REPUBLIC OF IRAQ
MINISTRY OF HIGHER EDUCATION
AND SCIENTIFIC RESEARCH
AL-FURAT AL-AWSAT TECHNICAL
UNIVERSITY
ENGINEERING TECHNICAL
COLLEGE-NAJAF

DESIGNING OPTICAL FIBER TO THE
HOME (FTTH) NETWORKS BY USING
HYBRID TECHNIQUES

A THESIS
SUBMITTED TO THE COMMUNICATIONS TECHNIQUES
ENGINEERING DEPARTMENT
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR
THE TECHNICAL MASTER DEGREE
IN
COMMUNICATION ENGINEERING

BY
Haidar S. Zaeer Dhaam

(B.Sc. Communication Techniques Engineering)

Supervised by

Assistant Professor Assistant Professor
Dr. Faris Mohammed Ali Dr. Ahmed Ghanim Wadday

September 2019



ACKNOWLEDGMENT

In the name of Allah, the Most Gracious and the Most Merciful.

All praises to Allah for the strengths and His blessing in completing this work
and pleased me the science way, and prayers and peace be upon his Prophet

Muhammad and his family (my great teachers).

First of all, I would like to express my warm thanks to both my supervisors
assistant Prof Dr. Faris Mohammed and assistant Prof Dr. Ahmed Ghanim for
providing me the possibility to do a very interesting thesis work. This thesis
allowed me to have a good insight in the development of FTTH system, while

gaining a lot of knowledge and skills in the area of optical communication.

Sincere thanks going to all the professors at Al-Furat Al-Awsat Technical
University /Engineering Technical College Najaf for all this huge basis of
information in the academic terms which it was as the foundation stone of this
thesis. Especially who push me and guided me (to name a few: Mrs. Ghufran
Mahdi, Assistant Prof. Ali m. Alsahlany, Dr. Nasser Hussein, Mr. Qusay Jalil

and many others).

I would like to thank all my amazing colleagues in this course particular who

supported me.

Also, I would like to thank all my friends for their suggestions and advices

that they provided to me in order to realize one of my dreams.

All thanks for my great parents and all my wonderful family members for
giving me a lot of support, love and advices. My family who facilitated all the
difficulties for me, staying beside me and giving me all these encouragements to

complete this thesis and go on to do my best.

II



Supervisor Certification

We certify that this thesis titled "*Designing Optical Fiber to the Home (FTTH)
Networks by Using Hybrid Techniques' which is being submitted by Haidar
S. Zaeer Dhaam was prepared under my/our supervision at the Communication
Techniques Engineering Department, Engineering Technical College-Najaf, AL-
Furat Al-Awsat Technical University, as a partial fulfillment of the requirements

for the degree of Master of Technical in Communication Engineering.

Signature: Signature:

Name: Dr. Faris Mohammed Ali Name: Dr. Ahmed Ghanim Wadday
Degree: Assistant Prof. Degree: Assistant Prof.

Date: /[ 12019 Date: /[ 12019

In view of the available recommendation, we forward this thesis for debate
by the examining committee.

Signature:

Name: Dr. Salim Muhsin Wadi

(Head of Communication Tech. Eng. Dept.)
Date: /12019

III



Committee Report

We certify that we have read this thesis titled "*Designing Optical Fiber to the
Home (FTTH) Networks by Using Hybrid Techniques™ which is being
submitted by Haidar S. Zaeer Dhaam and as Examining Committee, examined

the student in its contents. In our opinion,

the thesis is adequate for award of

degree of Master of Technical in Communication Engineering.

Signature:

Name: Dr. Faris Mohammed Ali

Degree: Assistant Prof.
(Supervisor)

Date: /12019

Signature:
Name: Dr. Ahmad T. Abdulsadda
Degree: Assistant Prof.

(Member)
Date: / /2019

Signature:

Signature:

Name:Dr. Ahmed Ghanim Wadday

Degree: Assistant Prof.
(Co-Supervisor)

Date: /12019

Signature:
Name: Dr. Bashar Jabbar Hamza
Degree: Assistant Prof.

(Member)
Date: / /2019

Name: Dr. Ibrahim Abdullah Murdas

Degree: Prof.
(Chairman)
Date: /12019

Approval of the Engineering Technical College- Najaf

Signature:

Name: Dr. Ali A. A. Al-Bakri
Dean of Engineering Technical College- Najaf

Date: /

1A

/2019



(e 33y &5 J83)
alaall ol il 50

[114 :4b]



ABSTRACT

Optical networks can support the huge increasing of demands for high speed
connections suitable to the modern customer requirements in a high-reliable and
cost-efficient manner. In this thesis, hybrid systems of OCDMA and OTDM have
been proposed to increase the number of simultaneous users. In the last decade,
Fiber-to-the-Home (FTTH) networks witnessed great public acceptance
worldwide. To satisfy future demands, existing FTTH access networks must be
modified. To achieve this purpose, a new FTTH architecture based on high bit
rate TDM-OCDMA-PON hybrid system increasing the network scalability has

been designed and simulated.

In order to increase the number of users, an OCDMA encoder/decoder
technique employing two orthogonal polarization states of 2D code has been
investigated. Both the polarization and wavelength scheme (P/W) are included in
this 2D code. In addition, optical fiber systems (OFS) and free space optics (FSO)
scenarios are utilized with some of incoherent spectral amplitude coding OCDMA
(SAC-OCDMA) codes. These codes are Multi-Diagonal (MD) and Zero Cross
Correlation (ZCC) codes. Whereas, they are selected due to reducing the effect of
Multi Access Interference (MAI) which is considered the most important factor

of noise and interference in a SAC-OCDMA.

TDM-PON is considered a good solution for a high bit rate and a flexible
bandwidth system. In the present thesis, the simulation of a high speed bit-
interleaving TDM transmitter has carried out. The proposed scheme of FTTH
downstream is based on single Mach—Zehnder modulators (MZM) and single
laser diode to carry electrical multiplexed data. In addition, different bit rate of
TDM-PON has been simulated in different scenarios. To simulate those systems

the Optisystem V.15 software package has been utilized.
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The results of the OCDMA system show that the number of the total supported
of simultaneous users for the 2D codes is doubled in comparison with 1D codes.
Besides, the simulation results show the performance of the MD code is better
than ZCC in both OFS and FSO scenarios. Next, the results of TDM-PON system
show that the electrical multiplexed TDM transmitter provides better performance
than the traditional optical TDM transmitter in different scenarios with different
bit rates. Finally, the results of OTDM-OCDMA hybrid FTTH system
demonstrate that this system can make a considerable increase in the network

scalability by increasing either time slots or OCDMA codes numbers.
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CHAPTER ONE

INTRODUCTION

1.1 Background

The huge demand for a larger capacity of network traffics and the expected
growth in the near future have led many operators to find out and establish
networks based on fiber optical access instead of other technologies. The optical
networks system can ensure a good performance for such a system of large

number of users.

The worldwide Internet activity was 100 GB per day in 1997, while in 2016
the Internet activity was about 26,600 GB per second. According to Cisco
expectation, the anticipated expansion of the Internet activity in 2021 will be
105,800 GB per second, where the expected consumption of the Internet for each

household is about 155 GB per month [1].

Smartphones and tablets play an essential role in changing the way of
consuming media. With the rise of mobile TV, video-on-demand (VoD) services
and high definition gaming ... etc. Consequently, user interests have completely
changed, where the most important denominator to cancel their interest to cable-
based broadcast television services and depend rather on Internet-based media

services. Figure 1.1 projects the increment in worldwide IP traffic between 2016-

2021 [1].

In recent years, the explosion of the Internet of Things (IoT), smart home and
cloud services have changed the lifestyle of the Internet user. Smart home sensors,
wearable devices, health monitors, security systems, cars, electronic appliances,
speaker systems, vending machines and hundreds of other objects, being

connected to the internet every day, which require more analyses and storage.
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Therefore, cloud with its computing and data storage can be a solution for those

issues, but this means that more capacity and scalable network must be provided

[2].

26% CAGR
2016-2021 = r .
- Other \Cf.ﬂi.‘?‘o, 0;.,'3%)
e HETablets (7%, 8%)
o [ PCs (56%, 28%)

Exabytes 150 — . WTVs (16%, 19%)

per month — ENon-Smartphones (0.2%, 0.1%)
o e - Smartphones (17%, 39%)
50 | - EM2M (3%, 6%)

)
.JI

Fig. 1.1: Global internet traffic by device type, where the compound annual
growth rate (CAGR) is 26%, 2016-2021, adapted from [1].

1.2 Motivation

A good performance communication system for large number of users and
high quality services access become a purpose objective of each operator. End-to-
end fiber can undoubtedly meet such service levels. Furthermore, in the end-to-
end, fiber will offer the capacity to higher data rate without key changes. Fiber-
based access systems are a future-proof novel solution that can easily provide the
anticipated increase in data rate for end-clients in addition to several advantages
that are offered by optical fiber technology, such as high security, reliability and

long distance access [3].

The development of optical networks is essentially based on the maximum
utilization of bandwidth of fiber optics using different access techniques. A hybrid
model is based on combining two or more multiple access techniques which leads
to increasing the number of users in the FTTH networks.

2
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1.3 Problem Statement

The limitations of current mediums, such as digital subscriber line (DSL),
drive the researchers to investigate in FTTH network as an alternative solution.
Optical code division multiple access (OCDMA) technique has been considered,
by many researchers, as a good solution for high bandwidth network. In this thesis
hybrid systems of OCDMA and optical time division multiplexing (OTDM) have
been proposed to increase the number of simultaneous active homes in the FTTH
network. To achieve that, the OCDMA system should be designed with maximum
number of codes at high bit rate transmission where more OTDM channel can be

used by sharing this bandwidth.

1.4 Thesis Objectives

The main objectives of this work are:

1. Designing and simulating a high performance FTTH network offers an
increasing in the number of homes while ensuring sufficient data rate and

low bit error rate by using OptiSystem simulation tool v.15.

2. Carrying out the simulated design of OCDMA system based zero cross-
correlation SAC-OCDMA and investigate a new method ensuring larger

number of OCDMA users.

3. Designing and simulating a high speed bit-interleaving TDM-PONsS.

4. Demonstrating several hybrid approaches that combine OCDMA and
OTDM.

5. Discussing the effect of increasing the optical link distance on the systems

performance.
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1.5 Scope of Study

Optical fiber communication techniques have many interesting aspects to
study. Figure 1.2 shows the scope of this study model in order to provide the entire
picture of research scope with simplify approach. This flow chart describes the
relationship of the main topics in optical fiber communication field and the
research work focusing in this thesis, where the solid items refer to the main points

which have been focused by this thesis.

| Optical fiber communication techniques |

| Modulation | | Source coding | ‘ Multiplexing | | Synchronizationl | Channel coding | ‘ Encryption | | channal |
\ I
[ora | [orom | [orom |[wow |[ocom | [sov | [rz] [wez] [oveay | [ |
P —
e
| Optic Impairments |
: 3
‘ IBIt' ) Palcke_t | Coherent | | Incoherent | |Attenuation| | Nonlinear | | dispersion |
interleaving interleaving
| Repeaters | | Amplifiers | ‘ Dispersion Compensationation |
TPC SPC +—|—;—;
| EDFA || SOA | | Raman |
I L ] ! . .
Three Dimensional Two Dimensional Spectral Amplitude ‘ -
(3D (2D) i Coding (1p D) Temporal Spatial Polarization FBG
: Spreading (1D} Coding (1D) Coding {1D)
| Zero cross-correlation | | Low cross-correlation |
T
|ZCC| |MD| ‘RD||KS||MQC||MFH| |Hadmard|

Fig. 1.2: Scope of study

1.6 Brief Method

Figure 1.3 shows the brief method of this work. Where there are three main
topics: the OCDMA system, the OTDMA system and the combination system

between those two techniques.
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Fig. 1.3: Brief method

1.7 Thesis Contributions

1. Acomprehensive study has been carried out on zero cross-correlation SAC-
OCDMA 1D and 2D (polarization/wavelength). A 2D-MD OCDMA
system design has been proposed and demonstrated.

