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ABSTRACT 

The next-generation passive optical network stage 2 (NG-PON2) intends to 

support stacking 10 Gb/s wavelengths and maintaining the compatibility with the 

deployed legacy passive optical network (PON) systems. Essentially, Time and 

Wavelength Division Multiplexed-PON (TWDM-PON) is the best solution for NG-

PON2 that aims to support a symmetric 40 Gb/s data rate transmission, a  split ratio 

of 1:64 and a distance up to 60 km. Unfortunately, most of the existing low cost and 

practical TWDM-PON solutions are still incapable to support remote users and 

inefficient for spectral bandwidth in higher services. Typically, low cost transceivers 

are avoided as they suffer from significant frequency chirp that seriously impact its 

transmission performance at the bit rate above 10 Gb/s. Therefore, the objectives of 

this thesis are to improve the current TWDM-PON power budget in supporting more 

access services reaching the remote customers to enhance the bandwidth capacity at 

lower cost and to reduce the complexity implementation problem. This is achieved 

by overcoming the significant frequency chirp of the low cost transceivers used such 

as reflective semiconductor optical amplifier (RSOA) and directly modulated lasers 

(DMLs), which are suitable for high data rate transmission. The RSOA chirp is 

mitigated using a single bi-pass delay interferometer (DI) at the optical line terminal 

(OLT) while the DML chirp is managed by ensuring its resulting current is in phase 

with the bandwidth enhancement factor, , at both optical network unit (ONU) and 

OLT. Apart from that, DML equipped with dispersion compensation fiber (DCF) 

technique for power budget improvement is also proposed. Furthermore, low cost 

schemes for even higher data rate TWDM-PON up to 56 Gb/s is proposed utilizing 

highly spectral efficient 16-quadrature amplitude modulation (16-QAM). The results 

are obtained from physical layer simulation, Optisystem
Trademark 

and Matlab
Trademark

, 

where relevant significant parts are verified through theoretical analysis. The 

simulation results demonstrate a sufficient dispersion compensation with a record of 

56.6 dB power bughet for DML-based TWDM-PON transmission system.  While 

results are not absolute due to variations that can occur in practical implementation, 

analysis demonstrates the feasibility of the proposed methods.   
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ABSTRAK 

Generasi seterusnya rangkaian pasif optik peringkat kedua (NG-PON2) 

berhasrat untuk menyokong panjang gelombang tindan 10 Gb/s dan mengekalkan 

keserasian dengan sistem rangkaian pasif optik (PON) sedia ada. Pada asasnya, 

pemultipleksan masa dan panjang gelombang PON (TWDM-PON) adalah 

penyelesaian terbaik NG-PON2 bertujuan untuk menyokong penghantaran data 40 

Gb/s secara simetri, nisbah pecahan 1:64 dan jarak capaian sehingga 60 km. 

Malangnya, kebanyakan penyelesaian TWDM-PON berkos rendah dan praktikal 

masih tidak mampu untuk menyokong pengguna terpencil dan penggunaan jalur 

lebar spektrum yang tidak cekap bagi perkhidmatan lebih tinggi. Biasanya, 

penghantar-penerima berkos rendah dielakkan kerana isu „frequency chirp’ yang 

serius dan sangat mempengaruhi prestasi penghantarannya pada kadar lebih tinggi 

daripada 10 Gb/s. Justeru itu, objektif-objektif tesis ini adalah untuk meningkatkan 

peruntukan kuasa TWDM-PON semasa bagi menyokong lebih capaian perkhidmatan 

bagi pelanggan terpencil, meningkatkan kapasiti jalur lebar dengan kos lebih rendah 

dan pengurangan masalah kerumitan perlaksanaan. Ini dicapai dengan mengatasi isu 

„frequency chirp’ yang signifikan bagi penghantar-penerima hulu berkos rendah 

seperti penguat reflektif semikonduktor optik (RSOA) dan laser termodulat secara 

langsung (DMLs) untuk penghantaran kadar data yang tinggi. „Chirp’ RSOA diatasi 

menggunakan sebuah interferometer lengah (DI) dwi-lulus pada terminal talian optik 

(OLT) manakala „Chirp’ DML diuruskan dengan memastikan fasa arusnya adalah 

sepadan dengan faktor pengembangan jalur lebar, , di kedua-dua unit rangkaian 

optik (ONU) dan OLT. Selain itu, DML yang dilengkapi dengan teknik fiber 

pampasan penyerakan (DCF) bagi peningkatan peruntukan kuasa juga dicadangkan. 

Tambahan pula, skim-skim berkos rendah untuk kadar data TWDM-PON yang lebih 

tinggi sehingga 56 Gb/s dicadangkan menggunakan spektrum berkecekapan tinggi 

16-pemodulation amplitud kuadratur (16-QAM). Hasil keputusan diperolehi daripada 

simulasi lapisan fizikal, Optisystem
Trademark

 dan Matlab
Trademark

 dengan bahagian-

bahagian penting yang berkaitan disahkan melalui analisis teori. Hasil keputusan 

simulasi menunjukkan pampasan penyerakan yang mencukupi dengan rekod 56.6 dB 

bughet kuasa untuk sistem penghantaran TWDM-PON berasaskan DML. Walaupun 

hasilnya tidak mutlak kerana variasi yang boleh berlaku dalam pelaksanaan secara 

praktikal, analisis kami menunjukkan kebolehlaksanaan kaedah-kaedah yang 

dicadangkan. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background  

The incessant growth of converged broadband access network service and the 

increasing demands for multimedia applications have led to a notable and sustained 

development and adaptation in information and communication technology (ICT). 

For instance, multimedia applications such as video on demand (3D video and super 

HD), cloud computing, social network, peer to peer file sharing and online gaming 

are the main bandwidth driver’s in future broadband convergence services [1-3]. 

Hence, the incessant rise of bandwidth demand in broadband access networks in both 

industry and academia is a challenge that requires intensive innovations to be 

satisfactorily met.  

This demand for bandwidth, to some-extent, can be met by moving the 

optical fiber deeper to the access network segment towards the subscribers and new 

applications demanding deeper fiber architectures such as mobile backhaul/front-

haul backhauling wireless networks [4]. For access segment and in view of 

supporting this demand, networks such as Fiber-To-The-x(FTTx) have been 

increasingly deployed in various parts of the world. There are different types of 

FTTx networks such as FTTH (home), FTTC (curb) and FTTB (building) that offer 

direct fiber connection to or close to the home [5, 6]. Since FTTx network 

implementations are based on a physical point-to-multi-point (P2MP) topology, it is 
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a favorable solution that FTTx is implemented based on passive optical networks 

(PONs) technology. To be more economically viable by offering high bandwidth to 

subscribers and to gain low energy consumption per bit based on PONs access 

technologies, efforts are being made to overcome the hurdles of the pending common 

carriers such as bandwidth scarcity, capacity and cost efficient implementations. The  

PON technology has a P2MP topology with no active elements in the signal's path 

which connects optical line terminal (OLT) with several optical network units 

(ONUs) at the customer sites through one or more 1: N optical splitter based optical 

distribution network (ODN) [7, 8]. Figure 1.1 shows a general architecture of PON. 

 

Figure 1.1 PON Architecture. 

In order to provide broadband access services, different cost effective 

implementations of pertinent types of PON technologies have been standardized. The 

most common PON technologies are Gigabit PON (GPON) and Gigabit Ethernet 

PON (GE-PON) standards. GPON is mainly deployed in North America and Europe 

while the deployment of GE-PON is more common in East Asia. GPON standard 

was commercially specified based on ITU-T G.984 while GE-PON was standardized 

by IEEE working group 802.3ah [9]. The state of the art of PON technologies are 

based on time division multiplexing (TDM)/time division multiplexing access 

(TDMA) transmission mechanisms. The data rate capability of GPON standard is 2.5 

Gb/s for the downstream transmission direction and 1.25 for the upstream 

transmission direction. As for GE-PON, the data rate capability is 1.25 Gb/s for the 

downstream and upstream directions. However, the bandwidth spectrum is shared by 
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all subscribers in the system where a subscriber can only get access to several Mb/s 

[9-11]. 

