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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment 

of the requirement for the degree of Master of Science 

PERFORMANCE EVALUATION OF NEXT GENERATION PASSIVE 
OPTICAL NETWORKS STAGE TWO FOR DOWNSTREAM 

TRANSMISSION

By

RAWA MUAYAD MAHMOOD 

October 2017 

Chairman : Siti Barirah Ahmad Anas, PhD 
Faculty : Engineering 

In this work, a 40 Gb/s downstream time and wavelength division multiplexing-

passive optical network (TWDM-PON) for next-generation passive-optical-network 

second stage (NG-PON2) had been designed and demonstrated using VPI simulator. 

This work establishes simulation, analysis and performance evaluation of three 

different wavelength plans in TWDM-PON. TWDN-PON is selected as a primary 

solution to NG-PON2 in order to achieve and support the 40Gbit/s bandwidth 

requirement. A four 10-Gb/s TWDM-PON signals are stacked using four different 

wavelengths in the downstream direction and externally modulated. 

The three different wavelength plans have been simulated and evaluated so that the 

best plan can be selected in order to study the effect of distances and number of users. 

The downstream wavelengths for plan 1 and 3 range from 190.2 THz to 189.6 THz 

while for plan 2 the wavelengths range from 192.9 THz to 192.6 THz.  

Distance of 80 km and 100 km length with an optimum attenuation of 0.2 dB /km was 

employed to transfer the multiplexed signal. Based on the simulation results, the 

enhanced prototype system is able to support split ratio of 1:256 and 1:512.  

It can be concluded that for downstream transmission over 80 km and 100 km single 

mode fiber (SMF), plan 2 performs better than plan 1 and 3. Thus, plan 2 is further 

analyzed for transmission of triple play services which consist of voice, video and 

data. 
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The system performance is observed using Bit Error Rate (BER) and Optical Signal-

to-Noise Ratio (OSNR) with respect to the design parameters such as distance, number 

of users and received optical power. Thus, two different systems were implemented in 

term of number of supportable users, which are 256 users and 512 users, as well as the 

transmission distance that are 80 km and 100 km. When the system is tested upon 

transmission of triple-play services over 80km distance with 512 users, it is shown 

that BER of 8.9 × 10-10, 3.9 × 10-9 and 1.3 × 10-4 are achieved for data, voice and 

video, respectively. 
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 

memenuhi keperluan untuk ijazah Master Sains    

PENILAIAN PRESTASI BAGI GENERASI BARU JARINGAN OPTIK 
PASIF PERINGKAT KEDUA UNTUK PENGHANTARAN HILIRAN

Oleh 

RAWA MUAYAD MAHMOOD 

O�tober 2017 

Pengerusi : Siti Barirah Ahmad Anas, PhD 
Fakulti : Kejuruteraan

Dalam kerja ini, sebuah 40 Gb/s hiliran pemultipleksan pembahagian masa dan 

panjang gelombang - rangkaian optik pasif (TWDM-PON) untuk generasi baru bagi 

rangkaian optik pasif peringkat kedua (NG-PON 2) telah direka bentuk dan 

ditunjukkan melalui penggunaan VPI simulator. Kerja ini menetapkan simulasi, 

analisis dan penilaian prestasi bagi perbandingan antara tiga pelan panjang gelombang 

yang berbeza dalam TWDM-PON. TWDN-PON dipilih sebagai penyelesaian utama 

untuk NG-PON2 untuk mencapai dan menyokong keperluan jalur lebar 40Gbit/s. 

Empat isyarat 10 Gb/s TWDM-PON disusun menggunakan empat panjang gelombang 

yang berbeza ke arah hilir dan dimodulasi secara luaran. 

Ketiga-tiga pelan panjang gelombang disimulasi dan dinilai supaya pelan yang terbaik 

boleh dipilih untuk mengkaji kesan jarak dan bilangan pengguna. Panjang gelombang 

hiliran daripada pelan 1 dan 3 adalah berbeza-beza, dari 190.2 THz kepada 189.6 THz 

manakala bagi pelan 2 panjang gelombang antara 192.9 THz kepada 192.6 THz. 

Jarak 80 km dan 100 km dengan pengecilan optimum sebanyak 0.2 dB/km telah 

digunakan untuk memindahkan isyarat multipleks. Berdasarkan keputusan simulasi, 

sistem prototaip yang telah dipertingkatkan mampu untuk menyokong nisbah pecahan 

sebanyak 1: 256 dan 1: 512. 

