The fourth and last part of the DSP algorithm plots the eye diagram. An eye diagram is a 

useful tool for qualitative analysis of the received signal in digital communication systems. It is a 

quicker way of visually assessing the signal quality.  An eye diagram is generated by overlaying 

sweeps of different segments of a long data stream. Careful analysis of the eye diagram (visual 

display) allows the user to drive information such as of signal-to-noise, clock timing jitter and 

skew. Figure 4.9 (A to D) shows the DSP eye diagram plots at different optical power values. 

The plotted eye diagrams using the developed DSP circuits is similar to the one obtained using 

the hardware as shown on insert in figure 4.10. 
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Eye opening is a measure of quality of the received signal whereas eye closure suggests loss in 

the signal quality due to attenuation. Information is easily and reliably recovered from a wide 

open eye and very little or no information can be recovered from a closed eye diagram. 

The performance of the DSP aided receiver was validated by comparing it with the 

performance of the commercial BER tester hardware. Figure 4.10 shows the BER curves for 

back-to-back measurement as evaluated using the commercial bit error ratio tester (BERT) and 

the developed DSP circuits. Receiver sensitivity values of -21.1 dBm and -19.8 dBm were 

obtained from the DSP aided receiver and from the commercial BERT tester respectively. The 

DSP aided receiver gave a 1.3 dB improvement in receiver sensitivity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure  4.9:  DSP eye diagram plots at different power values. [A =- 20.0 dBm, B = - 24.4 dBm, 

                    C = - 25.0 dBm, D = - 26.0 dBm] 
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The slight 1.3 dB improvement in receiver sensitivity could have been attributed to 

inefficiency in some electrical components such as the electrical amplifier, thereby 

compromising performance of the commercial BERT. The values of the receiver sensitivity 

obtained using the two measuring modalities are very close to each other, validating the DSP 

assisted receiver as a reliable tool to evaluate the performance of any optical communication 

system. 
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Figure  4.10:  BER curves for back-to-back using the commercial BERT and the DSP 

                     circuits 

The major drawback of the bit for bit measurement technique is that it requires vast amount of 

memory storage space and is more time intensive.  The available sampling oscilloscopes do not 

have enough storage space for the huge amount of data required to evaluate a high speed optical 

communication system. It will take a long time to process a billion bits, suitable to meet the ITU 

standards at a BER of 10
-9

.The other drawback is that it is currently done offline and not in real 

time. In this particular experiment, a total of 200 000 bits were used and an extrapolation was 

done to evaluate the optical link performance at an acceptable BER of 10
-9

. 
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4.8 Conclusion 

The two binary modulation formats ASK and DPSK, discussed in this thesis have been 

practically deployed in some existing optical communication networks. Their varying 

performance capabilities have enabled them to be implemented in different communication 

environments. The DPSK format due its higher tolerances to dispersion is mainly suitable for use 

in long haul optical communication systems. Better performance on short distance transmissions 

and cost effectiveness on implementation makes ASK format a suitable candidate for use in 

access networks. The reconfigurable DSP circuits designed and implemented are a reliable tool 

to evaluate the performance of any optical communication link in the absence of the expensive 

hardware. Furthermore both ASK and DPSK modulation formats are the primary elements in the 

architecture of higher order modulation formats which are more spectral efficient [17, 30, 109] 

and were demonstrated to pave way for a better understanding of higher order modulation 

formats. The next chapter discusses the different detection techniques that were implemented on 

an intensity modulated signal. The traditional direct detection technique is compared to the 

coherent detection scheme. Higher order modulation format will be discussed in the sixth chapter 

of this thesis. 
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Chapter 5 

5 Amplitude modulation with coherent detection technology in high speed 

optical communication system 

5.1 Introduction 

The advent of faster digital electronic gadgets and high speed internet access has revolutionized 

the world into a global village by the ease with which people are communicating. Nowadays, 

several new and traditional services provider use the internet as a platform to run their business, 

demanding ever increasing data rates. However, to meet the capacity requirements of the 

telecommunication market, optical communication systems have been suggested as the most 

efficient and sustainable solution to transmit at high data rates for both short and long distances. 

Today‟s communication networks comprise of several interconnected nodes [114]. Depending 

on the channel requirements, several modulation technologies can be employed to transmit 

information and a suitable detection technology is required to demodulate the received bits of 

information. In this chapter amplitude modulation employing coherent detection is 

experimentally demonstrated. The first section of the chapter describes the optical signal 

generator used. The optical receiver was explained in detail with more emphasis on the digital 

signal processing (DSP) circuits that were designed to low pass filter the signal and eventually 

evaluate the link performance through bit error ratio (BER) computations. The last section gives 

a discussion on the comparative performance between coherent detection and direct detection 

schemes based on simulation and experimental demonstrations. Amplitude modulation 

employing coherent detection with benefits of increased receiver sensitivity, greater unamplified 

reach and a greater passive splitting ratio, can be used in most passive optical access networks 

(PONS), with special focus on the fibre-to-the-hut technology from an African context [45, 63, 

91]. 