In spite of the progress that has been made by GPON and GE-PON, the 

passive splitter loss based on ODN presents a hurdle to support higher user date rate, 

an increased number of users and longer reach. At the same time, emerging 

applications such as Ultra HD videos will continue to push bandwidth demands 

further. However, multimedia applications continue to proliferate where the current 

PON bandwidth scarcity is unable to meet demands for new applications of 

broadband converged services. Hence, it presents a challenge for the current PON 

systems to keep pace with the ever increasing demands for higher bandwidth and the 

migration of legacy PON systems for future converged services. This represents an 

inadequate contribution that warrants meeting new future broadband access network 

requirements [12]. Therefore, network operators decided that next-generation-PONs 

(NG-PONs) deployment was obliged to satisfy the following requirements: (1) larger 

split ratio,(2) greater maximum reach than the current GE-PON/GPON architectures, 

(3) support higher bandwidth for business, residential, and back hauling services, (4) 

support backward compatibility, (5) allow coexistence with the current PONs 

systems, and (6) lower cost implementation [13,14]. As a result, the first stage of 

next-generation called NG-PON1 or 10 Gb/s PON systems was standardized with 

two bodies of NG-PON1 defined by both IEEE and ITU-T. In view of adhering to 

future bandwidth growth over existing ODNs after GPON and GE-PON, trials of 10 

Gb/s solution (in both downstream and upstream directions), namely IEEE Std. 

802.3av 10 GE-PON  and ITU-T XG-PONs, were defined by  IEEE and the ITU-T 

with FSAN group [14-16].   

Even though the NG-PON1 (10 Gb/s systems) brought good effort and 

progressive upgrades have been made for optical access network, it is still not 

sufficient to meet the requirements of new broadband optical access network. In 

addition, network operators continue to see extraordinary growth of traffic carried 

over their networks for more services accommodation. Trials beyond 10 Gb/s classes 

systems must fulfill major requirements for new broadband access network. These 

requirements are; (1) simultaneous support of legacy, new and mobile backhaul 
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services, (2) maximum reuse of existing ODN and  achievement of  minimum  

service  interruption  to  the subscribers  that  do not  migrate, (3) flexibility, 

reliability, efficiency and scalability in both bandwidth and power consumption, (4) 

larger split ratio and reach than the previously deployed 10 Gb/s systems, and (5) 

cost effective implementation, (6) higher performance transmission, (7) resiliency 

and (8) security optimization [17]. In order to keep pace with the above needs of new 

and future broadband access network, the second stage passive optical network (NG-

PON2) beyond 10 Gb/s was initiated in 2010 [17,18]. The physical media dependent 

(PMD) layer recommendation (ITU-T G.989.2) was conducted by members of the 

FSAN and ITU-T Study Group 15, Question 2 groups. NG-PON2 architecture 

standard is aimed to support 40 Gb/s as a multiple wavelength bidirectional system 

and compatible with power split ODN with a concern of high priority for industry 

application [18-20]. There are several access technologies that can potentially satisfy 

the above criteria which can be grouped into beyond 10 Gb/s trials. Such 

technologies include 40 Gb/s TDM-PON, wavelength division multiplexing PON 

(WDM-PON), time and wavelength division multiplexing-PON (TWDM-PON), 

orthogonal frequency division multiplexed PON (OFDM-PON) and optical code 

division multiplexed-PON (OCDM-PON) [21-23]. Figure 1.2 shows the trends on 

PON standardization roadmap based on technological deployment. 

 

Figure 1.2 Trends of PONs standardization roadmap 
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After intensive studies of the above beyond 10 Gb/s PON technologies, 

TWDM-PON was selected to be a pragmatic solution in both industry and academia 

aspects for NG-PON2 by FSAN group of telecomm companies members. The rest of 

the NG-PON2 or beyond 10 Gb/s PON technologies, such as WDM-PON and 

OFDM-PON, are believed to be less suitable due to high immaturity, high cost 

sensitivity and no adherence to the ODN backward compatibility [23, 24]. The 

TWDM-PON system is identified in FSAN as their best opportunity to support 40 

Gb/s via stack multiple wavelengths and appears to be compatible with power split 

ODN that meets the NG-PON2 requirements. It also satisfies the requirements of 

operational expenditure (OPEX) involved in running their networks and this drives 

an aim to keep inventory to a minimum [25]. TWDM-PON system is also highly 

mature to be scalable, flexible, reliable and efficient in both bandwidth and power 

consumption [26, 27]. 

1.2 Motivation  

The tremendous contribution and expansion of the deployable standard access 

networks and systems is still in progress. This is simply due to the continuous 

increase of bandwidth demand powered by industry and academia innovation. In 

response to that, the full service access network (FSAN) group has been using the 

roadmap shown in Figure.1.2 to guide the development of passive optical networking 

(PON) standards beyond GPON (gigabit PON). The FSAN roadmap shows two 

generations of PON beyond GPON: so-called the next-generation PON (NG-PON) 1 

and 2, respectively. Although this roadmap figure is fairly simple, it conveys several 

key guiding principles that have served to steer the development of ITU-T PON 

standards and systems. The goal for practitioners and researchers of PON 

technologies is to enhance the capacity in a single fiber. It has been clear that the 

history tells us that a successful next-generation PON is one with increased capacity 

per user while maintaining low cost per user. Thus, the goal of the PON researcher is 

to come up with ideas that improve the performance with a clear low cost path. Good 

performance at low cost is preferable to great performance at high cost.  
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The recent trend of PON technologies is TWDM-PON which has been 

nominated as the current NG-PON2 technology. The TWDM-PON supports 40 Gb/s 

data transmission through four XG-PONs that are stacked using four pairs of 

wavelengths. For simpler network deployment and inventory management purposes, 

the ONUs aimed to use colorless tunable transmitters and receivers. Ideally, the 

transmitter is tunable to any of the upstream wavelengths while the receiver can tune 

to any of the downstream ones. In order to achieve a power budget, optical amplifiers 

are employed at the OLT side to boost the downstream signals as well as to pre-

amplify the upstream signals. ODN remains passive since both the optical amplifier 

and WDM Mux/DeMux are placed at the OLT side. 

While most of TWDM-PON components are commercially available, it is 

interesting for technology planners or system operators (researchers or practitioners) 

to overcome the hurdles of TWDM-PON system such as bandwidth scarcity, 

capacity and cost effective implementations. Most of the existing works, based on 

performance evaluation of the TWDM-PON, are concerned with physical layer 

aspects. In this thesis, several key enabling technologies to improve the state of art of 

TWDM-PON system has been explored and presented. The advantages of the pure 

TWDM-PON system are its ability to facilitate symmetric applications and its 

flexibility in future scaling of bandwidth, power budget, cost implementation. 

Therefore, the technical choices and challenges are analyzed in terms of bandwidth, 

power budget, data rate transmission, cost and feasibility. 

1.3 Problem Statement  

The current challenge in a bidirectional TWDM-PON system specification 

based on fiber communication technology is that they are less efficient in terms of 

bandwidth and cost implementation. Most of the existing low cost and practical 

TWDM-PON solutions are still incapable to support remote users and to support 

efficient spectral bandwidth for higher services. For example, reflective 

semiconductor optical amplifier (RSOA) and direct modulated lasers (DMLs) have a 
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serious chirp issue that can degrade the transmission performance as the modulation 

bandwidth is limited by the carrier lifetime in the active layer and typically ranges 

between 2 to 3.5 GHz. Therefore, it is challenging to accommodate high speed data 

rate signals with this severely limited band device. Hence, optical equalization is 

required in this system to mitigate the distortions induced by chirp and compensate 

for signal deterioration. In addition and in contrast to existing improvement of power 

budget, there is still great demand for TWDM-PON access systems with improved 

link budgets that can offer services to more customers to more remote areas 

effectively. Here, high splitting ratio and long reach TWDM-PON system require 

investigation. More data rate transmission on TWDM-PON system requires more 

wavelengths that lead to increase cost and complexity. Thus, to cope with further 

increase capacity in an efficient manner, spectral efficient techniques are needed for 

a more scalable and efficient TWDM-PON system.  