Dapat disimpulkan bahawa untuk penghantaran hiliran lebih 80 km dan 100 km 

gentian satu mod (SMF) dalam pelan 2 lebih baik daripada pelan 1 dan 3. Oleh itu, 

pelan 2 seterusnya dianalisis untuk penghantaran perkhidmatan tiga serangkai yang 

terdiri daripada suara, video dan data.  
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Prestasi sistem diperhatikan dengan menggunapakai kadar ralat bit (BER) dan nisbah 

isyarat kepada hingar optik (OSNR) berkenaan dengan parameter reka bentuk seperti 

jarak, bilangan pengguna dan kuasa optic yang diterima. Oleh itu, dua sistem yang 

berbeza telah dilaksanakan dari segi bilangan pengguna yang dapat disokong, iaitu 

256 dan 512 pengguna, dan juga jarak penghantaran iaitu 80 km dan 100 km. Apabila 

sistem ini diuji untuk tiga penyampaian perkhidmatan dengan jarak 80km dan jumlah 

pengguna adalah sebanyak 512, nilai BER yg ditunjukkan untuk data, suara dan video 

masing-masing adalah 8.9x10-10, 3.9x10-9 dan 1.3x10-4. 
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     CHAPTER 1 

1 INTRODUCTION 

1.1 Background 

Over the past decade, there had been a rapid global growth in Internet usage with a 

corresponding increase in Internet traffic volume. With recent technological advances 

and insights, this trend is expected to develop in the future. Most daily routine 

activities encompass a repeated use of the bandwidth demanding applications. Thus,

high capacity networks are required to support the enormous bandwidth requirements, 

due to the increased number of internet users for a new online application. The key 

technology to achieve  high capacity network infrastructures, which are able to cope 

with this exponential increase in global traffic volume is optical fiber communication 

[1]. 

The  increased usage of high bandwidth-demanding services  such  as Voice over 

Internet Protocol (VoIP),  live  video  streaming as well as peer  to  peer passage of 

information led to a proportional increment in consumers’ demand for  bandwidth that 
has high-speed fiber connections, to the homes as well as premises.  The demand of 

residential subscribers is first mile access solutions that offers high bandwidth and 

media rich services. Meanwhile, there is high demand for broadband infrastructure by 

corporate by which they can access their LAN to the internet backbone [2]. In order 

to meet this bandwidth demand, Fiber-To-The-x (FTTx) had emerged, delivering high 

speed ultra-fast broadband in order to achieve the requirement of next-generation 

multiplay service applications.  

A lot of broadband access technologies are in existence nowadays, examples like 

copper based digital subscriber loop (DSL), wireless and fiber access. However, the 

fiber access is seen to be the feasible technology for the future access networks [3-5].

Fiber-to-the-home (FTTH) is the future proofing technology present ultra-high 

bandwidth and long reach transmission. Many network architectures have been 

developed, e.g., point-to-point (P2P), active optical network (AON) [6] and passive 

optical network (PON) [2, 7, 8]. Due to the low deployment cost and resource 

efficiency, PON is considered as the most promising solution. PON is further 

classified into three types on the basis of two different technologies which are time-

division multiplexing (TDM) and wavelength-division multiplexing (WDM). The 

three types of PON which are based on this classification include TDM PON, WDM 

PON and hybrid WDM/TDM PON. 

In supporting numerous services simultaneously, optical fiber networks are the most 

preferred due to its remarkably high bandwidths offer compared to conventional 

access technology such as twisted pair copper wires or coaxial cables. FTTH is a

transfer of information signal over the optical fiber from the operator’s switching 
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equipment to the home or business premises. This method is relatively new, fast 

growing, and provides the highest bandwidth to end users, hence enabling more robust 

internet services [9].

The transmission allow the delivery of triple play services which are data, voice and 

video. FTTH-PON architectures can support an Ethernet connection over a specific 
PON protocol standard [10]. Currently, PON standards in use are Ethernet Passive 

Optical Network (EPON) or GE-PON. 

PONs is now installed in a lot of countries so as to make provision for high-speed 

broadband services. During the early years in the gradual change in multiplexing 

technologies, an upstream and downstream aggregate bandwidth of 155 Mbit/s up to 

622 Mbit/s was achieved with the use of Asynchronous Transfer Mode (ATM) PON 

(APON) and Broadband PON (BPON). However, the introduction of TDM later 

permitted the achievement of a downstream and upstream bandwidth of around 1.25 

Gbit/s and 2.5 Gbit/s respectively, according to the International Telecommunication 

Union (ITU-T) G.984 GPON standard.  In addition, improved high-speed TDM that 

is based on optical access systems up to 10Gbit/s for downstream and 2.5 Gbit/s 

upstream (XG-PON1) or 10 Gb/s for combined downstream and upstream (XG-

PON2) have been developed in accordance with ITU-T G.987 GPON specification. 