2. Simulation of a bit-interleaving TDM transmitter has been carried out.

3. A FTTH model based on TDM-OCDMA-PON hybrid system increasing

the network scalability has been proposed and demonstrated.
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1.8 Thesis Organization

Chapter 1 presents the background, motivation of the researches, problem
statement, scope of study, thesis objectives, brief method, main contributions and

the layout of this thesis.

Chapter 2 is an overview including active and passive optical network
topologies, the development of FTTH systems, types of optical based networks,
PON standardizations, multiplexing techniques and FTTH access network
architecture, including network components, various optical channels, optic
impairments, optical amplifiers, dispersion compensation techniques and a

literature survey of the related works.

Chapter 3 sheds light on the design and simulation of OCDMA system, TDM-
PON system, and new architecture for increasing network scalability using

OCDMA-TDM-PON hybrid system.

Chapter 4 provides the results and the discussion of the theoretical and the

simulated systems that have been designed.

Chapter 5 concludes this thesis and offers suggestions for future work.



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

Telecommunications network generally consists of three main subnetworks:
backbone/long-haul, metro/regional and access network. Optical fiber link has
commenced involving into the telecommunications network in the backbone
network where the large capacity is needed. With the phenomenal increase in the
demand by the modern subscribers, the optical fiber goes farther toward the access
segment of the network. The optical networks provide a number of extremely
attractive advantages: enormous bandwidth, data security, electrical isolation,
immunity to interference and crosstalk, low transmission loss, system reliability

and potential low cost of the links [4].

Optical networks, like other communication systems, have different
topologies. Star, ring, linear bus, and mesh are the most common topologies used
for optical communication. Star configuration connect all nodes to a single point
at the center of the network. Similar to other communication systems, ring
topology connect nodes together point-to-point sequentially forming a close
single path. As linear bus configuration, all nodes linked to a single backhaul cable
via optical couplers. Finally, mesh architecture terminal devices are connected

directly with each other by direct links. Figure 2.1 illustrates the four topologies
[5].



CHAPTER TWO LITERATURE REVIEW

C. Linear bus

T

ol o

Fig. 2.1: Optical network topologies: A. Ring, B. Star, C. linear bus, and D.
mesh. OLT: Optical Line Terminal. ONT: Optical Network Terminal

2.2 Development of Fiber-to-the-Home (FTTH) Systems

The first try of Fiber-to-the-Home (FTTH) (168 customers) network was
established in 1977-Higashi-lkoma, Japan by transferring video for a specific
purpose [6]. During the 1980s, FTTH was developed for various trials and spread
out crosswise over Europe like Milton-Keynes in England, Biarritz, France,

Bigfon in Berlin, and North America, Japan and other places [7]-[13].

Many factors prevented the spread of this technology at that time. In fact, the
cost was a key factor, which made the changing of the copper network that already
exists by a more complex one like FTTH is a difficult decision, where the cost per
subscriber is about $600 up to thousands of dollars depending on the distance [3].
The high cost is often due to the price of the fiber. The topology used required that
each subscriber to be connected via single cable in a point-to-point (PtP) network,

plus two transceivers, as in Fig. 2.2.
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2 O/E Transceivers per
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Fig. 2.2: point-to-point (PtP) network

At the beginning of the cost reduction journey, point-to-multipoint (PtMP)
system was a great step, Fig. 2.3, as first use to Fiber-to-the-Curb (FTTC) or
Fiber-to-the-Cabinet (FTTCab) PON solutions. The concept is to achieve a
hybrid network with an optical back-haul access to provide a considerable
capacity that is able to feed many network units, e.g. a radio base station or a
Digital Subscriber Loop Access Multiplexer (DSLAM). FTTC was used first in
the mid-1980s to enhance a Digital Loop Carrier (DLC) system replacing the
metallic feeder cable by fiber from the telephone central office (CO) to the remote
cabinets by multiplexing number of electrical signals in a single fiber.
Demultiplexer was placed in the remote cabinets, then it delivered service to the
client over twisted pair copper cables (with up to 96 subscriber lines) [14]. After
that, the FTTC was moved closer to the customer making more cost reduction
until the spreading of optical multiplexing techniques which played an essential

role in FTTH system cost reduction.
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2 O/E Transceivers per
Customej Customer's Premises
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Fig. 2.3: Point-to-multipoint (PtMP) network

Fiber-to-the-Home/Building (FTTH/B), also called Fiber-to-the-Premises
(FTTP), is the direct connection between a Local Convergence Point (LCP) and
individual premises (such as residence houses, apartment buildings, businesses
and service buildings) using optical fiber to provide future-proof ultra-high-speed
access. FTTH 1is currently considered the most widespread communication
technique, particularly in Asia and the Pacific area where about 77% of the overall
networks is FTTP [15]. Fiber-to-the-Home (FTTH), Fiber-to-the-Building
(FTTB), Fiber-to-the-Curb (FTTC), Fiber-to-the-Node (FTTN), and other
different structures are gathered under name Fiber-to-the-x (FTTx). Figure 2.4

illustrates some types of FTTx.

10
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Fig. 2.4: FTTx fiber access alternatives with cable types and some terms are
used to describe locations of the equipment.

2.3 Types of Optical Based Networks

There are two main types of the optical networks: active optical network

(AON) and passive optical network (PON).

2.3.1 Active optical network (AON)

AON, which also called active Ethernet, is the most deployed solution of
FTTx networks in Europe and was standardized in 2005 [16]. There are two
different infrastructures of AON: active star (AS) and PtP. The topology of the AS
1s point-to-multipoint, where active remote nodes (RNs) is utilized to connect the

CO with various premises by a single fiber, as in Fig. 2.5A.

2.3.2 Passive optical network (PON)

Passive optical networks have no active device. It has the same layout of AS

with replacing the active switch that needs electrical power by a passive optical
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multiport device (splitting/combining optical signals). The link between optical
line terminal (OLT) and optical network unit (ONU) perform all transmission in
PON. OLT is located at CO, while ONU resides at the end-user location. The main
PON's feature is the all-optical distribution network (ODN), which is based on an
optical splitter. This device is considered a sort of passive device with no need to
any power supply or electronic device. Nowadays, the increment of PON that is

used for commercial purposes concentrates on TDM-PON, WDM-PON and

hybrid between both techniques [17].

I | |
up to 70 km up 020 km i up Lo 20 km

(A) B)
Fig. 2.5: A- Active Optical Network (AON), B- Passive Optical Network (PON)

There are several advantages to the wide use of PON over AON (both PtP and
AS) [3]:
1. Costs are shared by K of ONUs that utilized the same fiber-feeder.
2. The cost of the power consumption of an AS is eliminated.
3. No need to outside-premises electrical power and high-energy standby
batteries, where PON depends on completely passive nature.
4. Outside optoelectronic and electronic devices are not required, where the

tough environmental.
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5. The optical connection avoids electromagnetic interference (EMI) and the
incompatibilities that may occur with copper conductors, as well as the
noise from power converters.

6. The branch point is not bandwidth-dependent like AS; this permit future

upgrades with minimal cost.

The combiner in PON (PtMP passive star topology) merges the data stream
optically. Collision may occur when a traffic multiplexing is done by passive
optical power combiner. To avoid that collision, a multiple access technique

should be added to develop PONs [18].

2.4 PON Standardization

A large production volume can be achieved by sharing a common design
accessible from multiple suppliers. It meet with the requirements of several large
network providers and cost reductions. Seven major European and Japanese
telecom providers met in 1995 with ten international manufacturers for this
approach [3]. Later, the International Telecommunication Union -
Telecommunications (ITU-T) cooperates with the Full Service Access Network

(FSAN) Group to compose FSAN/ITU-T standards [19].

In the same manner, IEEE remarks that most of the data on the Internet is
originating from an Ethernet source. Indeed, supporting Ethernet traffic in access
networks is reasonable. Therefore, a first-mile group meeting was commenced in
November 2000, and then Ethernet IEEE 802.3 standardization committee
initiated a goal of drafting Ethernet standards for fiber-based access networks

[20].

13
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Fig. 2.6: PON evolution

Time division multiplexing (TDM) has been used for downstream and time
division multiple access (TDMA) for upstream by both two bodies standard of
PON:Ss.

2.5 Multiple Access Techniques in PONs

In order to share a single fiber feeder by all ONUs, that terminate the
branching fibers and send traffic upstream from individual ONU toward the OLT
with a collision-free transmission, an appropriate multiple access technique(s)
is(are) required. Three major multiple access categories have been developed for
FTTH networks: time division multiple access (TDMA), wavelength division

multiple access (WDMA) and optical code division multiple access (OCDMA).
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2.5.1 TDM-PONs

Two methods are used for TDM-PON: the first involves packet interleaving

while the second one involves bit interleaving.

2.5.1.1 Packet interleaving (Packet-by-Packet transmission)

The packet interleaving TDM-PON, where the number of bits are grouped
together and targeted to a particular ONU, has been used for downstream by both
two bodies standard (IEEE and FSAN/ITU-T) of PONs. In packet-by-packet
transmission, data is sent to various users by a single downstream optical carrier
in assigned slots form, as shown in Fig. 2.7. While the upstream packets of TDM
system are sent from an ONU in an individual time slot at the combiner which
requires careful synchronization at the ONUs, as shown in Fig. 2.8. To ensure
collision-free transmission, the data of each ONU should be sent at the right time
instantly. From a practiced point of view, there is a different relative distance
between the ONUs and the OLT. Hence, the use of ranging protocols are essential.
Round-trip time (RTT) can be used to sense this distance. In the OLT, a burst mode
receiver 1s required which can handle different levels of the amplitude of the
received packets (this amplitude fluctuation is due to the path loss experienced
difference). Initially, with time division multiple access PONs (TDMA-PONSs), as
the ONUs are sharing the capacity of OLT, this capacity of each ONU decreases
with an increase in the ONUs number. However, modern TDMA-PONSs can adjust
each optical network terminal (ONT) bandwidth dynamically depending on the

demand of the customer.
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Fig. 2.7: Network Architecture of TDM-PON (downstream).
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Fig. 2.8: Data Transmitting over TDMA-PON (upstream).

2.5.1.2 Bit interleaving (Bit -by- Bit transmission)

In the bit interleaving PON (Bi-PON) all information bits are reorganized in
a form of bit-interleaved style according to the targeted ONUs in a regular
structure frame, where each ONU can extract its own information easily in a
simple periodic style. Bi-PON reduces the number of functional blocks which are
necessary to operate at full line transmit. Hence, lower dynamic power

consumption will be required in a Bi-PON ONU [21].

An optical power source, as illustrated in Fig. 2.9, generates the periodic pulse
train of Bi-PON, and by using a splitter to split this pulse stream to K of pulses,
then the encoded data signals will modulate over those light pulses by external

modulator. Optical delay of it will delay each pulse train. If framing pulses are
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used, at that point, the interpulse width is T = T/(n + 1) since n + 1 pulses should

be transmitted in each bit period.

Electrical Data
(RZ) or (NRZ)
Data rate R

OTDM Signal

Fixed optical

Fig. 2.9: Bit-Interleaved TDM-PON

2.5.2 WDMA or WDM-PON:s

In the WDMA system, a dedicated wavelength is used for each ONU. Time
synchronization is not needed. The power splitter/combiner in the WDM-PONSs is
usually replaced by array waveguide grating (AWG), which is wavelength
selective filter (used to distribute correctly the routed wavelengths with symmetric
bandwidth to each ONU and the CO) which existing a virtual point-to-point fiber
transmission links (the users do not share bandwidth between them). Each one of
those wavelength channels can be used for upstream and downstream
simultaneously. The AWG power loss is much lower, so less power budget and
the split ratio are required. For a dedicated wavelength of any ONU a specific

laser diode is required. Thus this adds more cost and complexity [17].