5.2 Experimental and simulation design 

In the preceding sections of this chapter, experiment and simulation results will be presented for 

intensity modulated system with a coherent detection scheme. Experimental signal generation 
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and detection are briefly explained followed by a detailed description of signal conditioning and 

reconstruction for link performance evaluation. VPI software was used for simulation. 

5.3 Signal generation 

In today‟s fast growing technical society, optical communication requirements are broadening 

rapidly. Different modulation formats have been implemented on different optical networks. The 

selection of a particular modulation format depends upon the design, available resources and 

requirements of the network. However high speed with low cost is an indispensable  requirement 

for any reliable optical communication system [115]. Amplitude modulations with direct 

detection schemes is the dominant, simple, universal and cost effectiveness technology which 

has recently achieved a transmission speed of around 100 Gbps [44]. 

 

       

 

        

 

 

An efficient semiconductor distributed feedback laser (DFB) directly modulated by the non-

return to zero (NRZ) driving current, modifies the amplitude of the optical signal according to 

the message signal (digital or analog) forms a transmitter in a high speed optical network, as 

shown in figure 5.1. The temperature controlled DFB laser, shown on Figure 5.1 operating in the         

1550 nm transmission window, were the fibre attenuation losses are as low as 0.2 dB/km has an 

improved performance in a high speed optical communication link. A DFB laser was used in the 

experimental demonstration described in this chapter as the source of the optical carrier signal. 

 

5.4 Signal detection and system performance evaluation 

In high speed optical fibre communication systems, the baseband signals are modulated onto one 

of the four degrees of freedom (DOF), amplitude, phase, frequency and the state of polarization 

of a high frequency optical carrier pass band signal [11, 12, 38, 43]. Each modulation format 

must be accompanied with a suitable detection technique to correctly demodulate the transmitted 

PPG [10110] NRZ: On-Off 

DFB Laser 

Figure 5.1: Schematic diagram of IMDD transmitter 
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signal. The commonly implemented optical detection methods include non-coherent (direct 

detection), differentially coherent and coherent detection, as well as some hybrid schemes [46, 

91, 94, 116, 117]. Non-coherent detection is mainly associated with On Off keying, in which the 

receiver computes decision based on a measurement of signal energy. Direct detection technique 

has a limitation of allowing signals to encode information only on one degree of freedom (DOF) 

per polarization per carrier, reducing spectral efficiency and power efficiency in the system. 

Phase modulated signals are demodulated utilizing differential coherent detection technique in 

which a receiver computes decision variables based on a measurement of phase difference 

between the symbol of interest and one or more reference symbol(s). Coherent detection 

demodulates the signal by detecting the entire optical field that is, the amplitude, absolute phase 

and the state of polarization of the carrier signal making use of the local oscillator laser located at 

the receiver that acts as a reference signal. However this comes at an expense of increased cost 

and complexity of the receiver. 

Coherent detection has been widely used to demodulate higher order modulation formats [11, 

62,109]. In this chapter however coherent detection has been implemented on an amplitude 

modulated signal. 

5.4.1 Coherent detection receiver 

The most advanced detection method is coherent detection that involves beating in a photodiode 

the received modulated optical signal with a continuous wave (CW) signal from another laser at 

the receiver known as the local oscillator (LO). In coherent detection the receiver computes 

decision variables based on the recovery of the full electric field, which contains  both amplitude 

and phase information of the received signal [54]. Coherent detection allows the greatest 

flexibility in modulation formats, as information can be encoded in amplitude and/or phase of the 

carrier signal. The main challenge in coherent detection is that the receiver requires to have 

knowledge of the carrier phase as the received signal is demodulated by a LO laser that serves as 

an absolute phase reference [48, 54]. 

The benefits of a coherent detection scheme includes increased receiver sensitivity, 

extended unamplified reach, increased network capacity by close wavelength allocation and 

ability to demodulate advanced modulation formats [36, 45, 48, 63, 118]. Figure 5.2 shows the 
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schematic diagram of a coherent detection receiver with digital signal processing circuits for 

signal recovery and the optical link performance evaluation. 

 

 

 

 

 

 

For amplitude modulation the coherent receiver can be simplified from a convectional 90 degree 

optical hybrid scheme with two balanced photodiodes to a simpler one with a 3 dB coupler and 

single photodiode. The cost effective and simplified coherent receiver consists of a single PIN 

photodiode, local oscillator laser, polarization controller and a 3 dB coupler, as shown in figure 

5.2. In the implemented homodyne coherent receiver, the frequency of the LO signal was 

matched to that of the carrier signal to down convert the pass band signal back to baseband 

signal. The polarization controller was used to maximize the output of the photodiode by 

matching the states of polarization of the carrier signal and LO signal. The opto-electrical down 

converted envelope signal is recovered by passing it through a series of integrated digital signal 

processing circuits as highlighted in the next sections. 