1.4 Research Objectives  

The main objective of this thesis is to foster and propose solutions for 

TWDM-PON system that are efficient in terms of bandwidth and cost 

implementation. This can be achieved by the following sub-objectives.  

1- To design and implement an efficient TWDM-PON system with high spectral 

techniques. 

2- To improve the power budget of 40 Gb/s TWDM-PON system based DMLs 

through DCF dispersion compensation technique. 

3- To enhance the bandwidth transmission of a low cost RSOA using delay 

interferometer (DI) for 40 Gb/s TWDM-PON system.   
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1.5 Research Scope  

The scope of this research is covering work in the following aspects.  

 TWDM-PON architecture and key enabling technologies for the state of the 

art of TWDM-PON for NG-PON2 technology. 

 Key application of TWDM-PON architecture.  

 Optical line terminal (OLT): Non-return-to-zero-on-off-keying (NRZ-

OOK) modulation format, 16 quadrature amplitude modulation (QAM) 

modulation format, Pseudorandom binary sequence (PRBS), absorption 

modulated laser (EML), directly modulated laser (DML), erbium-doped 

fiber amplifier (EDFA), delay interferometer (DI), semiconductor optical 

amplifier (SOA), optical spectrum analyzer (OSA), WDM multiplexer 

(Mux), WDM demultiplexer (DeMux), dispersion compensation fiber 

(DCF), circulators and  avalanche photodiode (APD) receiver. 

 Optical distribution network (ODN): Single mode fiber (SMF), 

Splitter/Combiner device. 

 Optical network unit (ONU): Non-return-to-zero-on-off-keying (NRZ-

OOK), pseudorandom binary sequence (PRBS), directly modulated laser 

(DML), semiconductor optical amplifier (SOA), optical spectrum 

analyzer (OSA), tunable optical filter (TOF) and Avalanche photodiode 

(APD) receiver. 

1.6 Research Methodology   

In order to achieve the objective of this research, the following method of 

work will be done into subsections of methods: 
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1.6.1   DML Simulation    

In order to achieve the DML simulation of this research, the following 

method of work will be done as shown in Figure 1.3: 

 A literature review on related topics such as state of the art of direct 

modulation laser (DML) and the characterization of the chirp of DML.   

 Choose the suitable parameters of chirp for reasonable designed less chirped 

DML, such as bandwidth enhancement factor, adiabatic chirp and the bias 

current of DML.   

 Simulation and analysis of DML based on the selected chirp reduction 

paprameters. 

 The performance evaluation of DML at 10 Gb/s transmission.   

 Implement four stacked wavelength TWDM-PON system based on the 

enhanced DML performance transmission.   

 

 

 

Figure 1.3 Flow chart of DML simulation 
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1.6.2   RSOA Simulation     

In order to achieve the RSOA simulation of this research, the following 

method of work will be done as illustrated in Figure 1.4: 

 

 A literature review on related topics such as state of the art of direct 

modulation laser (DML) and the characterization of the chirp of DML.   

 Choose the suitable parameters of chirp for a reasonable designe of less 

chirped DML, such as bandwidth enhancement factor, adiabatic chirp and the 

bias current of DML.   

 Simulation and analysis of DML based on the selected chirp reduction 

paprameters. 

 The performance evaluation of DML at 10 Gb/s transmission.   

 Implement four stacked wavelength TWDM-PON system based on the 

enhanced DML performance transmission.   

 

 

 

Figure 1.4 Flow chart of RSOA simulation 
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1.6.3   TWDM-PON Simulation     

In order to achieve TWDM-PON system simulation of this research, the 

following method of work will be done through the following steps as shown in 

Figure 1.5. 

 

 A comprehensive review on related works of direct modulation laser (DML) 

based on TWDM-PON state of the art configuration system.  

 Implement and design a 10 Gb/s DML TWDM-PON for improved capacity, 

power budget and bandwidth with different techniques such as 16 QAM, 

DCF and DI.  

 Simulation and analysis of the proposed TWDM-PON. 

 The performance evaluation of the proposed TWDM-PON transmission at bit 

error rate (BER) of 10
-5

 and 10
-6

 at optical transmission, electrical eye 

diagram and proposed schemes feasibility. 

 The superiority of the new TWDM-PON system is verified by comparing its 

performance against related techniques used in literature.  

 

 

Figure 1.5 Flow chart of TWDM-PON system simulation 
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1.6.4   Theortical approach      

The theortical approach of this research is achieved through the following 

method as shown in Figure 1.6: 

 

 An intensive study to find the suitable and accurate model for DML and 

RSOA transmitters, exact wavelength of DCF and SMF, DI and power 

bughet equations.  

 Propose and set parameter values of the above aspects equation (step 1) that 

similar to the simulated parameter values.  

 Calculation and analysis of the equation paprameter values. 

 Compare the calculated and simulated results.   

 The results are validated.   

 

 

 

 

Figure 1.6 Flow chart of theortical approach 
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1.7 Thesis Contribution  

This thesis presents significant contributions which mainly fall on TWDM-

PON architecture. It is worth noting that the simulations of the development on 

TWDM-PON architecture proposed in this thesis are performed using Optisystem 

software. In addition, MATLAB software is a powerful for modelling calculations 

design system. Finally, mathematical formulas to support the chirp model and 

validation are presented. A brief description on this thesis contribution is illustrated 

in the following subsections. 

 The design of a new, efficient and low cost TWDM-PON system that aims to 

improve the capacity to 56 Gb/s for downstream and with 128 users over 40 

km single mode fiber (SMF) reach. The proposed TWDM-PON system 

utilizes the highly spectral efficient 16 quadrature amplitude modulation 

(QAM) with a 20 GHz radio frequency signal distribution using single 

sideband signal (SSB) that is generated by an optical dual-arm modulator 

(DAM) for each wavelength to support 14 Gb/s. Compared to the existing 

techniques, the design presents an impressive improvement in terms of the 

capacity of TWDM-PON system.  

 The design of a new technique that employs chirped DML for upstream link 

each wavelength without dispersion technique utilization at optical network 

unit (ONU) of TWDM-PON system to improve the capacity to 40 Gb/s. The 

chirp of DML is minimized by output waveform such as output power (bias 

current that was assumed to be 75 mA and above the threshold current), and 

bandwidth enhancement factor. The feasibility of DML is verified in-terms of 

bandwidth enhancement factor, extinction ratio and launched input power.  

 Development of a symmetric 40 Gb/s TWDM-PON system based on DML 

transmission that utilizes dispersion compensation fiber (DCF) technique for 

an efficient power budget. The findings reveal that a good performance 

quality with less than 2 dB dispersion penalty can be achieved over 140 km 

standard single mode fiber (SMF). As a result, a system power budget of 56.6 

dB and more than 512 users with 140 km purely passive reach is achieved.  
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 The feasibility is verified in terms of dispersion compensation, power budget 

with dispersion and bandwidth enhancement factor. Its performance is 

compared against the other schemes used in literature in terms of power 

budget TWDM-PON system. The proposed scheme is an asset of TWDM-

PON technology and its implementation complexity is minimal to a level that 

is comparable to the existing commercialized systems with a cost that is 

sufficiently low to meet the cost constraints of the access networks (Chapter 

4). 

 Development of a new 40 Gb/s TWDM-PON system which incorporates low 

cost and chirped reflective semiconductor optical amplifier (RSOA) for both 

downstream and upstream directions is designed based on a delay 

interferometer (DI). A successful transmission of the proposed work study 

where an aggregate capacity of 40 Gb/s is transported over 40 km 

transmission distance with 32 splits.  