WDM has two types: conventional/coarse wavelength-division multiplexing
(CWDM) and dense wavelength-division multiplexing (DWDM). CWDM uses
wider wavelength spacing, thus leading to fewer supported channels. Contrary to
CWDM the DWDM system keeps the wavelengths tightly packed and usually is

used for long haul transmission.
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2.5.3 OCDMA PON

OCDMAA is one of the approaches of NG-PON2 technology. In OCDMA, a
unique orthogonal optical code word is assigned to each ONUs in order to
distinguish this ONU from the others. There are two main types of optical CDMA
techniques: coherent and incoherent. The coherent OCDMA codes use phase
modulation, while the incoherent OCDMA codes are unipolar encoding systems
that use amplitude modulation. With both techniques (during the high-speed
OCDMA transceiver operations) the imperfectly orthogonal signature codes may
occur. This may cause some crosstalk between users who share the common
channel. This crosstalk is a kind of the multiple access interference (MAI). The
noise of the source and MALI is considered the main source of bit errors. The
reduction of the MAI is one of big challenges in order to make OCDMA more

practical solution for FTTH systems.

2.5.3.1 Coherent OCDMA

The coding methods of the coherent OCDMA can be classified into two main
categories: temporal phase coded OCDMA (TPC-OCDMA) and spectral phase
coded OCDMA (SPC-OCDMA) [22]. The encoding of TPC-OCDMA systems is
applied in the temporal domain. The source of these methods is a Z replication of
short pulses (Z = temporal positions number in a bit period). Each copy is delayed
by time space to lie on time grid by an equally spaced, and each of those copies is
subjected to changing in the phase depending on the code sequence assigned for
each user. While the encoding of SPC-OCDMA systems is applied in the spectral
domain. A multi-wavelength source has been used for those systems with a unique

phase code per user of each spectral component of those wavelengths.
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2.5.3.2 Incoherent OCDMA

The incoherent OCDMA coding methods use the simpler, more standard
techniques of intensity modulation with direct detection while coherent schemes
are based on the modulation and detection of optical phase. The most common
techniques of incoherent OCDMA for encoding/decoding are based on either
spectral-amplitude, spatial, temporal spreading, two-dimensional (2D) or three-

dimensional (3D) coding [23].

Spectral-amplitude coding OCDMA (SAC-OCDMA) is typically
implemented by spectral decomposition of a broadband laser before the
modulation step. SAC-OCDMA system may use cheap white light sources which
can be affected by Phase Induced Intensity Noise (PIIN). This noise dramatically
limits the SAC-OCDMA system performance [24].

2.5.4 Hybrid PON

Hybrid PON multiplexing integrates different PON techniques (two or more)
to get powerful PONs. Also, the combination of two technologies WDM and
TDM introduces TWDM PON into the access network. This allows for high
bandwidth. Other common examples of hybrid PON are WDM being combined
with OCDMA or SCM. A hybrid PON system may comprise either or both optical

or electrical domain multiplexing [4].

2.6 FTTH Access Network Architecture

This section briefly describes the general FTTH access network architecture,
as shown in Fig. 2.10. The main purpose of any FTTH system is to reduce the
length of distribution and drop optical fiber cables at the expense of the outside
cable plant which minimize the overall cost of a FTTH network.
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Fig. 2.10: FTTH access network architecture. S is power Splitter/combiner.

2.6.1 Optical Line Terminal (OLT)

The OLT is the endpoint device which is usually placed in the Local Exchange
in a PON. The primary functions of OLT are bandwidth allocation, buffer control
and traffic scheduling [25].

2.6.2 Optical Splitters and Combiners

Unpowered optical splitters are used in FTTH network to divide the power of
the signals that are carried by single optical fiber into a given number of
customer’s homes or premises. However, the split ratio of those splitters depends
on the offered service per home or business, where more split ratio leads to cost
reduction and less QoS. The power splitter during the splitting operation usually
attenuates the signal but without changing of its structure and properties. Low
insertion loss and high reliability are needed in any optical splitter as well as the

operating on wide wavelength range.
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On the contrary of the splitters, the power combiners are used to combine the
signals before transmitting them via single fiber (combine the optical power of
two or more waveguides onto a single waveguide), then those signals are

distributed for ONUs at the receiver side.

2.6.3 Optical Fiber Systems (OFS)

The fiber link may consist of an optical power combiner, fiber cable, and
power splitter. Unlike the copper, the optical fiber is a dielectric transmission
media that transfers the light, which carries information. The widespread use of
optical fiber is due to its advantages: faster speed with less attenuation, greater

bandwidth, impervious to EMI, thin and reliable in corrosive environments.

Optical fibers consist of core, cladding, fiber coating, and buffer jacket, as
shown in Fig. 2.11. Basically, the optical fiber has two main types: single-mode
fiber (SMF) and multimode fiber (MMF). They can have either a step or graded
index profile. Each an optical mode is corresponding to only one of those possible
multiple ways that is used to propagate a wave through the optical fiber. SMFs
have smaller core diameters in compares to MMF and this is to allow single-mode
propagation, to avoid losses of the evanescent field the cladding diameter must be
larger than core diameter by at least 10 times. For MMF this relatively larger
diameter provides a valuable advantage where the injection of light into the
optical fiber is less losses of the coupling, which makes using a large-area and
cheap light source possible, e.g. light-emitting diode (LED). However, the MMF
has a noticeable disadvantage called intermodal dispersion. Because of different
angles of incidence at the boundary of core-cladding each mode has propagate at
different velocity. Hence, at the receiver side different light rays of same source
will arrive at different times. Thus the pulse will broaden in the time domain.

Intermodal dispersion limits the maximum reach distance and the bit rate; this is
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because of the intermodal dispersion is directly proportional to the distance of
propagation. Therefore, in FTTH networks the MMF is not preferable to use. On
the other hand, the SMF is widely utilized in FTTH which has no intermodal

dispersion.

Buffer jacket

Fiber coating
Cladding | Refractive index
Core —A—+{— } )  f---------- »
__________ rlnl
................ n,
e.g. n, = 1.460
n, =1.456

Fig. 2.11: Typical structure for a standard single-mode fiber with step index
profile [4]

2.6.4 Free-Space Optics (FSO)

FSO is another optical communication technology, it is also called Free-space
optical communication. It utilizes light propagating in free space and transmits
the data wirelessly over free space (air, outer space, or vacuum) instead of using
optical fiber cable. However FSO system provides good advantages, like the
initiation cost, deployment time and low maintenance cost, making it a good
alternative solution for the last mile connection where using an optical fiber cable

1s difficult.

In the FSO there is no dispersion occurs while large attenuation relative with
the atmospheric conditions like haze, rain, and clear air which are dramatically
affect the power received as in the equation 2.1. More losses can also increase the
attenuation of FSO channel due to mispointing, scintillation and other

perturbations. They can be defined as additional losses [26].
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di .
PReceived = PTransmitted (d + QR)Z 10 aR/10 (2.1)
T

Where dy is the receiver aperture diameter, drtransmitter aperture diameter, 6
beam divergence (mrad), o atmospheric attenuation (dB/km) and R is the range of

the distance in km.

2.6.5 Optic Impairments

Many impairments can reduce the quality of the system where they react with
the propagated signal. Attenuation, dispersion and nonlinearity are the most
significant impairments in the optical networks. At relatively high-speed system,
the dispersion compensation becomes more important where distance between

symbols become closer.

2.6.5.1 Attenuation

Attenuation in both OFS and FSO leads to minimize the power of the light
signal according to the distance travelled by this signal. The attenuation is a
significant factor because the receiver sensitivity needs specific amount of signal
power with the aim of correctly detection of the transmitted signal. So it is
important to determine the maximum distance of the propagation signal for given
receiver sensitivity and transmitter power. There are several mechanisms that are
considered the cause of the attenuation like absorption, scattering and geometric
effects. Attenuation is usually characterized in decibels per length (dB/km) as

follows [4]:

10 log4g 5—;
Aap =7 (2.2)
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Where a5 1s the signal attenuation, Pi is the input (transmitted) optical power
into a fiber, Po is the output (received) optical power from the fiber and / is the

fiber length.

2.6.5.2 Dispersion

In single-mode fibers, the pulse broadening almost results from chromatic
dispersion. The reason of the chromatic dispersion mechanism is due to using of
non-monochromatic optical source (finite spectral Linewidth), where there is no
optical source can emits only a single wavelength but a band of frequencies. Thus
different propagation delay occurs between different spectral components that
caused by different velocities of the pulses travelling and hence signal distortion
will be occur [4]. Pulse broadening can harm the performance of a system in two
ways. First, intersymbol interference (ISI) may be created because the adjacent
pulses overlap with each other. Second, when the optical pulse broadens, the
energy of this pulse will reduce. Thus, the SNR will reduce also at the decision
circuit. Hence, more power is required at the receiver to maintain the system

performance.

The chromatic dispersion is a combination of two dispersion parameters:
material dispersion mechanism and waveguide dispersion mechanism. In the
optical fiber the refractive index is a function of wavelength, therefore different
group delay will happen for each spectral component. It leads to pulse broadening.
This is called material dispersion. While the waveguide dispersion is the variation
in group velocity that results from fiber parameters (like the difference between
core/cladding refractive indices and core radius). Figure 2.12 shows the
combination of dispersions as functions of wavelength for a conventional single-
mode fiber. It can be noted that the zero material dispersion (ZMD) point is found

at a wavelength of 1.276 um. While the effect of waveguide dispersion shifts the
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overall dispersion to makes the minimum dispersion occurs at wavelength (Ao) of

1.32 um [4].
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Fig. 2.12: Combination of dispersions as functions of wavelength for a
conventional single-mode fiber. The material dispersion (DM), the waveguide
dispersion (DW) and the total dispersion (DT) [4].

2.6.5.3 Nonlinearity

Nonlinear effects in fiber optic may possibly have a significant impact on the
performance of high-speed optical communications systems. There are two main
categories of those effects. First, nonlinear effect that is caused by the interaction
of lightwaves with phonons (light pass over thermal molecular vibrations to
produces a phonon) in the fiber. The first category parameters are stimulated
Brillouin scattering (SBS) and stimulated Raman scattering (SRS). The second
nonlinear effect is called Kerr effects. It is caused by the intensity-dependent
refractive index of the optical signal. The refractive index results from the applied
optical field that is disturbing the medium molecules to produce a polarization
oscillating which will radiate and produce an overall perturbed field. The most
important Kerr effects in this category are cross-phase modulation (XPM), self-
phase modulation (SPM), and four-wave mixing (FWM) [4],[27]. But Kerr effects

have been not covered in this work because of the master study limitation.
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2.6.6 Optical amplifiers

Instead of using optoelectronic repeaters which have electronic circuitry for
pulse reshaping, slicing and retiming, optical amplifiers are placed along a fiber
link at a distances to prove a linear amplification of the transmitted signal.
Widespread use in the recent years of the optical amplifiers is due to their
simplicity as they can be used for any type of modulation at any transmission
speed. The effects of signal dispersion may be small in the systems of single-mode
fiber, so the major limitation on such a distance is the attenuation. The systems
with this features may not need to full regeneration of the signal at each repeater.
Thus the optical amplifier is sufficient for such system. Hence over optical
amplifiers have emerged as promising network elements not just for the use as
linear repeaters but as optical gain blocks, wavelength converters, optical receiver
preamplifiers and, when used in a nonlinear mode, as optical gates, pulse shapers

and routing switches [4].
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Fig. 2.13: Gain versus bandwidth of different optical amplifiers [4].

As shown in Fig. 2.13, the semiconductor optical amplifier (SOA), the Raman
fiber amplifier and the erbium-doped fiber amplifier (EDFA) all provide wide
spectral bandwidths. Generally, the typical gain profiles of those amplifiers are

based around the wavelength regions of 1.3 and 1.5 um.
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2.6.7 Dispersion Compensation Techniques

Dispersion compensation is a critical point in the high capacity and time
compressed systems. Narrow time slot between the ONU’s pulses makes the
TDM-PON very sensitive to the dispersion effect. Hence, two dispersion
compensation techniques will be discussed where those techniques are
implemented in such a system to enhance its tolerance and performance. The first
one is based on alternating fiber that has negative dispersion value of the first used
one, named dispersion-compensation fiber (DCF) or negative-dispersion fiber
(NDF). The second technique uses Fiber Bragg Gratings (FBQG) filter to inverse
the dispersion [4].