5.4.2 Reconfigurable digital signal processing aided receiver circuits 

The envelope demodulated signal is passed through a series of separate but integrated DSP 

circuits for signal recovery and link transmission performance evaluation. Figure 5.3 shows on 

the same plot the direct detected signal (red) and coherent detected signal (blue). 

Coupler 

DSP circuits  

Modulated signal 

SCOPE 

PD LO PC 

Figure 5.2: Homodyne coherent detection receivers 
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            Figure 5.3: Direct detected and coherent detected signals 

The envelope of a signal is the outline of the signal and can be obtained by connecting all of the 

peaks of the coherently detected signal (blue). The envelope of the coherently detected signal 

will look exactly like the directly detected signal (red) though with an amplified amplitude. To 

extract the signal envelope, the signal has to be passed through a series of DSP circuits. The first 

DSP circuit involves centering and squaring the input signal and sending this signal through a 

lowpass filter. Squaring the signal demodulates the input by converting it from double sided to a 

single sided signal by eliminating the negative values. This means that half the energy of the 

signal is pushed up to higher frequencies and half is shifted down toward direct current (DC). 

5.4.3 Low pass filtering 

The next important DSP circuit is the low pass filter (LPF). The squared signal is passed through 

a lowpass filter to eliminate the high frequency component. A four order moving average low 

pass filter was designed and implemented in MATLAB according to the following equation. 

        [5.1] 
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 The filter eliminated all the high frequency components of the signal leaving out only the signal 

envelope which is the information bearing signal. Figure 5.4 shows the double sided coherently 

detected signal (blue) together with the filtered signal envelope (green). 

 

 

 

 

 

 

 

 

 

5.4.4 BER Measurements 

Bit error ratio (BER) measurement which is an effective and reliable quantitative evaluation 

technique was used to evaluate the performance of the optical communication link. The BER 

measurements were computed from the analogue parameters of the filtered signal. To maintain 

the correct scale on the received signal, two additional operations were carried out on the signal 

envelope. The signal is first amplified by a factor of two since only the upper half of the signal 

energy was considered and the amplification gain matches the energy to that of the original 

signal. Secondly the square root of the signal is computed to reverse the scaling distortions that 

resulted from squaring the signal. The green signal envelope in figure 5.4 is the end product of 

the DSP algorithms implemented for signal recovery. The filtered signal has characteristics 

similar to those of a traditional two level intensity modulation direct detected signal. The Q 

factor technique was implemented in the determination of the BER. The detailed explanation of 

Figure 5.4:  Voltage against time graph for coherently detected signal (blue) and                                          

                    filtered smooth signal (green). (b) Screen image of the coherently detected    

                    signal. 
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the technique is given in chapter 3 and BER was computed using equation [3.24]. The next 

sections discuss the simulation and experimental results. 

5.5 Simulation and experimental setup to demonstrate coherent detection 

The simulation and experimental set up is shown in Figure 5.5. A programmable pattern 

generator (PPG) directly modulated a 1550 nm distributed feedback (DFB) at 10.3 Gbps with a 

non-return-to-zero (NRZ), pseudo random binary sequence (PRBS) of length 2
7
-1.The intensity 

modulated signal was transmitted through a non-zero dispersion shifted fibre, (NZDSF) with an 

attenuation co efficient of0.2 dB/km, for a total distance of 26km. The transmitted signal is 

demodulation at the coherent receiver with digital signal processing aided circuits. The 

homodyne coherent detection receiver requires that the frequency and phase of the transmitted 

signal and the LO signal be matched.  The LO was wavelength tuned to match that of the 

transmitted signal at 1550 nm. A polarization controller (PC) was used to align the two signals 

to give maximum power output at the receiver. A variable optical attenuator (VOA) attenuates 

and introduces signal losses in the transmission link. The optical power at different attenuation 

values was measured by the power meter. The 3 dB coupler beats the modulated signal with the 

LO signal prior to detection and down conversion to an electrical signal by the photodiode. An 

Agilent oscilloscope was used to sample the transmitted data, which was then transferred to a 

computer for offline processing using relevant reconfigurable DSP circuits. The DSP envelope 

demodulator processes the signal „U‟ by squaring and amplifying before passing it through a 

low pass filter. The envelope is extracted by removing all the high frequency component of the 

signal and keeping only the low frequency data carrying signal (envelope). The DSP algorithm 

was used to plot the eye diagram, which is an intuitive way to access the signal quality. The 

error detector (ED) was implemented through the Q factor approach which uses the analogue 

parameters of the smooth filtered signal data to determine the bit error rate (BER) of the optical 

communication link. 
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Figure 5.5: Experimental setup for an amplitude coherent detection scheme. 