 A single bi-pass DI with 40 GHz free spectrum range (FSR) deployed in the 

optical line terminal (OLT) is used to enhance the poor bandwidth 

performance of the RSOA due to frequency chirp. The feasibility is verified 

in-terms of 40 GHz free spectrum range (FSR) DI. This scheme is 

benchmarked by comparing its performance against the other schemes used 

in literature in terms of low cost ONU implementation, simplicity and the 

data rate based on RSOA TWDM-PON system. (Chapter 5). 

 Theoretical and Simulation analysis of the chirp, output power, bandwidth 

enhancement factor, power budget, dispersion, FSR of DI and frequency 

response is presented for the purpose of this thesis validation.    

1.8 Thesis organization  

A detailed description of our research undertaken to achieve the objectives is 

presented in this section. Each of the following paragraphs explains the contents of 

each chapter. 
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Chapter 1 provides a general introduction to PON access networks and the 

motivation behind TWDM-PON system. This chapter also introduces the problem 

statement of this research, objectives, research scope and the research methodology 

of the proposed schemes on TWDM-PON is illustrated. Finally, the thesis 

contributions and organization are outlined. 

Chapter 2 discusses the literature review part which will define the important 

concepts of this research. Key enabling technologies for next generation passive 

optical networks second stage (NG-PON2) are presented and compared in this 

chapter. Then architecture of TWDM-PON and its remarkable features are presented. 

Finally, this chapter covers the different TWDM-PON schemes and the important 

findings of previous studies which are most related to this work. 

 Chapter 3 intends to improve the TWDM-PON system capacity in a scalable, 

efficient and cost-effective manner. A simple and cost effective scheme to improve 

highly spectral efficient 16 quadrature amplitude modulation (QAM) with 20 GHz 

Radio over fiber (RoF) is presented to improve the capacity of downstream link 

signal. Two critical performance parameters of DML are investigated to mitigate the 

chirp frequency of DMLs in upstream link. This results in a successful transmission 

of 56 Gb/s downstream and 40 Gb/s upstream bandwidth. The BER performance of 

four wavelengths of downstream and upstream directions is evaluated. Moreover, the 

effect of the DML nonlinearity is studied for high power transmission. In this 

chapter, the results are compared with the performance of previous schemes of 

TWDM-PON system in terms of data rate accommodation, low cost and simplicity 

of implementation.  

Chapter 4 is dedicated to improve the power budget of a symmetric 40 Gb/s 

TWDM-PON system that utilizes a dispersion compensation fiber (DCF) technique. 

In this chapter, the performances of directly modulated laser (DML) and electro 

absorption modulated laser (EML) in the downstream direction under high launched 

power is compared. The BER performance and power budget for one and four 

wavelengths for both is evaluated. The feasibility of DCF techniques to compensate 
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positively accumulated dispersions from different transmission fiber distances is 

presented. The performances and improvements of the proposed 40 Gb/s TWDM-

PON is benchmarked with previous TWDM-PON schemes in terms of achieved 

ODN power budget.  

Chapter 5 presents the architecture of the a symmetric 40 Gb/s TWDM-PON 

based on transmission of low cost reflective semiconductor optical amplifier (RSOA) 

for both downstream and upstream directions. The drawback of the low cost RSOA 

is the low frequency chirp to accommodate high data rate transmission. To overcome 

this shortfall, a single bi-pass delay interferometer (DI), deployed in the optical line 

terminal (OLT), is proposed to enhance the poor performance of the RSOA with 

respect to the low bandwidth induced by laser chirp. The performance of four 

wavelengths of downstream and upstream directions is evaluated. Different line rates 

for RSOA transmission for downstream and upstream links are presented. The 

performance of the proposed scheme is verified by comparing it with previous 

schemes of TWDM-PON system in terms of data rate accommodation, low cost 

implementation of lasers such as a tunable external cavity laser (T-ECL) and dual 

parallel Mach Zehnder modulator (DP-MZM).  

Chapter 6 summarizes the research outcomes and concludes the thesis. A few 

schemes for future research are also proposed and discussed.  

 

 



163 

  

REFERENCES 

1. Jain, S., Effenberger, F., Szabo, A., Feng, Z., Forcucci, A., Guo, W., Luo, Y., 

Mapes, R., Zhang, Y. and O'Byrne, V., 2011. World’s first XG-PON field 

trial. Journal of Lightwave Technology, 29(4), 524-528. 

2. Cheng, N., 2015. Flexible TWDM PON with WDM overlay for converged 

services. Optical Fiber Technology, 26, 21-30. 

3. Harstead, E. and Sharpe, R., 2012. Future fiber-to-the-home bandwidth 

demands favor time division multiplexing passive optical networks. IEEE 

Communications Magazine, 50(11), 218–223. 

4. Wong, E., 2014. Survivable architectures for time and wavelength division 

multiplexed passive optical networks. Optics Communications, 325, 152-159. 

5. Lee, J.H., Cho, S.H., Lee, H.H., Jung, E.S., Yu, J.H., Kim, B.W., Lee, S.H., 

Koh, J.S., Sung, B.H., Kang, S.J. and Kim, J.H., 2010. First commercial 

deployment of a colorless gigabit WDM/TDM hybrid PON system using 

remote protocol terminator. Journal of Lightwave Technology, 28(4), 344-

351. 

6. Kazovsky, L.G., Shaw, W.T., Gutierrez, D., Cheng, N. and Wong, S.W., 

2007. Next-generation optical access networks. Journal of lightwave 

technology, 25(11), 3428-3442. 

7. Skubic, B., Chen, J., Ahmed, J., Wosinska, L. and Mukherjee, B., 2009. A 

comparison of dynamic bandwidth allocation for EPON, GPON, and next-

generation TDM PON. IEEE Communications Magazine, 47(3), S40-S48. 

8. Newaz, S.S., Cuevas, Á., Lee, G.M., Crespi, N. and Choi, J.K., 2013. 

Adaptive delay-aware energy efficient TDM-PON. Computer Networks, 

57(7), 1577-1596. 

9. Srivastava, A., February 2013. Next generation PON evolution. In proceeding 

of the Broadband Access Communication Technologies VII, 8645, 864509-1–

864509-15. 



164 

10. Li, Z., Yi, L. and Hu, W., 2013. Key technologies and system proposals of 

TWDM-PON. Frontiers of Optoelectronics, 6(1), 46-56. 

11 Lee, C.H., Sorin, W.V. and Kim, B.Y., 2006. Fiber to the home using a PON 

infrastructure. Journal of lightwave technology, 24(12), 4568-4583. 

12. Cheng, N., Zhou, M. and Effenberger, F.J., 2015. 10 Gbit/s delay modulation 

using a directly modulated DFB laser for a TWDM PON with converged 

services. Journal of Optical Communications and Networking, 7(1), A87-

A96. 

13. Aurzada, F., Scheutzow, M., Reisslein, M., Ghazisaidi, N. and Maier, M., 

2011. Capacity and delay analysis of next-generation passive optical 

networks (NG-PONs). IEEE Transactions on Communications, 59(5), 1378-

1388. 

14. 10-Gigabit-Capable Passive Optical Networks (XG-PON), ITU-T 

G.987Series, 2010. 

15. Ragheb, A.M. and Fathallah, H., December 2011. Performance analysis of 

next generation-PON (NG-PON) architectures. In proceeding of the High 

Capacity Optical Networks and Enabling Technologies (HONET), 2011, 

IEEE, 339-345. 

16. Physical Layer Specifications and Management Parameters for 10 Gb/s 

Passive Optical Networks, IEEE Standard 802.3av, 2009. 

17. Chanclou, P., Cui, A., Geilhardt, F., Nakamura, H. and Nesset, D., 2012. 

Network operator requirements for the next generation of optical access 

networks. IEEE Network, 26(2), 8–14. 