2.6.7.1 Dispersion compensation using single mode DCF

The dispersion compensation using negative-dispersion fiber is known as
dispersion compensating fiber (DCF). Figure 2.14 illustrates the chromatic
dispersion characteristic where a null accumulated dispersion is achieved by
inserting a suitable length of single-mode DCF with the standard single-mode
fiber (SSMF). The DCF length is much less than SSMF length because of the
often large absolute negative dispersion of DCF. Hence, zero overall dispersion

will be acquired at the wavelength of 1.55 pum on the transmission channel [4].
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Fig. 2.14: Dispersion compensation by DCF [4]

27



CHAPTER TWO LITERATURE REVIEW

There are three possible algorithms for dispersion compensation schemes
using DCF: pre-compensation algorithm where the DCF is placed before the
SSMF; the second algorithm is post-compensation where SSMF is placed before
the DCF; and the last one is the mixed compensation algorithm where the DCF
placed in both before and after the SSMF. By comparison, the mixed

compensation method gives the best performances [28].

2.6.7.2 Dispersion compensation using Fiber Bragg Gratings (FBG)

The use of the fiber Bragg gratings have seen significant growth in modern
optical communications systems. The operation of the FBG is depending on
facilitating reflections of different wavelengths, where a portion of the power
signal will be reflected back at each interface between the Bragg regions. The
principle FBG operation is shown in Fig. 2.15. The total reflection can increase to
about 100% reflection of a wavelength with specific dispersion and passing all
others if the spaces between those regions are arranged in such a way to make the
partial reflections be constructively in phase [4]. Cost effective passive optical
component with low insertion losses the FBG has been used as a dispersion

compensation in the fiber optical transmission systems.

Input signal Bragg gratmgs

\AA‘A Output

Reflected

' ' ' ' signal

signal A

Fig. 2.15: Optical fiber core schematic diagram with consisting of four fiber
Bragg gratings [4]
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2.6.8 Polarization impairments compensation

The single-mode fiber allows the propagation of two nearly degenerate modes
with orthogonal polarizations. Generally, the cylindrical optical fibers do not
maintain the state of the polarization for a long distance. Hence, it is important to
maintain the polarization states of the input light over significant distances. Some
single mode fibers have been designed for this purpose. The maintenance of the
polarization state is described in terms of a fiber birefringence. In the ideal
optically circularly symmetric core optical fiber both polarization modes
propagate with identical velocities. But with manufactured optical fiber there is
some birefringence appeared due to differences in the core geometry resulting
from the variations in the internal and external stresses, and fiber bending. The
fiber birefringence phenomenon will produce a difference in the effective
refractive indices for these two orthogonally polarized modes, and hence different
phase velocities will occur and it causes polarization mode dispersion (PMD). The
PMD produces a pulse broadening which can be considered as a limiting factor
for optical fiber communications especially at high transmission rates. Therefore,
using polarization-maintaining (PM) fibers will permit light to pass through while

retaining its state of polarization [4].

Fast mode

Fiber axes Slow mode

g N

Fig. 2.16: Polarization mode dispersion effect in a short fiber length with a pulse
being launched with equal power on the two birefringent axes, x and y,
becoming two pulses at the output separated by the differential group delay [4].
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2.6.9 Optical Network Terminal ONT

ONT or ONU is placed at customer’s premises. In PONs, the ONTs connect
to the OLT by an optical fiber and without any active element within the access
link. Each ONT has a transceiver act as a physical connection between this

customer and the central office.

2.7 Literature Survey

Many researchers have worked on OCDMA, OTDM and hybrid techniques
to improve their performance, cost, BER, MAI cancellation ... etc. In studies

below, the most related works to this work will be reviewed.

2.7.1 OCDMA System

In SAC-OCDMA technique, bandwidth content of a signal is coded by
selective blocking which transfers it according to a code signature. SAC-OCDMA
method is suitable for an access environment in which cost is considered as one

of the important factors [29].

A. Garadi has presented a novel 2D encoder technique of SAC-OCDMA
system based on two orthogonal polarization states (vertical and horizontal) in
order to increase the number of simultaneous users. The authors have used Zero-
Cross Correlation (ZCC) code with only single weight. The theoretical results of
this article show that the 2D ZCC OCDMA of the proposed system can multiplex
the double number of users in comparison to the 1D ZCC OCDMA system [30].

Phase-Induced Intensity Noise (PIIN) cancellation using a novel receiving
architecture for spectral/spatial SAC-OCDMA system has been studied by A.
Bouarfa et al, where the PIIN is a drawback. There is a limitation to increase

users number in a 1D SAC-OCDMA system. Therefore, to overcome this

30



CHAPTER TWO LITERATURE REVIEW

limitation A. Bouarfa et al presented a new design of 2D wavelength/spatial
system with using of single weight multi-diagonal (MD) in 2017. This
architecture possesses the same features of 1D-MD code, which leads to entire
cancellation of the MAI. Unlike traditional receivers that used in previous studies,
where the suggested structure makes reducing in the system architecture not only
eliminates PIIN. The results have shown that the user’s number achieved by the
proposed system is the user number of the 1D system multiply by the couplers’
number. In addition, the new proposed system has presented good performances

at the high data rate [31].

Simulation of a SAC-OCDMA 10 User %15 Gbps System Using MD Code
has been presented by Morteza Motealleh and Mohsen Maesoumi. They discuss
section MD code structure technique and the way to create its matrix. The results
show that for 10 users the effect of beat noise and thermal noise is 10-22 watt/Hz
and error rate is of 10”. In additional, the researchers find that the system designed

has the best transfer rate of 15 Gb/s for each user which achieve along a 30-km

long fiber [32].

To control the effect of the noises and MAI A. Cherifi et. al. have developed
a novel design of a 2D wavelength/spatial code named 2D Single Weight Zero
Cross Correlation (2D-SWZCC) utilized a single weight code which has zero
cross correlation and higher number of users. The simulation results show that the
2D-SWZCC code technique has good performance with comparison to the other
systems based on 2D-MD, 2D-PD, 2D-DCS, 2D-FCC/MDVW, 2D-Extended-
EDW, and 1D-SWZCC codes [33].

2.7.2 OTDM System

The most common PON standards are employing a TDM technique. In a

communication system, higher data rate transmission is always a goal for the
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researcher. R. Kaur and Anjali have proposed a TDM-PON system providing
flexible bandwidth and higher bit rate with two types of modulation format.
Modified duobinary return to zero (MDRZ) and return to zero (RZ) are carried
out. The comparison results of Q-factor value between these technologies show
that TDM-PON system with MDRZ without using repeater has more transmission
distance than the system with RZ technology, where the transmission distance of

an acceptable bit error rate (BER) 1s only up to 300 km in the RZ TDM-PON [34].

D. Veen and V. Houtsma experimentally reported a 25 and 50 Gbps TDM-
PON with different modulation formats in 2016 [35]. A bi-directional 25G/50G
TDM-PON system was experimentally tested by the same researchers (D. Veen
and V. Houtsma) in 2017. They have used a single carrier 25 Gbps for the
upstream and 50 Gbps for the downstream using a commercial 25G APD receiver

with duobinary, where a simple 3x3 fiber splitter has been used for the coherent

detection scheme of a NRZ On-Off-Keyed (OOK) signal [36].

2.7.3 Hybrid System

The most popular hybrid system is the TWDM. Initially TWDM is operated
by various TDM through a fixed WDM networks (multi-wavelength sharing
TDM-PON). Lots of researches have been carried out to achieve any probable
development of TWDM PONSs (such as system capacity improvement, power
budget saving, loss reduction, and ONU cost). Some of these researches have
proposed different TWDM architectures with experimental demonstration. Linin
demonstrated the first successful system configuration of TWDM-PON
compatible with TDM-PON in 2012 [37]. Then in 2012, Zheng Xuan proposed a
low complex and a compatible TWDM PON with low cost ONUs, which used a
single feeder fiber, a 1x n splitter in each ONU and single tunable optical filter
(TOF) that work to select the downstream wavelength for any optical unit [38].
TWDM system with 8 wavelengths stacked to provide 80/10 Gbps
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Downstream/Upstream capacity was investigated in 2012 by Lilin [39]. The
recent prototype TWDM-PON system was tested by Yuanqiu using low-cost
tunable ONUs. The result showed the feasibility and technology maturity and
proved promising ways to realize a low-cost tunable ONUs [40]. In 2013, a first
full-system 40 Gbps successful TWDM-PON prototype with 40/10 Gbps
downstream/ upstream bandwidth had been demonstrated. It was the first high
split ratio (1:512) architecture and offered power budget of 38 dB with full
coexistence to the commercially GPON and XG-PON systems [41].

Several other approaches are used to scale up the subscriber number; some of
them depend on all-optical networks by using a combination of two optical
multiplexing techniques. One of those scalability-improving technologies is
OCDMA/OFDMA. In reference [42], the authors have incorporated those two
techniques with advanced subcarrier hopping by two-dimensional hybrid code
(2D-HC) to increase the number of subscribers. Another combination has been
used to carry different data types by both OCDMA and WDM in one system [43],
[44]. Hybrid subcarrier multiplexing (SCM) combined with SAC-OCDMA
technology is investigated for enhancing the networks of radio over fiber (RoF)

[45].

T. B. Osadola, S. K. Idris and 1. Glesk have proposed and demonstrated a
novel hybrid architecture for increasing the number of network users of an
incoherent OCDMA system by way of overlaying M-user OCDMA over N-
channel OTDMA approach. This enables OCDMA code reusing that lead different
OCDMA groups to communicate simultaneously in separate OTDMA channels.
The results of the experimental test show that over 17km of fiber optic link the

connectivity of the hybrid system successfully done with achieving less than 10~°

of BER [46].
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In 2017, 1. Glesk, T. B. Osadola, and W. C. Kwong proposed a novel approach
to improve the scalability of the hybrid OCDMA-OTDMA system that they
previously had demonstrated in 2012 [46]. To increase the number of users, the
authors proposed adding a new dimension to the original OCDMA-OTDMA
system by utilizing 2D OCDMA system (number of wavelength and number of
chips positions) to encode the modulated light signal of the users before being
transmitted simultaneously by N-channel of OTDM. This article has used the 2D
wavelength-hopping time-spreading (2D-WH/TS) OCDMA code that depends on
multi-wavelength picosecond pulses which is designed to occupy P wavelength
bands. In dead, each one of those bands can support of M-Users OCDMA systems
[47]. Table 2.1 listed the researcher works with their references that has been used

in the literature survey.

Table 2.1: The summarization of literature survey

Multiplexing ; f
no Author year PON 0ocD dMA E/ncz(_img Dtatabblt
OCDM | OTDM | scM | wbM | oFbm code coding | rate (bps)
1 A. Garadi 2018 v 2D-ZCC NRZ 622 M
2 A. Bouarfa 2017 v 2D-MD NRZ 1G
3 M. Motealleh 2014 v MD NRZ 15G
e 2D-
v
4 A. Cherifi 2019 swzce NRZ 1G
5 | R Kaur 2017 v RZ, 406
) MDRZ
NRZ,
PAM-4
v v ’
6 D. van Veen 2016 EDB, 25,40 G
ODB
NRZ,
7 V. Houtsma 2018 v v PAM-4, éS' 50,100
EDB
8 Lilin Yi 2012 v v v NRZ 10/1.25 G
9 Y. Luoetal. 2013 NG-2 v v 40/10 G
10 Zhengxuan Li 2012 v v NRZ 10/1.25 G
11 Lilin Yi 2012 v v v NRZ 80/10 G
12 Hichem Mrabet 2018 v v 2D-HC 16-QAM 40G
13 M. Islam 2016 v v MDW DPSK 25G
14 Thanaa Hussein Abd 2012 v v MD NRZ 622 M
15 Tolulope B. Osadola 2012 v v v 2D-WH/TS 622 M
16 1. Glesk 2017 v v v 2D-WHITS 24G

34



CHAPTER THREE

SYSTEM DESIGN

3.1 Introduction

In this chapter, different FTTH networks will been designed based on
incoherent SAC-OCDMA (1D-MD, 2D-MD, 1D-ZCC and 2D-ZCC codes), high
speed bit-interleaving TDM-PON and hybrid system combining OCDMA/OTDM
techniques with two main scenarios of optical link: Optical Fiber Systems (OFS)
and Free Space Optics (FSO). Matlab software will been used for mathematical
results, and OptiSystem simulation software V.15 will been used to design and

simulate those systems.