5.6 Performance comparison between the traditional intensity modulation direct 

detection and coherent detection 

In this section of the research, a traditional intensity modulated direct detection (IMDD) scheme 

is compared to intensity modulated coherent detection scheme (IMCD) using VPI simulation 

software. Coherent detection is a modification of the tradition IMDD by mixing the modulated 

signal with a continuous wave signal of the same frequency at the receiver. In a homodyne 

coherent scheme, phase matching of the transmitted signal and local oscillator is of vital 

importance in enhancing the quality of the signal at the receiver. The receiver sensitivity at an 

acceptable BER of 10
-9

 and the corresponding penalties after transmission through a G. 652 fibre 

were determined. 
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5.6.1 Simulation results and discussion 

For both direct detection and coherent detection, a 3 mW signal is directly modulated with a 2
7
-

1, pseudo random bit sequence (PRBS). In an intensity modulation direct detection              

(IMDD) setup, the signal is transmitted and is detected at the receiver. In a coherent detection 

scheme a 4 mW  LO signal is mixed with the modulated signal before detection by a photodiode. 

The LO laser used had a narrow linewidth to optimizime the coherence length of the two signals 

thereby increasing the receiver sensitivity. The beating increases the optical signal power that the 

receiver gets resulting in improved receiver sensitivity. 
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Figure 5.6: Shows the BER curve for back-to-back and a transmission through a 30 km (NZDSF) 

                  fibre at 1550 nm wavelength. 

A receiver sensitivity of -18.3 dBm and -30.4 dBm is obtained for intensity modulated direct 

detection (IMDD) and intensity modulated coherent detection (IMCD) respectively as shown in 

figure 5.6. The IMCD has a 12.1 dB gain in receiver sensitivity compared to the IMDD. A 

penalty of 1.9 dB is obtained for the coherent detection scheme compared to 0.8 dB for direct 

detection scheme after transmission through 30 km of fibre. Power budget calculations indicate 

an unamplified transmission distance of 135 km for coherent detection scheme and 75 km for 

direct detection. The benefits of using coherent detection with an amplitude modulation scheme 
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make it a suitable candidate for application in a passive optical network. If applied in a passive 

optical network (PON) the power budget gives a splitting ratio of 1:32 and 1:128 for IMDD and 

IMCD respectively. The higher receiver sensitivity, higher splitting ratio and a long unamplified 

transmission reach makes coherent detection scheme a technology of choice for application in 

fibre-to-the-home (FTTH) technology. 

5.7 Experimental demonstration of intensity modulation coherent detection scheme 

The  setup described in section 5.5, figure 5.5 was used to experimentally demonstrate intensity 

modulation with coherent detection. The unavailability of the commercial hardware in our 

NMMU laboratory to evaluate the transmission performance of a coherent detection scheme has 

brought about a necessity to develop an offline DSP aided receiver. The developed DSP receiver 

performance was first implemented with experimental data obtained from the traditional 

intensity modulation direct detection  scheme before implementing it with data from the coherent 

detection setup. The operational performances of the DSP receiver on the IMDD setup was 

authenticated and validated by comparing it to the results obtained from a commercial Luceo 

BER tester. After performance validation the developed DSP receiver was used to monitor and 

evalaute the transmission performance of a coherent detection setup. 

5.7.1 Validation of the DSP aided receiver 

Experimental back-to-back transmission on a traditional intensity modulation direct detection 

setup was evaluated using the commericial BER tester and the developed DSP assisted receiver. 

Comparative BER performance of the two evaluation modalities are as illustrated in figure 5.7. 

 Figure 5.7 shows BER measurement curves for a direct detection intensity modulation 

scheme. The black curve is for measurements obtained using a commercial Luceo Bit error ratio 

tester (BERT) giving a receiver sensitivity of -17.1 dBm. The blue curve was obtained from the 

developed reconfigurable DSP circuits yielding a receiver sensitivity of -17.2 dBm, with a mere 

0.1 dB difference. The measured values of the receiver sensitivity are within the range specified 

for a positive intrinsic negative (PIN) photodiode. These results were used to validate and 

authenticate the effectiveness of the reconfigurable DSP circuit as a reliable tool to evaluate the 

performance of a high speed optical fibre communication system. 
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Figure5.7: Back-to-back BER curves for direct detection at different received optical powers. 

                  Black curve was obtained from a commercial bit error rate tester (BERT) and the  

                  blue from the developed DSP circuits. 

In this work two different DSP algorithms we developed and implemented to validate and 

authenticate the performance of such developed algorithms against the performance of the 

commercial hardware. Figure 4.10 shows results obtained using an externally modulated Mach-

Zehnder modulator and a bit for bit DSP assisted receiver. Figure 5.7 is a similar graph obtained 

from using an internally modulated distributed feedback laser (DFB) utilizing the quality factor 

technique to evaluate the link performance. The good quality signal from a MZM coupled to a 

more accurate bit for bit technique gave a better receiver sensitivity of  - 21.2 dBm as opposed to 

the - 17.1 dBm for an internally modulated signal evaluated using a statistical quality factor 

method. However the two offline techniques are reliable tools to evaluate the performance of a 

high speed optical communication link in absence of the expensive hardware. 