Presently, standard specifications by ITU exist for APON and BPON, GPON, XG-

PON , EPON and 10 GE-PON by Institute of Electrical and Electronics Engineers 

(IEEE).  However, with the introduction of WDM in transport networks, a significant 

increase in capacities to a bandwidth of 250 GBit/s up to 500 Gbit/s using Ultra-Dense 

Wavelength Division Multiplexing (UD-WDM) have been consistently reported. The 

generation of optical access networks that operates at over 10-Gbit/s is now considered

more flexible network architectures using WDM to respond to high bandwidth 

requests. Time and Wavelength Division Multiplexing Passive Optical Network 

(TWDM-PON) has emerged as a high potential PON solution by providing high 

capacity bandwidth to satisfy the demand for high-speed broadband services [11].

A new upgrade was suggested namely Next Generation-PON Stage 1 (NG-PON1), 

which support a data rate up to 10-Gb/s. Furthermore, Next Generation-PON Stage 2 

(NG-PON2) as a further improvement to NG-PON1 is proposed by Full Service 

Access Network (FSAN) as a promising candidate for supporting 40-Gb/s data rate 

[12]. The researchers found a different techniques for NG-PON2 [13]. NG-PON2 

includes WDM-PON, Orthogonal Frequency Division Multiplexed PON (OFDM-

PON) and TWDM-PON. A single wavelength channel is shared by all the users at the 

Remote Node (RN) with the help of a splitter in TDM-PON. Multi-wavelength TDM-

PON provides a better smooth capacity upgrade by combining multiple wavelengths 

on the existing TDM-PON which is known as TWDM-PON [12].
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1.2 Motivation 

There are many promising features which make TWDM-PON a popular technology 

for next generation [11, 14-17]. 

� From both technical and economic perspectives, the ability to provide 

potentially unlimited transmission capacity is the most obvious advantage of 

TWDM technology. 

� Fast, simple, and dynamic provisioning of network connections give providers 

the ability to provide high-bandwidth services. 

� PONs allow for long reach between the CO and customer premises, operating 

at long distances. 

� PONs provide higher bandwidth due to deeper fiber penetration, offering Gb/s 

solutions. 

� Operating in the downstream as a broadcast network, PONs allow for video 

broadcasting. 

� TWDM-PON not complicated configuration and maintenance at the ODN. 

A lot of setups have been investigated in TWDM-PON with consideration to the 

design shown in the standard and the presence of the optical devices. Using  this case 

as beginning point, this work intends to evaluate the modern international standard for 

the  FTTH  networks  implementing  NG-PON2  systems  that operates at  4 × 

10GBit/s for three different wavelength plan options and comparing them  in order  

to  determine and evaluate their performance in terms of longer transmission distance 

and higher number of supportable users. The solution is designed and developed using 

Virtual Photonics Inc. (VPI) simulation software. Various tests are performed, and 

optimization of the system is done with the aid of VPI software.  

This thesis is first study the fundamental concepts that distinguish TWDM from other 

techniques with emphasis on the comparison of three wavelength plan options in the 

downstream direction. The three plan options are simulated and evaluated in this 

thesis. The best plan is chosen and analyzed further in terms of the transmission 

distance and number of supportable users. 

1.3 Problem statement 

The explosive growth of online multimedia software like the VoIP, video conferencing 

as well as online-gaming has placed increasing demands on the ability and reliability 

of transmission systems. Optical networks such as PONs have emerged to address this 

problem by providing sufficient bandwidth for these applications [16, 18-20]. 



© C
OP

UPM

 

 
4 

 

The three options proposed for the TWDM-PON wavelengths as described in ITU-T

recommendations. The first choice is to reuse the XG-PON wavelength bands which 

is a finer grid inside NG-PON1 band. This option band can be combined with GPON 

and the loss budget is similar to that of XG-PON. The typical loss budget value is 

about 33 dB. The next choice to the initial option is to redefine the C-band 

enhancement band to include the upstream and downstream wavelengths. This option 

plan makes the system compatible with GPON and XG-PON, with help of EDFAs. 

The third option is like a hybrid, which combines features of the above two plans. The 

downstream channels of this plan are designed in the L-minus band, while the 

upstream channels are located in the C-minus band. This option plan is compatible 

with GPON and the RF video overlay channel, but blocks XG-PON. This three plan 

options are discussed further in the next chapter. 

The three wavelength plans were chosen due to coexistence with the previous 

generations of PONs in the legacy Optical Distribution Network (ODN) such as XG-

PON and GPON [16]. In addition to that, the three wavelength plans are proposed for 

the TWDM-PON system by ITU-T recommendations. 