3.2 OCDMA System Design and Code Selection

Optical CDMA (OCDMA) technique is the solution for future access of
optical networks. OCDMA technique allows multiple simultaneous clients to
share the same frequency and time interval. There are many types of coherent and
incoherent OCDMA. The incoherent SAC-OCDMA codes are simpler and lower
cost and hence those codes are more popular. Usually, this category of coding

have either zero-cross-correlation property or low cross correlation.

There are many articles that have discussed a comparison of those categories
with various codes [48][49][50], e.g. Fig. 3.1 illustrates the analytical computation
for many SAC-OCDMA codes.
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1.00E-16 —— MQC code W=14
1.00E-19 - —o— RD code W=5
1.00E-22 -
1.00E-25

0 20 40 60 80 100 120 140 160
Active Users

Fig. 3.1: Number of active users against the BER for various codes employing
the technique of SAC-OCDMA: Khazani-Syed (KS), modified frequency
hopping (MFH), modified quadratic congruence (MQC), random diagonal (RD),
and multi-diagonal (MD) codes [50].

As it is clear in Fig. 3.1 that MD code provides better performance and larger
number of users. The interest of this work will be toward the zero cross-

correlation incoherent SAC-OCDMA codes.

3.2.1 1D zero cross-correlation SAC-OCDMA design

The cross-correlation of any two different code sequences is given by [29]:

C=%L, XY, (3.1)

Where C is the in-phase cross correlation, L is the code length, X= (x1, x2,...,

xt) and Y= (yi, y2,..., y1) are the two code sequences. The most important
parameters are the weight /¥ (number of ones in each row) and 4., where they are
directly affect the Signal-to-Noise Ratio (SNR) of the overall system. The SNR
(average signal power to noise power, SNR = I? /o2 where I is mean of optic
current and 6 is the variance of the optical detector) and the bit error rate (BER)
are important equations to calculate the system performance of the 1D codes [51].
Gaussian approximation is used to calculate BER, where 6%y is the variance of

thermal noise and 62, is the variance of shot noise:
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0? = 02, + 0f, = 2Bl + =22 (3.2)

L

Where B is electrical bandwidth, 7, is absolute receiver noise temperature, K,
1s Boltzmann’s constant, R; is receiver load resistance and e is electron load,

respectively.

To the photocurrent /. First, let Ci(i) and C;(i) are numbers of k, sequence of
matrix of a code for the encoders and decoders, where direct detection technique

is used for a code properties and they are expressed as [4]:

L ) ~_ (W, fork=1
L GOGD = {1 oherise (33)
And the power density of the received optic signal is given as follows:
PST . P .
G(v) = v Yi=1di Zlf=1 G (D)€ (@) (1) (3.4)

(Where K is the number of users, dx is data bit of &y, user, P, is the effective
received power of broadband source, Av is the optical source bandwidth and I7(i)

given as [32]:

N =ulv—vo— 2 (-L+2)|—ulv-v,—Z(-L+2i+2)| (35)

1 v=0

Where u(v)={0 b <0

AR)

rS
v

Av

Fig. 3.2: The power spectral density of the received optic signal
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To calculate G(v) integral, w will consider an example of the power spectral
density (PSD) first, as it 1s shown in Fig. 3.2, where A(i) is spectrum signal
amplitude with width of Av/L:

Jy G@ydv = [ 2 TE, die T, GOGO 10| dv (3:6)
[y 6ydv =2 [°| 5K, dp. W52 | dv (3.7)

When all users send a bit simultaneously YX_., d, =d; +d, + -+ dg =W, s0

Pg,W?
L

J,  G)dv === (3.8)
The photocurrent / is given as
I=R["Gw)dv (3.9)

Where ‘R is the photodiode responsively, which can be given by R = ne/hv,,
and 7 is the quantum efficiency, v, is the optical pulse central frequency of the

original broad-band and 4 is Planck’s constant [33]. Equation 3.9 can be rewritten

as:
[=R["G)dv = 2o (3.10)

Substitute equation 3.10 into equation 3.2:
o2 = 2eB R P, W? n 4K}, T, B 3.11)

L Ry

The equation 3.11 can be written as follows if the transmitting probability of

0.5 1s taken into account for each bit 1 at any time per user:

2
52 = eB R P, W n 4K T,B (3.12)

L Ry

Hence, SNR and BER of the direct detection technique can be expressed as:

RP W2\ 2

(45

eBR PsyW2  4KpTnB
L " Rp

2

SNR=L =
o

(3.13)
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SNR

BER =~ erfc( T) (3.14)

Where erfc is the function of complementary error.

3.2.1.1 Multi-diagonal (MD) code

The MD code is characterized by the (L, W, 1.) parameters to construct a
diagonal matrix of size (K xL). Assume I the identity matrix (K X K):

[1 o - 0 O]
[0 1 0 ~ O
1 0 ) .
L= 1, = [0 1] Iy = | i 0 w0 i | (3.15)
lO .‘. 0 1 OJ
o 0 - 0 1

So, by using cross-correlation equation 3.1 between any two rows of I a value

of zero can be achieved.

The MD matrix has been constructed from the sequences repetition of a
diagonal matrix, where w represented number of repetition. For example, an MD
matrix with five users and weight is three, since K=5 and W=3 the length of the

MD code is given by L= K x W, [52], where L here is 15 and the codeword is:

100 00 0O0OOOT11TT1O0O0TO0TGO
[0 10 00 00O0O1O0O0OT1TTO0O0TUO
MD¢oge =0 0 1 0 O 0 0 1 0 0 0 O 1 0 O (3.16)

{0 0 010 01 0O0O0O0O0TO01 Oj

0 0001 1 0 O0O0O0 0 O0 0 0 1dys
(userl = A4,A10, 411
user2 = 13,19, 1

codewords = S user3 = A3,1g,443 (3.17)
Luser4 = Ay, A
user5 = A5,1¢, 15

3.2.1.2 Zero cross-correlation (ZCC) code

The ZCC code has been designed to solve the MAI problem and terminate the
effect of the PIIN which are considered the major causes of the SNR limitation.

Hence, leading to much better BER performance. The balanced incomplete block
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design (BIBD) algorithm is used to construct 1D ZCC [30]. It is essential to note

that the determination of users number K is based on the following equation [53]:

K)+(W-1)xK<L (3.18)
K<= (3.19)
Moreover, the position of the each “1” is specified by:
P, = WK modC (3.20)
0<i<(K-1, 0<j<(W-1) (3.21)
Where C is the prime number and ¢ is the primitive root of C.

As example, for L=12, W=3, and K=4 the code is:

0000 0 001010 1
oo 0o 101000010
ZCCCO‘“_010010001000 (3.22)
101 00 01 0O0O0TUO0O0

3.2.2 2D zero cross-correlation OCDMA design

According to what it has mentioned before and in order to apply 1D-
OCDMA'’s there are some disadvantages in those codes, such as limited allowed
number of users and large bandwidth consumption. Therefore, two dimensional
optical code multiplexing encoding and decoding OCDMA systems (2D-
OCDMA) have been investigated to solve these limitations by spreading the code
into two different domains (polarization and spectral). In order to generate 2D-
OCDMA, the existing 1D coding technique will be utilized in a scheme of
combined polarization and wavelength (P/W). In 2D coding structure, each user
1s specified by a different wavelength and different orthogonal polarization angle.
Therefore, the number of users will be double if two orthogonal polarization states
have been used with the same spectral signature, as shown in the equation 3.23.
In this work, to generate two polarization axes at 0° and 90° a polarization beam

splitter will be used after the optical source as shown in Fig. 3.3.
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KZD =2X K]_D (3.23)

Since, wavelengths will be used twice (1! and A1) the power spectral density

will be doubled; therefore, equation 3.6 can be rewritten as:

PST

G(v) = Zk Ld Y C(DC (D). H(l)] (cos @ + sin ) (3.24)

Moreover, it can be expressed that the integral of the power spectral density

as:

[ 6)dv =22 [ [2 LA Th G (DC ) . —] (cos 6 + sin 8)dv (3.25)
[y 6wydv = 25K, dye Bhy GG |- (cos 8 + sin 6) (3.26)
fOOOG(v)dv = [%Z’,ﬁzl dk.W].(COSH + sin 6) (3.27)

Therefore, when all users send a bit simultaneously the summation}X_, d; =

d, +d, +d; + -+ dg = W, the power spectral density integration will be:

f G(v)dv = (cos 0 + sin@) (3.28)

Then, by substituting the equation 3.28 into the equation 3.9 of photocurrent

for each polarization states:

r]e Per

— "ef G(v)dv =~ ==

if 6=0°0r6=90° (3.29)

Hence, by using equations 3.2 & 3.29 the SNR and BER relations of the direct

detection technique of 2D system can be determined as [30]:

2
12 (ﬁpsr‘/ﬂ)
hv L
NR =1 = Jw .
SNR = 2 = et pg , KyTaE (3:30)
hvc' L RL
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( ne Per2>2

_ 1 hvc. L
BER,p = 5 erfc 8( 7o Poy B2 =4KanB) (3.31)
) .h'UC. L RL

3.2.3 OCDMA systems description

The proposed design of three or four residence buildings with different code
techniques (1D-2D MD and 1D-2D ZCC) by using OFS and FSO are described
in this section as shown in Figures 3.3 to 3.5. A wavelength division multiplexer
(WDM) has been used to encode the light as amplitude-spectrally according to a
certain code. The data of each user, which generated by pseudo random bit
sequence (PRBS) and using non-return to zero (NRZ) pulse generator, is optically
modulated by optical external modulator (Mach—Zehnder modulator) on a light
into code sequence at the transmitter end. The Mach—Zehnder, which is based on
an interferometeric principle acts as an intensity modulator. The light source that
1s utilized in the proposed system is a white light source, which has broad optical
bandwidth. Finally, user’s modulated code sequences are combined together and
transmitted through the channel. At the receiving side, the optical signal passes
through a splitter into a Fiber Bragg Grating (FBQG) filter that acts as decoder,
where direct detection is used for MD and ZCC codes as shown in Figures 3.3 to
3.5. To detect output signal, PIN photodetector has been used to convert the
optical signal to an electrical signal. Finally, the electrical signal passes through a

low-pass filter (LPF) to retrieve the original information.

For 2D (P/W) encoder, the difference to the 1D encoder is that a polarization
splitter is used to split the light signal into two signals and rotate one of them by
polarization angle of 90°. Hence two angles of polarization of the light signal will
be created as in Fig. 3.3. In the receiving side, a PMD compensator has been used
as a polarization compensator then a power splitter and two polarization linear

filters have been utilized to separate the two polarization states.
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Fig. 3.4: FSO system with 1D-MD/ZCC codes, K=4 and W=2
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Fig. 3.5: block diagram of the 1D-MD/ZCC codes with SMF, K=4 and W=2

In this work, two scenarios have been utilized for the channel. The first one is
single mode fiber as an appropriate transmission media for FTTH networks where
low attenuation and dispersion is required. Different lengths of a SSMF (ITU-T
(G652) have been used with dispersion of 16.75 ps/nm/km, dispersion slope 0.075
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ps/nm?/km, polarization mode dispersion (PMD) of 0.5 ps/vkm, attenuation
coefficient of 0.2 dB/km and non-linearity refractive 2.6e-20 m?/W [4].