5.7.2 Transmission performance of a coherent detection scheme 

A pseudo random bit sequence (2
7
-1), was transmitted at 10.3 Gbps and was coherently detected 

as shown in figure 5.5. The data sampled by the Agilent oscilloscope was transferred to the 

reconfigurable digital signal processing (DSP) circuits that were designed and developed to 
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reconstruct the received signal and evaluate the link performance through BER calculations. The 

envelope detection DSP involves squaring the signal and passing it through a low pass filter. A 

fourth order moving average low pass filter was developed and implemented in the DSP 

algorithm. The filtered, smooth data signal was used to plot an eye diagram, from which the 

parameters to calculate the BER were determined. Figure 5.8 shows the eye diagram obtained 

from the two detection schemes. 

 

 

 

 

 

 

 

 

 

 

 

The open eye diagram for the two detection modalities show signals of good quality. The direct 

detection scheme eye diagram was obtained from the commercial hardware while that for 

coherent detection was plotted using the developed DSP circuits. The two diagrams have similar 

characteristics. The eye plot further validates and authenticates the DSP aided receiver as a 

reliable tool to evaluate a high speed optical communication link. 

Results for the transmission performance of a coherent detection scheme are illustrated in 

figure 5.9. BER measurements for back-to-back and after a transmission through 26 km of       

(G. 655) fibre in a coherent detection intensity modulation setup are used to establish the 

transmission penalty. A receiver sensitivity of - 20.6 dBm was obtained for back-to-back 

transmission giving a penalty of 1.5 dB after transmission through 26 km of fibre.  

Figure 5.10 puts everything together by highlighting the comparative performance of the 

traditional non-coherent (direct) detection and the coherent detection modalities. The figure 

shows BER measurement curves for back-to-back for both transmission schemes (direct and 

Figure 5.8: Electrical eye diagram plots for traditional intensity modulation and coherent 

                  detection 



78 
 

coherent detection) and for transmission through 26 km of fibre for coherent detection scheme. 

The graph shows a 3.5 dB gain obtained on comparing back-to-back transmission for coherent 

detection against the direct detection. As highlighted earlier on, a 1.5 dB transmission penalty 

was recorded after transmission through 26 km fibre in a coherent detection scheme. 
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Figure 5.9:  BER curves for back-to-back against a transmission over 26 km 

                  (G.655) fibre. A transmission penalty of 1.5 dB was achieved 
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Figure 5.10: BER curves for back-to-back for both direct and coherent detection 

                    and for transmission through 26 km of non-zero dispersion shifted  

                    fibre, (NZDSF). 

5.8 Conclusions 

The merits of implementing a coherent detection scheme with reconfigurable DSP circuits for 

performance evaluation over the traditional direct detection scheme were summarized in figure 

5.10. The improved receiver sensitivity, the longer unamplified transmission reaches and more 

bandwidth utilization makes coherent detection a suitable candidate for application in passive 

optical access networks with special focus in the Fibre-to-the-Home technology. The flexible and 

reconfigurable DSP assisted signal analyzer is a cost effective way to monitor and evaluate the 

performance of any high speed optical communication system. Communication industries and 

research institutions will benefits from using the reliable and cost effective reconfigurable signal 

analyzer.   

The next chapter focuses on a more spectral efficient high order modulation format, that 

transmit two bits per symbol. The higher order 4 Pulse Amplitude Modulation (4-PAM) format 

was also evaluated using the developed DSP algorithms. 
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Chapter 6 

6 Multilevel pulse amplitude modulation format with digital signal 

processing aided receiver 

6.1 Introduction 

The ever increasing demand for bandwidth requires the use of higher modulation formats which 

are more spectral efficient compared to the traditional modulation formats. This chapter 

describes a quaternary intensity modulation technique. The generation and detection scheme for 

the higher modulation format will be explained in detail, with an evaluation of its performances 

based on experimental results. A 20 Gbps transmission link was demonstrated from 2 x 10Gbps 

transmitter. The bit error ratio (BER) link performance was computed using the designed digital 

signal processing (DSP) assisted receiver. The main objective of the experiments demonstrated 

in this chapter is not to compete in transmission speeds, but to find cost effective and more 

spectral efficient modulation formats that achieve higher data rates without changing the form, 

nature and channel bandwidth of already deployed optical communication networks 

6.2 Experimental design 

The following sections describe a technique that was used to generate a multilevel signal that 

was used to modulate the optical signal. The demodulation process is explained in detail 

followed by a presentation of the experimental results. 

6.3 Multilevel pulse amplitude modulation (PAM) format 

Traditional binary intensity modulation formats is a two level amplitude shift keying (ASK) 

technique in which the signal levels are switched between „0‟ and „1‟. Multilevel pulse amplitude 

modulation or intensity modulation is a more spectral efficient technique in which more levels 

are assigned to the amplitude of the signal [6, 10, 33, 119]. Each amplitude level is assigned two 

bits of information. The number of bits „m‟ transmitted per symbol determines the number of 

levels „M‟ the signal can have as given by equation M = 2
m

. In this chapter, a system with two 

bits (m = 2) per symbol resulting in an 4–ary ASK signal is demonstrated. The quaternary (4-ary) 

signal will be referred to as a 4 level pulse amplitude modulation (4-PAM) or 4 level intensity 
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modulation (4-IM) signal. The multilevel 4-PAM electrical signal was used to drive the 

internally/directly modulated distributed feedback (DFB) laser generating a 4 level amplitude 

modulated optical signal. The performance of the developed multilevel high speed optical 

communication system could not be directly evaluated using the available hardware at the 

NMMU Centre for Broadband Communication. However a digital signal processing (DSP) 

assisted receiver was developed and implemented to evaluate the link performance through bit 

error ratio calculation for the multilevel signal [11, 120, 121]. 