18. 40-Gigabit-Capable Passive Optical Networks (NG-PON2), ITU-T G.989 

Series, 2013. 

19. 40-Gigabit-Capable Passive Optical Networks 2 (NG-PON2): Physical Media 

Dependent (PMD) Layer Specification, ITU-T Recommendation G.989.2, 

2014. 

20. Raharimanitra, F., Chanclou, P. and Murano, R., September 2011. 40 Gb/s 

NG-PON system using low electrical bandwidth tunable receiver and emitter 

at 10 Gb/s. In proceeding of the European Conference and Exposition on 

Optical Communications, Optical Society of America, Mo-1. 



165 

21. Vetter, P., September 2012. Next generation optical access technologies. In 

proceeding of the European Conference and Exhibition on Optical 

Communication, Optical Society of America, Tu-3. 

22. Ma, Y., Qian, Y., Peng, G., Zhou, X., Wang, X., Yu, J., Luo, Y., Yan, X. and 

Effenberger, F., March 2012. Demonstration of a 40Gb/s time and 

wavelength division multiplexed passive optical network prototype system. In 

proceeding of the Optical Fiber Communication Conference and Exposition 

(OFC/NFOEC), 2012 and the National Fiber Optic Engineers Conference, 

IEEE, 1-3. 

23. Qian, D., Mateo, E. and Huang, M.F., September 2012. A 105km reach fully 

passive 10G-PON using a novel digital OLT. In proceeding of the European 

Conference and Exhibition on Optical Communication, Optical Society of 

America, Tu-1.  

24. Iwatsuki, K. and Kani, J.I., 2009. Applications and technical issues of 

wavelength-division multiplexing passive optical networks with colorless 

optical network units. Journal of Optical Communications and Networking, 

1(4), C17-C24. 

25. Taguchi, K., Asaka, K., Fujiwara, M., Kaneko, S., Yoshida, T., Fujita, Y., 

Iwamura, H., Kashima, M., Furusawa, S., Sarashina, M. and Tamai, H., 2016. 

Field trial of long-reach and high-splitting λ-tunable TWDM-PON. Journal 

of Lightwave Technology, 34(1), 213-221. 

26. Kani, J.I., 2010. Enabling technologies for future scalable and flexible WDM-

PON and WDM/TDM-PON systems. IEEE Journal of Selected Topics in 

Quantum Electronics, 16(5), 1290-1297. 

27. Nesset, D., 2017. PON roadmap. IEEE/OSA Journal of Optical 

Communications and Networking, 9(1), A71-A76. 

28. Wey, J.S., Nesset, D., Valvo, M., Grobe, K., Roberts, H., Luo, Y. and Smith, 

J., 2016. Physical layer aspects of NG-PON2 standards—Part 1: Optical link 

design. IEEE/OSA Journal of Optical Communications and Networking, 8(1), 

33-42. 

29. 40-gigabit-capable passive optical networks (N-PON2): Physical media 

dependent (PMD) layer specification, ITU-T Recommendation G.989.2,2014. 

30. Bindhaiq, S., Supa, A.S.M., Zulkifli, N., Mohammad, A.B., Shaddad, R.Q., 

Elmagzoub, M.A. and Faisal, A., 2015. Recent development on time and 



166 

wavelength-division multiplexed passive optical network (TWDM-PON) for 

next-generation passive optical network stage 2 (NG-PON2). Optical 

Switching and Networking, 15, 53-66. 

31. Van, D., Suvakovic, D., Chow, H., Houtsma, V., Harstead, E., Winzer, P.J. 

and Vetter, P., June 2012. Options for TDM PON beyond 10G. In proceeding 

of the Access Networks and In-house Communications, Optical Society of 

America, AW2A-1. 

32. Van, D., Houtsma, V., Gnauck, A. and Iannone, P., September 2014. 40-Gb/s 

TDM-PON over 42 km with 64-way power split using a binary direct 

detection receiver. In proceeding of the Optical Communication (ECOC), 

2014 European Conference on, IEEE, 1-3. 

33. Iannone, P.P., Gnauck, A.H., van Veen, D.T. and Houtsma, V.E., 2016. 

Increasing TDM rates for access systems beyond NG-PON2. Journal of 

Lightwave Technology, 36(6), 1545-1550. 

34. Lee, C.H., Sorin, W.V. and Kim, B.Y., 2006. Fiber to the home using a PON 

infrastructure. Journal of lightwave technology, 24(12), 4568-4583. 

35. Roppelt, M., Pohl, F., Grobe, K., Eiselt, M.H. and Elbers, J.P., March 2011. 

Tuning methods for uncooled low-cost tunable lasers in WDM-PON. In 

proceeding of the National Fiber Optic Engineers Conference, Optical 

Society of America, NTuB1.  

36. Prince, K., Gibbon, T.B., Rodes, R., Hviid, E., Mikkelsen, C.I., Neumeyr, C., 

Ortsiefer, M., Rönneberg, E., Rosskopf, J., Öhlén, P. and de Betou, E.I., 

2012. GigaWaM—Next-Generation WDM-PON enabling gigabit per-user 

data bandwidth. Journal of Lightwave Technology, 30(10), 1444-1454. 

37. Yu, J.H., Kim, N. and Kim, B.W., 2007. Remodulation schemes with 

reflective SOA for colorless DWDM PON. Journal of optical networking, 

6(8), 1041-1054. 

38. Wong, E., Lee, K.L. and Anderson, T.B., 2007. Directly modulated self-

seeding reflective semiconductor optical amplifiers as colorless transmitters 

in wavelength division multiplexed passive optical networks. Journal of 

Lightwave Technology, 25(1), 67-74. 

39. Park, S.J., Lee, C.H., Jeong, K.T., Park, H.J., Ahn, J.G. and Song, K.H., 

2004. Fiber-to-the-home services based on wavelength-division-multiplexing 



167 

passive optical network. Journal of Lightwave Technology, 22(11), 2582–

2591. 

40. Smolorz, S., Gottwald, E., Rohde, H., Smith, D. and Poustie, A., March 2011. 

Demonstration of a coherent UDWDM-PON with real-time processing. In 

proceeding of the Optical Fiber Communication Conference and Exposition 

(OFC/NFOEC), 2011 and the National Fiber Optic Engineers Conference, 

IEEE., 1-3. 

41. Cho, K.Y., Takushima, Y., Oh, K.R. and Chung, Y.C., February 2008. 

Operating wavelength range of 1.25-Gb/s WDM PON implemented by using 

uncooled RSOA's. In proceeding of the Optical Fiber Communication 

Conference, Optical Society of America, OTuH3. 

42. Luo, Y., Zhou, X., Effenberger, F., Yan, X., Peng, G., Qian, Y. and Ma, Y., 

2013. Time-and wavelength-division multiplexed passive optical network 

(TWDM-PON) for next-generation PON stage 2 (NG-PON2). Journal of 

Lightwave Technology, 31(4), 587-593. 

43. Van, D., Pöhlmann, W., Galaro, J., Deppisch, B., Dugue, A., Lau, M.F., 

Farah, B., Pfeiffer, T. and Vetter, P., September 2013. System demonstration 

of a time and wavelength-set division multiplexing PON. In proceeding of the 

Optical Communication (ECOC 2013), 39th European Conference and 

Exhibition on, IET, 1-3. 

44. Lin, H., Liu, D., Luo, Y., Effenberger, F. and Cheng, N., November 2014. 

TWDM-PON: System, Standards, and Key Technologies. In proceeding of 

the Asia Communications and Photonics Conference, Optical Society of 

America,.ATh2F-1.  

45. Armstrong, J., 2009. OFDM for optical communications. Journal of 

lightwave technology, 27(3), 189-204. 

46. Kitayama, K.I., Wang, X. and Wada, N., 2006. OCDMA over WDM PON-

solution path to gigabit-symmetric FTTH. Journal of Lightwave Technology, 

24(4), 1654-1662. 