The second scenario of the transmission media is the FSO. This system is
considered a good solution for such a last mile connection which using an optical
fiber cable is difficult, where in FSO a light travels through the atmosphere instead
of fiber. Thus, FSO system has other advantages like the initiation cost,

deployment time and low maintenance cost.

FSO system has some constraints such as Line of Sight (LoS) and attenuation.
The atmospheric conditions like fog, rain, haze, hot and dry cause the attenuation,

absorption and scattering [54], [55].

3.3 TDM-PON System Design

The proposed designs of four ONUs TDM-PON will be evaluated for
different bit rates and optical media lengths. Two methods have been used in the
OLT of the system for downstream (the OLT is a transmitter). The first one, as
shown in Fig. 3.6, consist of a laser diode (wavelength of 1552nm, line width 100
KHz and 5 dBm power), power splitter to divide the optical signal, four external
modulators, and four optical delays with time delay of (i / K*bit rate) where 1 =0,
1,..., K-1 to make each destination data able to be transmitted at a specific time
slot. The second system consists of an electrical time division multiplexer which
proposed to enhance the transmitted power (downstream) and reduce the optical
components, connectors and optical fibers inside the OLT, where four electrical
delays have used with a combiner. Then a single modulator and single unshared
light source will modulate the multiplexed signal, as shown in Fig. 3.7. Both
TDM-PON systems consist of a PRBS generator and a return to zero (RZ) pulse

generator used to generate the data of each user.
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At the receiving side, the optical signal that has passed through a specific
channel goes to an optical power splitter to be divided for many copies; each one
of those signal copies has entered into an ONU subsystem detector to extract the
original information. In the de-multiplexing operation, a time delay and clock-
recovery should be used to receive the custom signal for this user, as in Fig. 3.8.
Subsequently, by PIN diode photodetector (dark current 5 nA, responsivity of 1
A/W and thermal noise 1.8e-024 W/Hz) the optical signal will be converted to an
electrical signal with the help of a low pass filter (LPF) of cut-off frequency
0.75*Bit rate [56].

Subsystem: ONUZ Swesp teration: 1/1

/1

; = e*

Time Delay & i
Mach-Zehnder Modulator_S*hotodetector PIN_1 Low FPass Bessel Filter
Curtoff frequency = 0.7TH

Fig. 3.8: The schematic block diagram of ONU subsystem.

Finally, a 3R-Regenerator is used to generate the original bit sequence of the
data. The modulated electrical signal of the RZ pulse generator is used for BER
analysis, to measure Q-factor value and BER. The Q-factor can evaluate the

qualitative-performance of a receiver. It can be calculated by:

Q _ LH—Yopt Yopt—lL

= (3.32)
OiH OiL
_ g~
Q= OiHtOiL (3-33)
BER =erfc(Q) (3.34)

Where ¢ optimal value of the decision level, i and i, are the current

corresponding to the optical power level on the photodetector for both log.1 and
log. 0 levels.
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In this section, to evaluate the proposed TDM-PON system performance,
three scenarios have been used for the channel. The first scenario is an SSMF of
the attenuation coefficient of 0.2 dB/km, dispersion 16.75 ps/nm/km, non-
linearity refractive 2.6e-20 m2/W and dispersion slope 0.075 ps/nm2/km with
using FBG filter as a dispersion compensator and without using an amplifier, as

in Fig. 3.6.

The second scenario is the FSO as in Fig. 3.7, where there is no dispersion
and large attenuation relative with the atmospheric conditions like haze, rain, hot
and dry which are dramatically affect the power received as shown in the equation
2.1. More losses can also increase the attenuation of FSO channel due to
mispointing, scintillation and other perturbations. That can be defined as

additional losses [26].

The third scenario of the optical transmission media is long optical fiber
distance which consists of a sequence of SSMF/DCF/SSMF with appropriate
lengths that ensure almost zero chromatic dispersion, as in Fig. 3.9. To reach a
long distance optical power amplifiers must be used to compensate the power
dissipated by the fiber. In this work, EDFAs of 4 dB noise figure and 22 dB gain
have been used. The DCF of attenuation coefficient of 0.5 dB/km and dispersion
(Dpcr) of -170 ps/nm/km have been used in this work. The total compensation of
the dispersion (Dr) should be equal to zero for a certain length of the DCF (Lpcr).

To compute this length, the following expression can be used [57].

Dr = DsypLsyr + DpcrLpcr = 0 (3.35)
Lpcp = —=uE-2tt (3.36)

Where Lsyr and Dsyr are the length and the dispersion of the SMF

respectively.

48



SYSTEM DESIGN

CHAPTER THREE

uo paseq uonesuadwod UoISIAASIP ‘WY GG 7€ 10A0 NOJ-INAL Yora Suo Jo weidelp J00[q dNeWAYDIS Y[, :6°¢ 31

$IIEINEOpY JAPUYRZ-yoRy|

—
v heeae— &St
«' sisug Aepgeubs = el g
£ o) 20UBNDIS U WOPUBY-0PNISY
#NNO L asng
153y ;avod [€oado os
secll i ¢ 010
L Y
WidS avod Ncmecoo samod
£NNO m
7 m2fjeuy u3g 7™ f2y we 24 [eoudg ueissneg jonuoD dooy '
; RN | B T\ « < < 2 <+ «
V‘% myﬁ WI . = m [
L] ]
ZNNO
“zfjeuy w3g 1 ioeeuabay ue
33 ..¢.-.mnn =W wy 05 = yhua wy 05 = yhu
.‘“s_ H“Hﬂ.m..uﬁ = Z4nss 4SS
{NO 8P 4 | 2inby asion
v ¥38 ¥ ¥E 8P 22 = ueo wy yEP5eE = whum
z Lo - = ov w403 490
n@ - - mr (el (] R —
b=l 0IoN A - -4
Mw o
Aranooas yoop N 2uds 3wy m .
weey( ssee7 Jepey Loyny | NOJ#1QL nokeq

49



CHAPTER THREE SYSTEM DESIGN

3.4 Hybrid System Design

In this section, two hybrid systems have been proposed to enhance the
scalability and increase the number of simultaneous homes. The first is OCDMA
over OTDMA. This system can be used in the FTTH network efficiently in both
downstream and upstream. The second system is TDM-PON over OCDMA. This

hybrid system can be used for downstream of FTTH network.

3.4.1 OCDMA over OTDM

The proposed architecture which is based on OCDMA over OTDM can
enhance the scalability and increase the number of simultaneous homes. Figure
3.10 shows the design of a highly scalable hybrid system based on OCDMA over
OTDM. Each OCDMA group of M-homes, and after coding process, will be
grouped together by optical power combiner, and multiplexed with other groups
by an optical time division multiplexer to implement N channels (time slots) of
OTDM network. Each channel will carry out a particular OCDMA group, as
illustrated in Fig. 3.11. Each OTDM transmitter is able to transmit data by a fixed
period (tcn). This approach allows reusing of the same OCDMA codes by other
groups in different time slots and allows N groups of M-homes of OCDMA to
transmit data over OTDM system by reusing the same OCDMA hardware in all
groups. The scalability of this hybrid system depends on the reuse factor (the
number of the OTDM channel (N) where larger N leads to more users and less
bandwidth per user). Comparing with only OCDMA system, the proposed hybrid
system provides an increasing in the total number of FTTH’s premises by N times.
The maximum simultaneous homes (K) of this hybrid OCDMA-OTDM system

can be expressed as:

K=MxN (3.37)
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At the receiving side, to extract the information of a particular user, the time
division de-multiplexed extract the channel that includes the signal of this user

then it passes through decoding process of the OCDMA system.

Q

&y

Fixed optical
delay

A 1c

OTDM ChN |

Fig. 3.10: OCDMA over OTDM hybrid system.

M-Home of M-Home of M-Home of
OCDMA vee OCDMA OCDMA
group N group 2 group 1

| ChN | | Ch2 | Chl I
| | | | |
OTDMA Frame |
ton
I: T >

Fig. 3.11: M-Home of OCDMA groups into N-channel of OTDMA frame.

Figure 3.12 is the simulation design of the OCDMA over OTDM system with
four OCDMA groups and four OTDM channels, each OCDMA group consists of
six users coded by 2D-MD (P/W) (sections 3.2.2 and 3.2.3) with W=3. This is

clear in the transmitter and receiver subsystems as in Figures 3.13 and 3.14.
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Fig. 3.12: The schematic block diagram of OCDMA over OTDM hybrid system
of 4 OCDMA groups and 4 OTDM channels.
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Fig. 3.14: An OCDMA group receiver subsystem of 6 users decoded by triple
weight 2D-MD (P/W) decoder.

3.4.2 OTDM over OCDMA

The proposed 10G-TDM-OCDMA-PON hybrid system is based upon TDM
bit-interleaving PON (section 3.3) and 2D-MD (P/W) code for OCDMA stage
(sections 3.4.2 and 3.4.3). An FTTH downstream network of 16 homes and 4
channels of high-speed TDM is simulated as illustrated in Figures 3.11 and 3.12.
In the OLT, the time division multiplexer of N channel has N number of user
where each slot time would be assigned for a specific ONU, the same multiplexer
will be used with all TDM groups, and the only difference between them is the
OCDMA encoder, where each TDM group has a different OCDMA code by use
varies wavelength and polarization. The TDM signal will modulate over the
encoded light wave by the MZM, then the modulated signals are grouped together
by a power combiner. In the receiving side, the power splitter and polarization
attenuator have been utilized to separate the polarization resides signal. FBGs are
used as dispersion compensators and OCDMA decoders to pass through only the
light signal that is assigned to a certain OTDMA group. A power splitter has used
to split the light signal for all homes then an optical time division de-multiplexer

is placed inside each ONU to recover the sent information to this ONU.
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3.4.3 Bidirectional FTTH System Design

Figure 3.17 shows the proposed design of hybrid 10G-TDM-OCDMA-PON
FTTH network based on (2D P/W and 1D) MD code that has been chosen as a
best optical code for a network that has more scalability. Bidirectional symmetric
PON of sixteen customers' homes has been simulated with 10 Gbps data rate for
both downstream and upstream. Each OCDMA group of four homes with the
same color has the same code and each home within a certain group has different
time slot (channel). The proposed system consists of five main parts: OLT, feeder
network, distribution network, drop network and costumers’ homes. The OLT has
2D-MD OCDMA encoder (based on two CW Lasers, 2 polarization rotators and
2 power splitters), four subsystems (transceivers of OCDMA groups), four FBG
filters (work as direct decoders and dispersion compensators), four power splitters
(1x4) and two power combiners (4x1). The feeder network has two optical fibers
for both downstream and upstream and loop controls to control the number of the
optical fiber loops. The distribution network contains the optical distribution
cables and the distribution passive node (local convergence point) of main
multiplexer (4x1) and demultiplexer (1x4). The drop network includes the drop
node (network access point) and the optical drop cables that connect the drop node

with the costumers’ homes.

The subsystem of OCDMA transceiver (in the OLT side) consists of the
transmitter/receiver that connects toward/from four homes using the same code
and four TDM channels, as demonstrated in Fig. 3.18. On the top of this figure,
there is an OTDM receiver of four signals, and under it there is a TDM transmitter
that has been built to transmit the data toward four homes where the encoded
optical signal is considered an input to this subsystem before the modulation
process. The TDM system have been described in section 3.3. Since the OCDMA

encoder is not involved here, the subsystem can be repeated M times depending
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on the number of the OCDMA codes; hence, this repetition of the hardware can

reduce the cost of the OLT.
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Fig. 3.17 : Bidirectional FTTH network based on hybrid system of 10G-TDM-
OCDMA-PON with M=4, N=4 and the total simultaneous homes K=16.
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Figure 3.19 illustrates the components of the 2D-MD OCDMA (P/W)
demultiplexer, which consists of three power splitters (1x2), two polarization
attenuators, a polarization rotator, and four FBGs. This demultiplexer is described

in section 3.2.3.
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Fig. 3.19: The Schematic Diagram of 2D-MD OCDMA (P/W) Demultiplexer
Subsystem.