The developed 4-PAM optical communication system is a cost effective innovation for it 

uses both optical and electrical components operating at half the system bit rate compared to the 

bit rate of a traditional binary modulation format. A 20 Gbps optical communication system was 

developed from a 2 x 10 Gbps. The multilevel transmitter and its accompanying DSP assisted 

receivers are explained in the sections to follow. 

6.4 Multilevel (4- PAM) signal generation 

Two complementary (P and N), 10 Gbps non-return-to-zero (NRZ) electrical signals generated 

from a single programmable pattern generator (PPG) were used to output a 20 Gbps, 4-PAM 

signal. The transmitted quaternary optical single can be obtained by internally or external 

modulating the laser carrier signal with the 4-IM electrical signal. The 4-ASK electrical signal 

was achieved by combining two NRZ binary signals with different amplitudes in an electrical 

power combiner. The two electrical outputs were differentially attenuated to generate two binary 

data streams of different amplitudes. To achieve uniform eye opening, the attenuation value in 

one arm should be double that in the other arm. The complementary signals were decorrelated by 

propagating them through different path length (delay) as shown in figure 6.1.  
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The 4-PAM electrical signal was achieved by combining the two differentially attenuated and 

decorrelated 10 Gbps NRZ signals in an electrical power combiner. The eye diagram shown in 

figure 6.7 is the resultant multilevel 20 Gbps NRZ signal. 

. 
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NRZ Data 2 
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NRZ Data 1 
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Figure 6.1: Multilevel 4-PAM electrical signal generators: Programmable pattern 

                  generator), N- negative and P-positive outputs) 

 

Figure 6.2: Resultant output 4-PAM (red) signal, individually attenuated (black and blue) 

      waveforms and the corresponding input data bits mapped on signal symbols as  

      shown table 6.1 

 

 

 

  Input Data 

Symbol Data 1 Data 2 

S0 0 0 

S1 0 1 

S2 1 0 

S3 1 1 

 

  

Table 6.1: Mapping of input binary 

data on 4 levels for a 4-PAM signal 
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Figure 6.2 and table 6.1 shows the mapping of the input data stream on the output four levels of 

the signal. The black and blue waveforms are for the differentially attenuated signals before 

mixing them in the power combiner. The red waveform is the combined four level (4-PAM) 

signal with the data bits mapped to their respective symbols. 

To minimize errors on practical implementation, the mapping of the input data should be 

guided by the principle of adjacency, where there is only a single variable change on adjacent 

data symbols [6, 33]. The adjacent mapping is also known in literature as Gray coding. In the 

event of an error on a Gray coded system, only one of the two bits per symbol will be wrongly 

detected. 

6.5 Multilevel (4-PAM) signal detection 

The increase in spectral efficiency attained by transmitting a 4-IM signal comes with complexity 

on the design of the receiver. The transmitted multilevel signal was detected using a single 

photodiode drastically reducing the implementation cost. In this direct detection scheme the 

optical quaternary intensity modulated signal is converted back to a 4-PAM electrical signal. The 

received electrical signal has three eyes corresponding to four data symbols. The three eye 

diagrams correspond to three different data patterns. The bits are demodulated at the receiver 

using the designed intelligent decoding circuits that makes a decision based on the three 

decoding threshold levels [T1, T2and T3]. Appropriate decoding algorithms were developed to 

map the three eye patterns and the four levels to the two transmitted data streams. The receiver 

also has to implement a digital clock recovery algorithm to recover the transmitter clock and 

apply symbol decision at proper sampling instants. Figure 6.3 shows the 4-IM receiver structure, 

the corresponding decision thresholds and signal symbols with data bits mapped on them.  
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A single photodiode was used to detect and convert the quaternary optical signal to a 

corresponding quaternary electrical signal. The decoding logic circuit was developed basing on 

the three decision threshold values [T1, T2, and T3]. Table 6.2 shows a truth table with three 

decision thresholds values that were used to logically decode the received signal into its symbols 

prior to mapping the bit to their respective output data streams. Using logic Karnaugh mapping 

technique, the decoding logic circuit in figure 6.4 was deduced and implemented from the truth 

table, shown on table 6.2 on the same figure.  
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Figure  6.3:  Four PAM receiver structure (right) and four signal symbols mapped with 

                    appropriate data bits (left). 
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The performance of the 4-PAM high speed optical communication system was evaluated in the 

software domain, by implementing the above logic circuit with its equivalent digital signal 

processing (DSP) circuits. The digital signal processing (DSP) aided receiver was implemented 

using the statistical quality Q factor technique that utilizes the analogue parameters of the signal 

to give the digital performance of the high speed optical communication system. The details of 

the technique were explained in chapter three of this thesis. The BER rate performance of the 

high speed optical communication link was determined using equation [3.26], after gathering the 

relevant statistical information from the received signal. 