47. Guo, Y., Zhu, S., Kuang, G., Yin, Y., Zhang, D. and Liu, X., 2015. 

Demonstration of a symmetric 40 Gbit/s TWDM-PON over 40 km passive 

reach using 10 G burst-mode DML and EDC for upstream transmission. 

Journal of Optical Communications and Networking, 7(3), A363-A371. 



168 

48. Nesset, D., 2015. NG-PON2 technology and standards. Journal of Lightwave 

Technology, 33(5), 1136-1143. 

49. Luo, Y., Roberts, H., Grobe, K., Valvo, M., Nesset, D., Asaka, K., Rohde, H., 

Smith, J., Wey, J.S. and Effenberger, F., 2016. Physical layer aspects of NG-

PON2 standards—Part 2: System design and technology feasibility. Journal 

of Optical Communications and Networking, 8(1),  43-52. 

50. Luo, Y., Roberts, H., Grobe, K., Valvo, M., Nesset, D., Asaka, K., Rohde, H., 

Smith, J., Wey, J.S. and Effenberger, F., 2016. Physical layer aspects of NG-

PON2 standards—Part 2: System design and technology feasibility. Journal 

of Optical Communications and Networking, 8(1), 43-52. 

51. Murano, R. and Cahill, M.J., September 2012. Low cost tunable receivers for 

wavelength agile PONs. In proceeding of the Optical Communications 

(ECOC), 2012 38th European Conference and Exhibition on, IEEE,1-3. 

52. Li, Z., Yi, L. and Hu, W., March 2014. Comparison of downstream 

transmitters for high loss budget of long-reach 10G-PON. In proceeding of 

the Optical Fiber Communications Conference and Exhibition (OFC), 2014, 

IEEE, 1-3. 

53. Kuchta, D.M., Huynh, T.N., Doany, F.E., Schares, L., Baks, C.W., Neumeyr, 

C., Daly, A., Kögel, B., Rosskopf, J. and Ortsiefer, M., 2016. Error-free 56 

Gb/s NRZ modulation of a 1530-nm VCSEL link. Journal of Lightwave 

Technology, 34(14), 3275-3282. 

54. Zhang, H., Fu, S., Man, J., Chen, W., Song, X. and Zeng, L., March 2014. 

30km downstream transmission using 4× 25Gb/s 4-PAM modulation with 

commercial 10Gbps TOSA and ROSA for 100Gb/s-PON. In proceeding of 

the Optical Fiber Communications Conference and Exhibition (OFC), 2014, 

IEEE,1-3. 

55. Van, D., Houtsma, V.E., Winzer, P. and Vetter, P., September 2012. 26-Gbps 

PON transmission over 40-km using duobinary detection with a low cost 7-

GHz APD-based receiver. In proceeding of the European Conference and 

Exhibition on Optical Communication, Optical Society of America, Tu-3. 

56. Houtsma, V. and van Veen, D., September 2015. Demonstration of 

symmetrical 25 Gbps TDM-PON with 31.5 dB optical power budget using 

only 10 Gbps optical components. In proceeding of the Optical 

Communication (ECOC), 2015 European Conference on, IEEE, 1-3. 



169 

57. Van, D., Houtsma, V., Gnauck, A. and Iannone, P., September 2014. 40-Gb/s 

TDM-PON over 42 km with 64-way power split using a binary direct 

detection receiver. In proceeding of the Optical Communication (ECOC), 

2014 European Conference on, IEEE, 1-3. 

58. Zhao, H., Hu, S., Zhao, J., Zhu, Y., Yu, Y. and Barry, L.P., 2015. Chirp-

compensated DBR lasers for TWDM-PON applications. IEEE Photonics 

Journal, 7(1), 1-9. 

59. Tian, D., Yuan, B., Ji, Y., Pak, Z.A., Lau, T., Li, Z. and Lu, C., 2012. 

Bidirectional hybrid OFDM-WDM-PON system for 40-Gb/s downlink and 

10-Gb/s uplink transmission using RSOA demodulation. IEEE Photonics 

Technology Letters, 24(22), 2024-2026. 

60. Yi, L., Li, Z., Dong, Y., Xiao, S., Chen, J. and Hu, W., 2012. Upstream 

capacity upgrade in TDM-PON using RSOA based tunable fiber ring laser. 

Optics Express, 20(9), 10416-10425. 

61. Li, Z., Yi, L., Zhang, Y., Dong, Y., Xiao, S. and Hu, W., 2012. Compatible 

TDM/WDM PON using a single tunable optical filter for both downstream 

wavelength selection and upstream wavelength generation. IEEE Photonics 

Technology Letters, 24(10), 797-799. 

62. Chow, C.W., Yeh, C.H., Xu, K., Sung, J.Y. and Tsang, H.K., 2013. TWDM-

PON with signal remodulation and Rayleigh noise circumvention for NG-

PON2. IEEE Photonics Journal, 5(6), 7902306-7902306. 

63. Cheng, N. and Gao, J., September 2013. World's first demonstration of 

pluggable optical transceiver modules for flexible TWDM PONs. In 

proceeding of the Optical Communication (ECOC 2013), 39th European 

Conference and Exhibition on, IET, 1-3. 

64. Yi, L., Li, Z., Dong, Y., Xiao, S. and Hu, W., July 2012. 80/10Gb/s 

downstream/upstream capacity multi-wavelength TDM-PON. In proceeding 

of the Communication Systems, Networks & Digital Signal Processing 

(CSNDSP), 2012 8th International Symposium on, IEEE, 1-4. 

65. Wong, E., Mueller, M. and Amann, M.C., 2013. Colourless operation of 

short-cavity VCSELs in C-minus band for TWDM-PONs. Electronics 

Letters, 49(4), 282-284. 



170 

66. Wong, E., Mueller, M. and Amann, M.C., 2013. Characterization of energy-

efficient and colorless ONUs for future TWDM-PONs. Optics express, 

21(18), 20747-20761. 

67. Lee, E.G., Lee, J.C., Mun, S.G., Jung, E.S., Lee, J.H. and Lee, S.S., 

September 2013. 16-channel tunable VCSEL array with 50-GHz channel 

spacing for TWDM-PON ONUs. In proceeding of the Optical 

Communication (ECOC 2013), 39th European Conference and Exhibition on, 

IET, 1-3. 

68. Lin, B., Li, J., Luo, Y., Wan, Y., He, Y. and Chen, Z., 2014. 

Symmetric\(4\times 25\)-Gb/s DSP-Enhanced TWDM-PON With DSB 

Modulation and RSOA. IEEE Photonics Technology Letters, 26(21), 2103-

2106. 

69. Ye, Z., Li, S., Cheng, N. and Liu, X., September 2015. Demonstration of 

high-performance cost-effective 100-Gb/s TWDM-PON using 4× 25-Gb/s 

optical duobinary channels with 16-GHz APD and receiver-side post-

equalization. In proceeding of the Optical Communication (ECOC), 2015 

European Conference on. IEEE, 1-3. 

70. Iannone, P.P. and Gnauck, A.H., 2016. Distributed Raman amplification in a 

8 x 10-Gb/s, 40-km, 1: 128 TWDM PON. Optics Express, 24(22), 25084-

25090. 

71. Iannone, P., Gnauck, A.H., Straub, M., Hehmann, J., Jentsch, L., Pfeiffer, T. 

and Earnshaw, M., 2017. An 8-× 10-Gb/s 42-km High-Split TWDM PON 

Featuring Distributed Raman Amplification and a Remotely Powered 

Intelligent Splitter. Journal of Lightwave Technology, 35(7), 1328-1332. 

72. Gnauck, A., Iannone, P., van Veen, D. and Houtsma, V., 2015. 4× 40-Gb/s 

TWDM PON downstream transmission over 42 km and 64-way power split 

using optical duobinary signals and an APD-based receiver. Optics Express, 

23(19), 24133-24139. 