Bit interleaving OTDM/OTDMA have been used to receiving and sending
data from and toward the OLT. The idea of the subsystem’s work is described in
section 3.3. The port on the right side is the input of an encoded optical signal that
has been encoded before using 1D single weight MD code, as in Fig. 3.20. The
ONU of each home in the proposed system has a certain time slot on both

downstream and upstream.
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Fig. 3.20: The Subsystem Schematic Diagram of an OTDM Transceiver of a
Customer’s Home.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 Introduction

In the chapter three the OCDMA, TDM-PON and hybrid systems have been
designed for FTTH network. The results of the designed systems will be presented
in this chapter. The systems design and results were simulated by using
Optisystem software v.15. The results show that the hybrid system has provided
a high performance. FTTH network offers an increase in the number of homes

while ensuring sufficient data rate and acceptable bit error rate.

4.2 Performance Analysis of OCDMA System

According to equations 3.13, 3.14 and 3.31, the BER of 1D&2D of the MD
and ZCC codes have been achieved mathematically under conditions of 622
Mbps, power spectral density (Psr = —10 dBm), weight (W = 4), and the number
of active users, K, up to 200. The parameters of equations 3.13, 3.14 and 3.31 that
are used to find out the numerical calculation are listed in Table 1. The BER versus
number of users are shown in Fig. 4.1 which clarifies that (for the maximum
acceptable value of BER 107 [30]) the number of the total supported of users for
the 2D codes 1s doubled in compression with 1D codes. Meanwhile, the MD codes
show the same performance compared to the ZCC codes. This behaviour because
the only difference between those codes is the arrangement of the ones where both
codes give better performance with comparison to other types of SAC-OCDMA
codes [58], as illustrated in Fig. 3.1.
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Table 4.1: Typical Analysis Parameters.

Symbol Parameter Value
Ve Operating wavelength 1550 nm
Av Linewidth broadband source 3.75 THz
P, Broadband effective power —10 dBm
B Electrical bandwidth 311 MHz
T, Receiver noise temperature 300 K
n Photodetector quantum efficiency 0.6
R Receiver load resistor 1030 Q
h Planck’s constant 6.66 x 1073* Js
e Electron charge 1.6 x 107 C
K, Boltzmann’s constant 1.38 x 107 J/K
10” :

BER

: | =& —2D-MD V=4
: (| ===1DZCCW=4 | |
; i | ==-2D-ICC W=4
: Accebtable level
10'50 | i ] l i | i ]
20 40 B0 80 100 120 140 160 180 200

Number of users

Fig. 4.1: Comparison BER performance versus number of users for 1D-2D MD

and 1D-2D ZCC codes
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Figure 4.2 shows that the higher number of weight the better performance of
the system as this can be seen with 1D-MD W=1 compared to 1D-MD W=4. On
the other hand, it must be taken into account that this increment of the weight will

make the encoder and decoder more complex.

BER

| "B—1D-MDW=1 [ g
| —&—1D-MD W=4
] Accebtable level

20 40 60 80 100 120 140
Number of users

Fig. 4.2: Comparison BER performance versus number of users for 1D-MD
codes with weight equal to one and four

Figure 4.3 demonstrates a sample of the optical spectrum of 2D code
(polarization/wavelength) with weight equal to three. The difference between (a)
and (b) is 90° of polarization. The weight is divided into two angles of polarization
(X and Y) where this allows the reusing of those wavelengths another once by

other codes.
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Fig. 4.3: Optical spectrum of a 2D (polarization/wavelength) code with W=3.

Figure 4.4 demonstrates the optical spectrum of an OCDMA based on 1D-
MD code with weight of three. Figure 4.4a shows the optical spectrum of the
white light source that generates broad optical bandwidth. Figures 4.4b to 4.4d
show the encoded light signals of three users by 1D-MD code where the weight
1s three (userl: 1548, 1549.5, 1551 nm, user2: 1548.5, 1550, 1551.5 nm and user3:
1549, 1550.5, 1552 nm). Figure 4.4e shows the spectrum of the combined signal
of those three users at the receiver after 20 km of SSMF length, and Fig. 4.4f
shows the spectrum of the first user signal at the receiver after the OCDMA direct
decoder where the wavelengths of 1548, 1549.5, and 1551 other services like G-
PON and video services, by considered many candidate systems such as WDM
PONs, TDM PONs and hybrids system of those two technologies have been

recovered.
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Fig. 4.4: Optical spectrum of (a) the white light source, (b) the modulated signal
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signal at the receiver, for 3 users 1D-MD OCDMA system with W=3.
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Figure 4.5 shows the relationship between the 1D-MD, 1D-ZCC, 2D-MD and
2D-ZCC codes and distances in the single mode OFS taking into account the
effects of attenuation, dispersion and nonlinearities. It also shows that 2D codes
are more vulnerable to attenuation and dispersion in single-mode optical fiber
cables and the performance of the 1D codes is much better presented compared
with 2D codes. This is due to the differential group delay (DGD), PMD, additional
noise and power dissipation of the extra devices in the system of 2D OCDMA.
However, with this white light source (broadband source) and for 25 Km of fiber
reaching about 10%° of BER of 2D codes is quite enough for FTTH network.
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Fig. 4.5: BER versus distance for 1D MD, 1D ZCC, 2D MD and 2D ZCC codes
with K=4, W=2 and 622 Mbps in OFS scenario

While Fig. 4.6 shows the relation between the 1D-MD, 1D-ZCC, 2D-MD and
2D-ZCC codes and distances in the FSO system at a heavy rain condition. The
performance of 2D OCDMA is closer to the 1D OCDMA in this scenario.
Additionally, for short distances, the power received does not have a powerful

effect on the performance, and on contrary in the large distances.
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Fig. 4.6: BER versus distance for 1D MD, 1D ZCC, 2D MD and 2D ZCC with
K=4, W=2 and 622 Mbps in FSO scenario under heavy rain condition

From Figures 4.5 and 4.6, it is noted that the MD code presented better
performance than ZCC code in spite of the fact that both of them have the same
code length and weight. This is due to the MD code has depended on the unity

matrix only and has less susceptibility to turbulence effect.

Figure 4.7 shows a comparison between different weather states of free space
optic channel for 2D-MD OCDMA system with K=4, W=2 and 622 Mbps. In the
FSO, the attenuation is a weather state dependent where in the very clear air the
visibility can reach 50 km while in the dense fog it can be visible for only 50 m.
However, the worst case in Iraq in the normal circumstances is the heavy rain,
table 4.2 shows the International Visibility Code for various types of weather

conditions [59].
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Table 4.2: International visibility codes for different weather conditions

Weath iti Precipitati e :
eather CO”?&:’;’};‘;: ) reCIpIAtion |\ isibility (km) | Attenuation (dB/km)
Heavy rain/storm (75) 1 13.8
Very light fog /Strong rain (25) 1.9 6.9
Light mist / Average rain (12.5) 2.8 4.6
Very light mist/Light rain (2.5) 5.9 2
Clear air/ Drizzle (0.25) 18.1 0.6
Very clear air 50 0.19
1 00E.04 —* -light rain f
1 00E-08 —"—average rain /
| 00E-12 @ strong rain /l -
1 00E-16 —i& - - heavy rain N o
1 00E-20 Acceptable level .I/ o "
oo VYR / -
“ 1.00E-24 = BT A
1.00E-28 e o
1.00E-32 E e
- ..m = &~
1.00E-36 o =
1.00E-40

0O 100 200 300 400 500 600 700 800 900 1000
Distance (m)

Fig. 4.7: BER versus distance of OCDMA system with 2D-MD, K=4, W=2 and
622 Mbps in FSO Scenario for different weather condition
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Figures 4.8 and 4.9 show the 2D-MD at 10 Gbps (with CW laser source) and
the 2D-MD at 622 Mbps (with white light source) eye diagrams respectively with
W=2, K=4 and 30 km of SSMF distance. It can be noted that the 2D-MD with
source of CW laser system gives better performance than 2D-MD with white light
source system where the narrower eye diagram, even the first system has much
higher data rate. This behaviour is due to the level of power spectral density that
depends on the optical bandwidth range of the light source, which is broad
bandwidth in the white light source on the contrary of CW laser source that has a
low linewidth. In the eye diagram, closer eye leads to harder distinguish between

ones and zeroes of the received signal.
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Fig. 4.8: Eye Diagram of the 2D-MD Code at 10 Gbps and 30 km of SSMF with
W=2 and K=4.
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Fig. 4.9: Eye Diagram of the 2D-MD Code at 622 Mbps and 30 km of SSMF
with W=2 and K=4.

The results of the OCDMA systems can show clearly that an OCDMA
network using 2D-MD code is preferable in the FTTH network, which supporting
larger number of ONUs and powerful with a high data bit rate.

4.3 Performance Analysis of TDM-PON System

To evaluate the performance of the proposed dispersion compensators of
TDM-PON system (section 2.6.7), a comparison of dispersion compensation
based on FBG and DCF by eye diagrams are considered in this work, as shown in
Figures 4.10 and 4.11, with the same parameters of transmitters, channels (SSMF
range of 110 Km without amplifier) and receivers. It can be noted that the RZ
TDM-PON system with dispersion compensation based on DCF gives better
performance than the RZ TDM-PON system with dispersion compensation based
on FBG because eye in Fig. 4.11 has the larger eye opening. In the eye diagram,
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as the received pulses are more distorted in either phase or amplitude, the eye will

appear more closed.
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Fig. 4.10: Eye diagram of RZ TDM-PON system with 25 Gpbs, SSMF range of
110 Km without amplifier, and FBG as dispersion compensator.
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Fig. 4.11: Eye diagram of RZ TDM-PON system with 25 Gpbs,
SSMF/DCF/SSMF range of 110 Km and DCF (without amplifier).
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To evaluate the proposed TDM-PON system performance three scenarios
have been used for the channel: SSMF with using FBG, FSO with heavy rain and
the third scenario is SSMF/DCF/SSMF with EDFA (for more details see section
3.3).

Figure 4.12 shows the comparison between the Q-factor performance versus
optical fiber distance of the first scenario of the channel (four users are linked to
the OLT by SSMF without any amplifier and using FBG filter as a dispersion
compensator). For TDM-PON, two types of transmitter have been used in the OLT
(downstream): the first one uses four MZM as an external modulator to modulate
data toward four users, while the second type of transmitter uses only single MZM
for all those users as mentioned in section 3.3. However, Figure 4.12 shows that
the first system (TDM-PON with transmitter of 4AMZM) gives lower performance
than the second system with 1MZM at 10 Gbps where the launched power is
higher although the same laser diode with power of 5 dBm has used for both
systems. The reason of using Q-factor for this comparison is the very low BER

that has achieved with this system where CW laser has been used.
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Fig. 4.12: Comparison Q factor performance versus optical fiber distance for
two TDM-PON proposed systems with FBG (four users)
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In the second system (with only one MZM) different bit rates are also
evaluated as shown in Fig. 4.13. The signal of 25 Gbps per line stays above the
acceptable level for about 92 Km without amplifier which gives better
performance more than 40 Gbps, while the 50 Gbps is the worst case where low
Q-factor even with short distances. According to those results, it can be noted that
the increase of the bit rate leads to reduce the Q-factor at the same fiber length

where this because the effect of dispersion is higher in a high bit rate system.
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Fig. 4.13: Comparison Q factor Performance versus optical fiber distance for
different bit rate of TDM-PON proposed system with only one MZM and FBG
as a dispersion compensator (four users)