6.6 Experimental demonstration of a 2 x 10 Gbps (20 Gbps) multilevel modulation 

format 

The schematic diagram shown in Figure 6.5 is a complete multilevel optical transmission link 

comprising of an electrical transmitter, the medium and the optical receiver. The complimentary, 

P and N, arms of the programmable pattern generator (PPG), generates the pseudo random bit 

sequence (PRBS),(2
7
-1), which after combining directly modulates the (DFB) laser. The 

different electrical attenuations on the two outputs guarantee the existence of two data signals 

with different power levels (different amplitudes). The N output attenuated at 13 dBm has the 

electrical data sequence delayed in time by an integer multiple of a bit period, decorrelating the 

Figure  6.4: Truth table and receiver decoding circuit for 4 – PAM signal 

 

 

T1 T2 T3 D1 D2 S 

0 0 0 0 0 S0 

0 0 1 x x x 

0 1 0 x x x 

0 1 1 x x x 

1 0 0 0 1 S1 

1 0 1 x x x 

1 1 0 1 0 S2 

1 1 1 1 1 S3 

 

 

4-PAM Receiver 
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PD 

Clock 

T1 

S0& S1 

 

T2 

S1& 
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    T1 

0 and 1 

 
 

 

T3 

S2& S3 

 

Table 6.2:  Truth table for the 

decoding logic circuit 
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two complemented bit sequences. On mixing in the power combiner, the two decorrelated data 

sequences interfere constructively and destructively, producing a four level data signal              

(4-PAM). The mixing doubles the transmission data rate from 10 Gbps to 20 Gbps. The 

multilevel transmitter therefore codes two bits in one symbol prior to modulation and 

transmission through the fibre.  

The DFB laser signal at 1550 nm is directly modulated at a bit rates of 20 Gbps by a non-

return-to-zero (NRZ) pseudo-random binary Sequence (PRBS) signal and is transmitted through 

a back-to-back and through 25 km single mode fibre. The power meter (PM) measures the 

optical power at the back end of the receiver after the optical signal power has been attenuated 

by a variable optical attenuator (VOA). The direct intensity modulated signal is directly detected 

(DD) by the photodiode (PD). The photodiode (PD) demodulates and converts the quaternary 

optical signal back to a quaternary electrical data signal. The front-end of the receiver comprises 

of an oscilloscope that captures and stores the received signal. The captured data is transferred to 

an offline digital signal processing (DSP) circuit. An Offline digital signal processing algorithm 

was developed to perform the decoding role of the logic circuit in figure 6.4. The DSP aided 

receiver was also implemented to monitor and evaluate the overall performance of the designed 

high speed multilevel optical communication link.  

The developed DSP analyzer utilizes the loaded eye data information from the 

oscilloscope as the input data. Three optimum threshold values are accurately determined 

thereby demodulating the four signal symbols generated at the transmitter. Mean peak to peak 

voltage for zero and one level of each of the three eyes is calculated together with their 

respective standard deviations. The Q factor is calculated from the mean peak to peak voltages as 

given in equation [3.19] and the standard deviations are computed from the statistical analogue 

data. The final and most important DSP stage is the determination of the BER values using the 

calculated Q factor. 
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Two decorrelated P and N pseudo random bit sequences (2
7
- 1) each at 10 Gbps are differentially 

attenuated before combining and doubling the transmission data rate to 20 Gbps. Fig 6.2 shows 

the individual P and N signal before mixing and the combined signals after mixing. After mixing 

each of the four symbol comprises of two bits each  (00; 01;10 or 11). The graph clearly shows 

that the combined signal (red) is a result of the interference of the two individual signals (blue 

and black).  

The performance of the multilevel high speed optical communication system was 

evaluated through BER calculation at the standard acceptable BER of 10
-9

. Figure 6.6 shows the 

experimental BER curve for back-to-back transmission obtained using the statistical probability 

density function (pdf). The technique uses the analogue information from the signal (Q factor) to 

accurately estimate the BER performance of the link. A receiver sensitivity of -12.47 dBm for 

back-to-back transmission was achieved; yielding a penalty of 7 dB compared to a traditional 

binary modulation reported in chapter 4of this research work. Similar results for a back-to-back 

transmission were reported in previous studies using a Mach-Zehnder modulator and gave a 

receiver sensitivity of -13 dBm [6]. The higher penalty in the 4-PAM compared to the binary 
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                Figure 6.5: Experimental setup for 4 –PAM 

system. 
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system was brought about by modulating additional bits within the same modulation depth 

prompting the need for a more sensitive receiver to demodulate the two bits per symbol. 
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Figure  6.6: Experimental average BER measurements for 4 PAM for back-to-back transmission 

On the experimental setup the same peak to peak modulation voltage that was used for a two 

level system was further divided to accommodate the 4-level system, resulting in a significant 

reduction in the extinction ratios for each of the three eye diagrams. The reduction in             

peak-to-peak voltage for each eye diagram means a more sensitive receiver is needed to 

demodulate the 4-PAM signal.  