73. Cheng, N., Yan, X., Chand, N. and Effenberger, F., November 2013. 10 Gb/s 

upstream transmission in TWDM PON using duobinary and PAM-4 

modulations with directly modulated tunable DBR laser. In proceeding of the 

Asia Communications and Photonics Conference, Optical Society of 

America, ATh3E-4. 



171 

74. Guo, Y., Zhu, S., Kuang, G., Yin, Y., Zhang, D. and Liu, X., 2015. 

Demonstration of a symmetric 40 Gbit/s TWDM-PON over 40 km passive 

reach using 10 G burst-mode DML and EDC for upstream transmission. 

Journal of Optical Communications and Networking, 7(3), A363-A371. 

75. Yi, L., Li, Z., Bi, M., He, H., Wei, W., Xiao, S. and Hu, W., December 2013. 

Experimental demonstrations of symmetirc 40-Gb/s TWDM-PON. In 

proceeding of the Information, Communications and Signal Processing 

(ICICS) 2013 9th International Conference on, IEEE, 1-3. 

76. Yi, L., Li, Z., Bi, M., Wei, W. and Hu, W., 2013. Symmetric 40-Gb/s 

TWDM-PON with 39-dB power budget. IEEE Photonics Technology Letters, 

25(7), 644-647. 

77. Bi, M., Xiao, S., He, H., Yi, L., Li, Z., Li, J., Yang, X. and Hu, W., 2013. 

Simultaneous DPSK demodulation and chirp management using delay 

interferometer in symmetric 40-Gb/s capability TWDM-PON system. Optics 

Express, 21(14), 16528-16535. 

78. Bi, M., Xiao, S., Yi, L., He, H., Li, J., Yang, X. and Hu, W., 2014. Power 

budget improvement of symmetric 40-Gb/s DML-based TWDM-PON 

system. Optics Express, 22(6), 6925-6933. 

79. Li, Z., Yi, L. and Hu, W., 2014. Symmetric 40-Gb/s TWDM-PON with 51-

dB loss budget by using a single SOA as preamplifier, booster and format 

converter in ONU. Optics Express, 22(20), 24398-24404. 

80. Li, Z., Yi, L., Wei, W., Bi, M., He, H., Xiao, S. and Hu, W., 2014. Symmetric 

40-Gb/s, 100-km passive reach TWDM-PON with 53-dB loss budget. 

Journal of Lightwave Technology, 32(21),  3389-3396. 

81. Zhou, Z., Bi, M., Xiao, S., Zhang, Y. and Hu, W., 2015. Experimental 

demonstration of symmetric 100-Gb/s DML-based TWDM-PON 

system. IEEE Photonics Technology Letters, 27(5), 470-473. 

82. Li, Z., Yi, L., Ji, H. and Hu, W., 2016. 100-Gb/s TWDM-PON based on 10G 

optical devices. Optics Express, 24(12), 12941-12948. 

83. Li, Z., Yi, L., Wang, X. and Hu, W., 2015. 28 Gb/s duobinary signal 

transmission over 40 km based on 10 GHz DML and PIN for 100 Gb/s PON. 

Optics Express, 23(16), 20249-20256. 

84. Bonk, R., Schmuck, H., Poehlmann, W. and Pfeiffer, T., 2015. Beneficial 

OLT transmitter and receiver concepts for NG-PON2 using semiconductor 



172 

optical amplifiers. Journal of Optical Communications and Networking, 7(3), 

A467-A473. 

85. Chow, C.W., Yeh, C.H., Lo, S.M., Li, C. and Tsang, H.K., 2011. Long-reach 

radio-over-fiber signal distribution using single-sideband signal generated by 

a silicon-modulator. Optics Express, 19(12), 11312-11317. 

86. Su, H.S., Li, C.Y., Lu, H.H., Chang, C.H., Peng, P.C., Wu, P.Y. and Chen, 

H.W., 2011. RoF transport systems with OSNR enhanced multi-band optical 

carrier generator. Optics Express, 19(19), 18516-18522. 

87. Wang, J. and Petermann, K., 1992. Small signal analysis for dispersive 

optical fiber communication systems. Journal of Lightwave Technology, 

10(1), 96-100. 

88. Cartledge, J.C., Jiang, Y., Karar, A.S., Harley, J. and Roberts, K., 2011. 

Arbitrary waveform generation for pre-compensation in optical fiber 

communication systems. Optics Communications, 284(15), 3711-3717. 

89. Che, D., Yuan, F. and Shieh, W., 2016. Towards high-order modulation using 

complex modulation of semiconductor lasers. Optics Express, 24(6), 6644-

6649. 

90. Peucheret, C., 2009. Direct and external modulation of light. Technical 

University of Denmark, Denmark. 

91. Pérez, P., Valle, A., Noriega, I. and Pesquera, L., 2014. Measurement of the 

intrinsic parameters of single-mode VCSELs. Journal of Lightwave 

Technology, 32(8), 1601-1607. 

92. Shaddad, R.Q., Mohammad, A.B., Al-Gailani, S.A. and Al-Hetar, A.M., 

2014. Optical frequency upconversion technique for transmission of wireless 

MIMO-type signals over optical fiber. The Scientific World Journal, 2014, 1-

14. 

93. Fujiwara, M. and Koma, R., 2016. Long-reach and high-splitting-ratio 

WDM/TDM-PON systems using burst-mode automatic gain controlled 

SOAs. Journal of Lightwave Technology, 34(3), 901-909. 

94. Sun, C., Bae, S.H. and Kim, H., 2017. Transmission of 28-Gb/s duobinary 

and PAM-4 signals using DML for optical access network. IEEE Photonics 

Technology Letters, 29(1), 130-133. 



173 

95. Bae, S.H., Kim, H. and Chung, Y.C., 2016. Transmission of 51.56-Gb/s OOK 

signal using 1.55-μm directly modulated laser and duobinary electrical 

equalizer. Optics express, 24(20), 22555-22562. 

96. Zulkifli, N., Idrus, S.M., Supa’at, A.S.M. and Farabi, M.A., 2012. Network 

performance improvement of all-optical networks through an algorithmic 

based dispersion management technique. Journal of Network and Systems 

Management, 20(3), 401-416. 

97. Mitić, D., Lebl, A. and Markov, Ž., 2012. Calculating the required number of 

bits in the function of confidence level and error probability estimation. 

Serbian Journal of Electrical Engineering, 9(3), 361-375. 

98. M. R. Chomycz,. Planning Fiber Optic Networks. New York- USA: The 

McGraw-Hill, 2009 (Chapter 4). 

99. Asaka, K., Taguchi, K., Sakaue, Y., Suzuki, K.I., Kimura, S. and Otaka, A., 

September 2015. High output power OLT/ONU transceivers for 40 Gbit/s 

symmetric-rate NG-PON2 systems. In proceeding of the Optical 

Communication (ECOC), 2015 European Conference on, IEEE,1-3. 

100. Araci, I.E., Vorbeck, S., Schneiders, M., Ansari, M.J., Peyghambarian, N. 

and Kueppers, F., 2005. System optimization and significant reach extension 

using alternating dispersion compensation for 160 Gbit/s transmission links. 

Optics Express, 13(17), 6336-6344. 

101. Zimmerman, D.R. and Spiekman, L.H., 2004. Amplifiers for the masses: 

EDFA, EDWA, and SOA amplets for metro and access applications. Journal 

of Lightwave Technology, 22(1), 63-70. 

102. Kim, H., 2010. 10-Gb/s operation of RSOA using a delay interferometer. 

IEEE Photonics Technology Letters, 22(18), 1379-1381. 

103. Connelly, M.J., 2012. Reflective semiconductor optical amplifier pulse 

propagation model. IEEE Photonics Technology Letters, 24(2), 95-97. 