Many research works are done on the NG-PON2 architecture [11, 16, 20-22]. The 

research [20] showed a successful transmission of the proposed work through 

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

transmission distance with 32 splits. The study [16] summarized the TWDM-PON 

research in FSAN by reviewing the basics of TWDM-PON and presenting the world's 

first full-system 40 Gb/s TWDM-PON prototype. The research [21] proposed a two-

phased upgrade method of capacity per wavelength in NG-PON2. Coexistence with 

conventional NG-PON2 ONUs and a higher capacity are realized using star 8-QAM 

and square 16-QAM in phases 1 and 2, respectively. The study [22] proposed a 

symmetric 40-Gb/s aggregate rate TWDM-PON system with the capability of 

simultaneous downstream differential phase shift keying (DPSK) signal demodulation 

to support 256 users with 50-km SMF transmission. This study [11] described 

schemes, experiments, and demos for upstream and downstream transmission in a 

future NG-PON2 compliant TWDM-PON system. It focused on the special attention 

on developing a low cost ONU, because the ONU is a major contributor to the total 

cost of a PON system. 

However, to the best of the author knowledge, no study had been done on the 

comparative study between these plan options based on performance parameter which 

are Bit Error Rate (BER) and Optical Signal-to-Noise Ratio (OSNR) against the design 

parameters which are the distance and the received optical power (ROP). 

The goal in this study is to design NG-PON2 architecture based on TWDM technique 

to support number of users up to 512 total number of users with extended distance of 

80 km and 100 km. Based on the ITU-T recommendations G.989.1 [23] , NG-PON2 

must support a split ratio of at least 1:256. Specific application and network 

engineering choices can require higher split ratios; therefore, the NG-PON2 design 
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should not preclude supporting higher split ratios. Support for a higher number of 

ONUs per ODN enables a high degree of infrastructure sharing with longer reach. This 

proposed architecture allow the support of multi-service applications such as triple-

play services for long distance and high number of users. 

1.4 Aim and objectives  

The aim of this research is to implement and evaluate the downstream performance of 

NG-PON2 based on TWDM-PON system. 

The specific objectives are:  

1- To design and develop NG-PON2 system based on TWDM-PON. 

2- To demonstrate and evaluate three different ITU-T wavelength plans for 

downstream transmission. 

3- To implement the triple play services which are data, voice and video on the 

developed TWDM-PON system for long distance and high number of users. 

1.5 Scope 

Figure 1.1 shows the scope of study covered in this master research. This thesis 

focuses on implementation of TWDM-PON technology in access network.  

This Figure describes the PON-FTTH categories which classify to EPON, GPON and 

NG-PON where the later can be classified into two types which are NG-PON1 and 

NG-PON2. This work focuses on the developed NG-PON2. Conventional studies 

were conducted on how to improve system performance by deploying different 

multiplexing techniques, such as TDM, WDM and hybrid TDM/WDM. TWDM 

technique has been considered as the most promising solution for NG-PON2 network 

since it possesses high bandwidth in optical band. Also, TWDM technique can 

contribute to evaluate the increasing number of end users in ONU and achieving long 

reach fiber transmission line. The methodology is to design TWDM on NG-PON2 

using VPI software and evaluate the three plan options on the TWDM-PON proposed 

system. The triple play services such as data, voice and video had been applied on the 

developed TWDM-PON system. Investigation and analyzing the effect of increasing 

the number of users with possible long reach distance had been conducted by 

observing the performance parameters such as OSNR and BER and design parameters 

which are ROP and distance.  
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Figure 1.1 : The scope of study 
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1.6 Thesis Layout  

In general, this thesis consists of five chapters.   

Chapter 1, which is this current chapter, gives a general introduction of the topics,

objective and defines the scope of work.   

Chapter 2 introduces the fundamental backgrounds of PON architecture and describes 

the techniques previously proposed.  Moreover, PON standards and NG-PON systems 

are reviewed and discussed with analysis of the NG-PON2 system being concisely 

described. Three plan options were explained in the end of this chapter in order to 

compare the performance of the NG-PON2 system.  

Chapter 3 discusses the methodology in implementing the three plan options on the 

proposed architecture. Furthermore, detailed optical architecture in simulation is

thoroughly described  and  the spectrum  of  transmitting  signal  is  shown. The 

performance and design parameters of the system are then studied.  In addition, the 

proposed model for TWDM-PON system is discussed with best wavelength plan to 

serve 256 and 512 users over 80 and 100 km transmission line. 

Chapter 4 is devoted to the performance evaluation of the results of developed NG-

PON2 system and comparative analysis of different plan options. The implementation 

of the three plan options are analyzed and results are extracted and compared. The 

second plan are selected to present the triple play services due to its best performance 

compared to other plans based on the proposed architecture in this thesis. The 

performance of proposed system for the second plan was achieved by supporting two 

different sets of number of users and long reach distance. The performance of the 

proposed system was analyzed by the performance parameters such as OSNR and 

BER against the design parameters such as distance and ROP. 

The finding of this work is summarized and concluded in Chapter 5. The best option 

plan for this system has been identified and the performances of the proposed 

architecture are analyzed. Moreover,  it includes  the  contribution  of  this  thesis  and  

the  recommendation  for further research work.  
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