Figure 6.7 shows the open eye diagrams at different receiver powers of -11.88 dBm and   

- 13.35 dBm respectively. The diagram has three open eyes and four signal levels. The open eye 

at -11.88 dBm signifies the signal clarity. However eye closer at -13.35 dBm indicates signal loss 

due to attenuation effects within the transmission link. 
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Figure 6.8: Experimental average BER measurements for back-to-back and after transmission in 

                 25 km G.652 fibre 
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Figure  6.7: Eye diagrams at different receiver powers. 
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In figure 6.8 a comparative performance through BER measurements is shown for back-to-back 

and a transmission length of 25 km. A PIN photoreceiver was used in the 4-PAM signal 

measurements. A receiver sensitivity of - 2.8dBm is attained with a dispersion penalty of about 

7.2 dB after transmission through 25 km of G.652 fibre. 

The reported BER values in this chapter are actually the average BER values as measured 

from each of the three eyes diagrams shown in figure 6.7. The eye diagrams could not be 

adjusted to be of the same size and as a result they performed significantly differently at the 

same received optical power compromising the overall system evaluation. As seen from figure 

6.7 the bottom eye is wide open as compared to the middle and top eye. However despite the 

slight difference in eye openings the developed DSP techniques gave good results and will be 

useful in evaluating the performance of a high speed optical network. 

6.7 Conclusion 

The devised higher order modulation technique can be suitably applied to the already deployed 

optical communication link by only modifying the transmitter without affecting the deployed 

fibre. The designed multilevel transmitter can be used to simultaneously transmit two bits per 

symbol per wavelength thereby increasing the overall link transmission speed maintaining the 

channel bandwidth. The DSP algorithm developed, using the PDF and Q factor is an attractive 

technology to evaluate and monitor the performance of a high order modulation scheme in the 

absence of the relevant hardware. In this chapter a four level signal transmitter and detector have 

been successfully implemented. The multilevel transmitter and the offline signal analyser 

designed and experimentally implemented are technologies that can help alleviate the ever 

growing demand for transmission speed in many optical interconnects and local area networks. 

The developed multilevel DSP algorithms signal analyser can be used in any M-ary modulation 

formats thereby promoting a cost effective way of evaluating the performance of any high speed 

optical communication link. The offline DSP receiver with its ability to be reconfigured is a 

suitable candidate for use in optical communication industries and in research institution. 
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Chapter 7 

Conclusions 

The work covered in this thesis provided in depth information in understanding the design and 

implementation of a high speed optical communication system. The main goal of the thesis was 

to design a higher order modulation format and to develop a signal analyzer tool to evaluate the 

fidelity of the entire link. A cost effective 20 Gbps multilevel system (4-IM) was successfully 

designed by combining two electrical data streams at half the bit rate, as compared to a more 

expensive single optical transmitter that operates at that same speed. The ability to use a single 

photodiode to demodulate the multilevel signal brings a further reduction in cost on 

implementing the scheme. This more spectral efficient modulation format will achieve even 

higher data rates per channel when coupled in a dense wavelength division multiplexed 

(DWDM) system. 

The digital signal processing (DSP) aided signal analyser that was developed for the first 

time at the Centre for Broadband Communication (CBC) research unit, at Nelson Mandela 

Metropolitan University (NMMU) is quite an important tool in monitoring the quality of the 

signal. The reconfigurable digital signal processing aided receiver has proved to be an accurate 

and reliable tool in analyzing the performance of high speed optical communication links. The 

ability of the DSP aided receiver to evaluate signals from the different higher modulation formats 

makes it the suitable candidate for implementation in most future high optical communication 

networks. The increase in speed and decrease in prices of the DSP electronics makes the 

reconfigurable DSP aided receiver a tool of choice for optical communication research 

institutions that cannot afford the high cost of the signal analyzer hardware.  

Two optical detection techniques were studied in this thesis, direct detection and coherent 

detection. Coherent detection which is normally implemented using an expensive optical hybrid 

was successfully demonstrated using cost friendly 3 dB optical combiners. The benefits of 

improved receiver sensitivity, larger unamplified transmission reach and higher passive optical 

splitting ratio makes coherent detection scheme a candidate for application in a passive optical 

access network (PON), in a fibre-to-the-hut technology in an Africa context. 

The results obtained in these experimental demonstrations will give an optical network 

designer a well informed decision on the modulation format and detection technique that will suit 
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a particular network. The difference in the maximum achievable transmission reach between 

these different modulation types clearly reflects the importance of the different trade-offs that 

should be taken into account when choosing a certain data rate and a certain modulation format. 

These trade-offs include spectral efficiency (SE), optical signal to noise ratio (OSNR) 

requirements, tolerance to nonlinear transmission impairments and the complexity of the 

transceiver. 
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