104. Bjerkan, L., Royset, A., Hafskjaer, L. and Myhre, D., 1996. Measurement of 

laser parameters for simulation of high-speed fiberoptic systems. Journal of 

Lightwave Technology, 14(5), 839-850. 

105. Presi, M., Chiuchiarelli, A., Corsini, R., Choudury, P., Bottoni, F., Giorgi, L. 

and Ciaramella, E., 2012. Enhanced 10 Gb/s operations of directly modulated 

reflective semiconductor optical amplifiers without electronic equalization. 

Optics Express, 20(26), B507-B512. 



174 

106. Al-Qazwini, Z. and Kim, H., 2012. Symmetric 10-Gb/s WDM-PON using 

directly modulated lasers for downlink and RSOAs for uplink. Journal of 

Lightwave Technology, 30(12), 1891-1899. 

107. Li, J., Worms, K., Maestle, R., Hillerkuss, D., Freude, W. and Leuthold, J., 

2011. Free-space optical delay interferometer with tunable delay and phase. 

Optics express, 19(12), 11654-11666. 

108. Ghazisaidi, N., Maier, M. and Assi, C.M., 2009. Fiber-wireless (FiWi) access 

networks: A survey. IEEE Communications Magazine, 47(2), 160-167. 

109. Chowdhury, P., Mukherjee, B., Sarkar, S., Kramer, G. and Dixit, S., 2009. 

Hybrid wireless-optical broadband access network (WOBAN): prototype 

development and research challenges. IEEE Network, 23(3), 41–48,. 

110. Esmail, M.A. and Fathallah, H., December 2011. Fiber fault management and 

protection solution for ring-and-spur WDM/TDM long-reach PON. In 

proceeding of the Global Telecommunications Conference (GLOBECOM 

2011), IEEE, 1-5. 

111. Effenberger, F.J., 2015. PON resilience. Journal of Optical Communications 

and Networking, 7(3), A547-A552. 

112. Tomkos, I., Azodolmolky, S., Solé-Pareta, J., Careglio, D. and Palkopoulou, 

E., 2014. A tutorial on the flexible optical networking paradigm: State of the 

art, trends, and research challenges. Proceedings of the IEEE, 102(9), 1317-

1337. 

113. Cao, X., Yoshikane, N., Popescu, I., Tsuritani, T. and Morita, I., 2017. 

Software-defined optical networks and network abstraction with functional 

service design. Journal of Optical Communications and Networking, 9(4), 

C65-C75. 

114. Thyagaturu, A.S., Mercian, A., McGarry, M.P., Reisslein, M. and Kellerer, 

W., 2016. Software defined optical networks (SDONs): A comprehensive 

survey. IEEE Communications Surveys & Tutorials, 18(4), 2738-2786. 

115. Curri, V., Cantono, M. and Gaudino, R., 2017. Elastic all-optical networks: a 

new paradigm enabled by the physical layer. How to optimize network 

performances?. Journal of Lightwave Technology, 35(6), 1211-1221. 

116. Gerstel, O., Jinno, M., Lord, A. and Yoo, S.B., 2012. Elastic optical 

networking: A new dawn for the optical layer? IEEE Communications 

Magazine, 50(2), C65- C75. 



175 

117. Napoli, A., Bohn, M., Rafique, D., Stavdas, A., Sambo, N., Potì, L., Noelle, 

M., Fischer, J.K., Riccardi, E., Pagano, A. and Di Giglio, A., 2015. Next 

generation elastic optical networks: The vision of the European research 

project IDEALIST. IEEE Communications Magazine, 53(2), 152-162. 

118. Hillerkuss, D. and Leuthold, J., 2016. Software-defined transceivers in 

dynamic access networks. Journal of Lightwave Technology, 34(2), 792-797. 

119. Dallaglio, M., Zami, T., Sambo, N., Giorgetti, A., Pagano, A., Riccardi, E. 

and Castoldi, P., 2016. Add and drop architectures for multi-carrier 

transponders in EONs Journal of Optical Communications and Networking, 

8(7), A12-A22. 

120. Klonidis, D., Cugini, F., Gerstel, O., Jinno, M., Lopez, V., Palkopoulou, E., 

Sekiya, M., Siracusa, D., Thouénon, G. and Betoule, C., 2015. Spectrally and 

spatially flexible optical network planning and operations. IEEE 

Communications Magazine, 53(2), 69-78. 

121. Marom, D.M., Colbourne, P.D., D’errico, A., Fontaine, N.K., Ikuma, Y., 

Proietti, R., Zong, L., Rivas-Moscoso, J.M. and Tomkos, I., 2017. Survey of 

photonic switching architectures and technologies in support of spatially and 

spectrally flexible optical networking. Journal of Optical Communications 

and Networking, 9(1), 1-26. 

122. Vasilyev, M., Tomkos, I., Mehendale, M., Rhee, J.K., Kobyakov, A., 

Ajgaonkar, M., Tsuda, S. and Sharma, M., 2003. Transparent Ultra-Long-

Haul DWDM Networks with―Broadcast-and-Select‖ OADM/OXC 

Architecture. Journal of Lightwave Technology, 21(11), 2661– 2672. 

123. Simmons, J.M. and Saleh, A.A., 2015. Wavelength-selective CDC ROADM 

designs using reduced-sized optical cross-connects. IEEE Photonics 

Technology Letters, 27(20), 2174-2177. 

124. Tucker, R.S., 2011. Green optical communications—Part II: Energy 

limitations in networks. IEEE Journal of Selected Topics in Quantum 

Electronics, 17(2), 261-274. 

125. Palkopoulou, E., Angelou, M., Klonidis, D., Christodoulopoulos, K., 

Klekamp, A., Buchali, F., Varvarigos, E. and Tomkos, I., 2012. Quantifying 

spectrum, cost, and energy efficiency in fixed-grid and flex-grid networks. 

Journal of Optical Communications and Networking, 4(11), B42-B51. 

http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=68
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=68


176 

126. Lange, C., Kosiankowski, D., Weidmann, R. and Gladisch, A., 2011. Energy 

consumption of telecommunication networks and related improvement 

options. IEEE Journal of selected topics in quantum electronics, 17(2), 285-

295. 

127. Kim, G., Kim, S., Lee, D., Yoo, H. and Lim, H., 2014. Dual cyclic power 

saving technique for XG-PON. Optics Express, 22(105), A1310-A1327. 

128. Shi, L., Mukherjee, B. and Lee, S.S., 2012. Energy-efficient PON with sleep-

mode ONU: progress, challenges, and solutions. IEEE Network, 26(2) 36–41. 

129. Kani, J.I., 2013. Power saving techniques and mechanisms for optical access 

networks systems. Journal of Lightwave Technology, 31(4), 563-570. 

130. Han, M.S., Yoo, H. and Lee, D.S., 2013. Development of efficient dynamic 

bandwidth allocation algorithm for XGPON. ETRI Journal, 35(1), 18-26. 

131. Dias, M.P.I. and Wong, E., 2013. Sleep/doze controlled dynamic bandwidth 

allocation algorithms for energy-efficient passive optical networks. Optics 

Express, 21(8), 9931-9946. 

132. Winzer, P.J. and Neilson, D.T., 2017. From scaling disparities to integrated 

parallelism: A decathlon for a decade. Journal of Lightwave Technology, 

35(5), 1099-1115. 

133. Shariati, B., Rivas-Moscoso, J.M., Marom, D.M., Ben-Ezra, S., Klonidis, D., 

Velasco, L. and Tomkos, I., 2017. Impact of spatial and spectral granularity 

on the performance of SDM networks based on spatial superchannel 

switching. Journal of Lightwave Technology, 35(13), 2559-2568. 

134. Zhu, B., Taunay, T.F., Yan, M.F., Fini, J.M., Fishteyn, M., Monberg, E.M. 

and Dimarcello, F.V., 2010. Seven-core multicore fiber transmissions for 

passive optical network. Optics Express, 18(11), 11117-11122. 

  


	First pages
	Table of Contents
	Chapters