Figure 4.14 illustrates the comparison between the Q-factor Performance
versus optical fiber distance of the second scenario, Four ONUs are linked to the
OLT by long range of SSMF with EDFA amplifier of 4 dB noise figure and 22 dB
gain and with using DCF as a dispersion compensator. Also, in this scenario, the
TDM-PON of transmitter of one MZM gives better performance than the system

that uses single laser and individual MZM per user at the same distance and bit

72



CHAPTER FOUR RESULTS AND DISCUSSIONS

rate. It can be noted from these results that the high bit rate signals do not reach
long distances despite the existence of dispersion compensator. The steep drop in
the Q-factor with the comparison to the performance of 10 Gbps TDM-PON due

to the effect of dispersion is more in a high bit rate system.
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Fig. 4.14: Comparison Q factor Performance versus optical fiber distance for
different bit rate and both TDM-PON proposed systems with DCF and EDFA
(with four users)

In the result FSO system, as shown in Fig. 4.15, it can be noted that the
increase of the bit rate has less Q-factor relative decrement than SSMF system
because in the FSO system the light travels through the atmosphere instead of
fiber. So there is no dispersion and only an attenuation can affect the light signal.
As the attenuation is varying with the climate change, a large variation will occur
to the power of the received signal. In this simulation a heavy rain attenuation of
the FSO link is considered. Also it can be noted that the worst case is a 10 Gbps
with single laser diode shared to four users and four MZM system where the
launched power is less than the other systems. On the contrary the best

performance is for 50 Gbps with EDFA amplifier. Hence, the author recommends
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to the use an optical amplifier before transmitting the signal through the free

space.
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Fig. 4.15: Comparison Q factor performance versus FSO distance under heavy
rain for different bit rate and both TDM-PON proposed systems (simulated with
four users)

4.4 Performance Analysis of Hybrid System

Figure 4.16 shows the difference between oscilloscopes screen of NRZ signal
at the transmitter and the receiver after 20 km of the hybrid 1D-OCDMA-
OTDMA system with weight of three. Where (4.16b) is the output of the LPF of
cutoff frequency (0.75*Signal Bit rate) which is next of PIN diode photodetector
with dark current 5 nA, responsivity of 1 A/W and thermal noise 1.8e-024 W/Hz.
The transmitted signal will face many optical and electrical impairments and
noises during the transmitter, channel and receiver. In Fig. 4.16 it can be seen that
the maximum amplitude of the received signal is only 2.5 ma.u (arbitrary units)

where the transmitted signal has 1 a.u of amplitude.
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Fig. 4.16: The NRZ signals of the hybrid system at the (a) transmitter and (b)
receiver.

Figure 4.17 demonstrates a sample of the optical spectrum of 2D code (P/W)

with weight of three for 6 SAC-OCDMA users. To generate SAC codes of W=3

and K=6 it must provide eighteen wavelengths (see section 3.2.1.1), since two

polarization states have been used. So only nine wavelengths will be utilized in

the state X and once again utilized in the state Y, as in Figures 4.17a and 4.17b.

The difference between (a) and (b) is 90° of polarization. In other words, the

weight is divided into two angles of polarization (X and Y) as this allows the

reusing of those wavelengths one more time with other codes.
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Fig. 4.17: The optical spectrum of 2D code (P/W) with weight of three for 6
SAC-OCDMA users.

To evaluate the increasing effect of the simultaneously homes number with
distance of an optical fiber a comparison between Q-factor performances versus
SSMF distance for different numbers of Homes at the hybrid bi-directional 10G-
TDM-OCDMA-PON FTTH system has been done. Figure 4.18 demonstrates this
comparison for downlink direction with using of FBG as a dispersion
compensator. For the same purpose, a comparison between Q-factor performances
versus SSMF distance for different numbers of homes with using of DCF as a
dispersion compensator has been shown in Fig. 4.19. As depicted in both figures,
the Q-factor of 10G-TDM-OCDMA-PON system at the downstream is slightly
enhanced with the decreasing of Homes number at the same distance. This occurs
because the performance is increased for lower OCDMA code overlapping
between M of OCDMA users. Where the total number of premises in the hybrid
system 1s depending on both OCDMA M users number and OTDM channels N
number, the increment of total premises number in this test has done by increasing
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the OCDMA codes only. In additional, it can be noticed that the performance of
the system with DCF is better presented than the system with dispersion

compensation of FBG.
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Fig. 4.18: Q-factor performance versus optical fiber (SSMF) distance for
different numbers of simultaneously homes with FBG for downlink direction
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Fig. 4.19: Q-factor performance versus optical fiber (SSMF) distance for
different numbers of simultaneously homes with DCF for downlink direction
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In the proposed design of hybrid 10G-TDM-OCDMA-PON FTTH network,
as shown in Fig. 3.17, 1.3/1.5 um bands have been utilized for the upstream/
downstream traffics. The 1.5 um downstream band permits the utilization of
erbium-doped fiber amplifiers (allowing power boosting) thus enhanced link
power budgets for broadcasting services of high-speed downstream. On the other
hand, uncooled and cheap Fabry-Perot laser diodes (FPLD) can use with 1.3 um
upstream band in the side of ONUs that usually located at various distances from

the local exchange, also this helps ONUs to co-exist this system with other

services like XG-PON, G-PON and video services.

Figure 4.20 shows a comparison between Q-factor performances versus
SSMF distance for different numbers of homes for the uplink direction of hybrid
10G-TDM-OCDMA-PON FTTH system. From these results, it can be clearly
noticed that the performance of the downlink is better than the uplink direction,

this because of the higher attenuation level at the wavelength of 1.3 um band

where it is 0.35 dB/km for SSFM while 0.2 dB/km for 1.5 um, [4].
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Fig. 4.20: Q-factor performance versus optical fiber distance (SSMF) for
different numbers of simultaneously Homes for uplink direction
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Figure 4.21 is a comparison between optical received powers versus SSMF
distance for the downlink/uplink directions of hybrid 10G-TDM-OCDMA-PON
FTTH system without any power amplification. It demonstrates that the signals
which have been received in downlink direction own less affect with fiber distance
than uplink direction. This is also due to the composition of optical SSFM which
has higher attenuation level at the wavelength of 1.3 um band that had been
utilized in the uplink.
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Fig. 4.21: Optical received power versus optical fiber distance (SSMF) for the
uplink and downlink directions of 16 homes of hybrid FTTH network.

Figure 4.22 illustrates Q-factor against SSMF distance when different
launched power of uplink and downlink directions are used in the system of 16-
homes of hybrid 10G-TDM-OCDMA-PON FTTH. It shows that, at the same
distance, maximum Q-factor performance achieved with higher launched power

at the transmitter for both downlink and uplink.
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Fig. 4.22: Q-factor versus optical fiber distance (SSMF) for different launched
power of uplink and downlink directions of 16 homes hybrid FTTH network.

Figure 4.23 shows the total supported number of homes (K) of the hybrid
system for M-home of a single OCDMA group over N-channel OTDM system.
According to equation 3.37, the total number of ONUs in the hybrid system
depends on both OCDMA users number and OTDM channels number where K =
M X N.Figure 4.1 (as it mentioned in section 4.2 and according to equations 3.13,
3.14 and 3.31) shows that more FTTH’s homes lead to more BER. Those
numerical calculations of zero-cross correlation SAC-OCDMA system have been
utilized to build up the calculation of the hybrid system. From those calculations,
various samples of OCDMA users' numbers have been adopted in different codes'
weights and dimensions. All those samples have been chosen at BER of 107 (the

acceptable level).

The other factor of the hybrid system improvement is the number of OTDM
channels N, as in Fig. 4.23, where more channels lead to increase the total number
of the supported simultaneous households (if the number of the customers' homes

in an OCDMA group is 144 it will be doubled with two channels, 576 with four
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and so on). Nevertheless, at the same time the bandwidth of each ONU will

decrease with this OTDM channel increment.
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Fig. 4.23: Number of ONUs achievable with proposed OCDMA-OTDMA
hybrid system.

4.5 Results Summary

In this chapter, the results of OCDMA, OTDM and hybrid systems have been
discussed. Figure 4.24 shows a comparison between those systems with the same
parameters, as shown in Table 4.3, for 16 users. The signals of those users are
multiplexed according to the system properties itself. In the OCDMA system, 16
2D-MD codes were required where this is initiate more overlapping between the
signals with high bit rate optical transmission, and this system will provide very
high bandwidth per user. In the OTDM system, the 10 Gbps will be shared by 16
users via 16 dedicated time slots, where in this system the more users the less
bandwidth will be per user. The hybrid system is combining the features of the
OCDMA and OTDM techniques. Four time slots and four 2D-MD codes will

provide a network with 16 users, the bandwidth will be shared for those 4
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OCDMA groups. Where the bandwidth in the hybrid system is lower than the
OCDMA and much higher than OTDM.

Table 4.3: Common parameters between OCDMA, OTDM and hybrid system

Q factor

Parameter Value
Operating centered wavelength 1550 nm
Linewidth of CW laser 0.1 MHz
Transmitted power 0 dBm
Signal bit rate 10 Gbps
Dark current S5 nA
Photodetector responsivity 1 A/W
Attenuation 0.2 dB/Km
Dispersion 16.75 ps/nm/Km
Dispersion slope 0.0075 ps/nm?*/Km
Differential group delay 0.2 dB/Km
Cutoff frequency 7.5 *10° Hz
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Fig. 4.24: Q-factor versus optical fiber distance (SSMF) for OCDMA, OTDM
and hybrid systems with 16 users
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Figure 4.24 shows that the OTDM system has higher Q-factor level with less
bandwidth and the OCDMA system has lower Q-factor level with high bandwidth
while the OCDMA-OTDM hybrid system provides the users high bandwidth with
lower bit error rate. This can be more effective with high scalable network. For
example, FTTH network with 1024 homes per single fiber can be designed by
10G-OCDMA-OTDM system with N=128 time slot and K=8 OCDMA codes
providing sufficient bandwidth and acceptable bit error rate, where cannot meet

this number of user with system based on single multiple access.

To evaluate the results of this thesis, the results of the OCDMA system have
been compared with the results of reference [60] as shown in Tables 4.4 and 4.5.
Where this research is focusing on different kinds of code techniques that are low
cross correlation and zero cross-correlation in two scenarios (OFS and FSO). The
low cross-correlation technique include RD and KS, and for the zero cross-

correlation technique both ZCC and MD have used.

Table 4.4: 1D-OCDMA comparison in the OFS scenario with 622 Mbps

Research Number of Code weight | OCDMA code Distance BER
user (Km)
20 108
3 4 MD
40 10°%
S. Mostafa [60]
20 10
3 4 ZCC
40 10%
20 10-%2
4 2 MD
40 10%
This thesis
20 108
4 2 ZCC
40 1024
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Table 4.5: 1D-OCDMA comparison in the FSO scenario with 622 Mbps

Research Number of Code weight Wea_ther OCDMA Distance BER
user condition code (m)
200 1062
3 4 MD -
S. Mostafa 500 10
(60] 200 10>
3 4 Light mist / Z2cC 500 1075
Average "
i 200 10°
4 5 rain (12.5) MD
500 104
This thesis
200 1056
4 2 zcc
500 1038
200 1070
3 4 MD -
S. Mostafa 500 100
(50] 200 104
3 4 Very light Zce 500 10
fog /Strong -
i 200 10°
4 5 rain (25) MD
500 103
This thesis
200 105t
4 2 zcc
500 103
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This chapter provides a summary of the simulation results of this thesis.
Furthermore, some suggestions and future work are indicated which can lead to a

more robust FTTH system.

5.1 Conclusions

The model of the 2D-MD OCDMA system based on polarization /wavelength
1s successfully designed and simulated, where two polarization angles have been

used as a second dimension.

The theoretical results of 2D P/W MD and ZCC optical codes provide double
number of customers' homes in comparison to 1D optical coding in the FTTH
network. In addition, the results show that the higher number of weight the better

performance of the system, obviously seen in the 1D-MD W=1 compared to the

1D-MD with W=4. Moreover,

The simulation results of four OCDMA users using MD and ZCC in both OFS
and FSO scenarios along different distances have shown that the performance of
MD code is a better presented than ZCC, where both MD and ZCC are zero cross
correlation codes. These results also show that 2D codes are more vulnerable to
attenuation and dispersion in single-mode optical fiber cables and the
performance of the 1D codes is a better compared with 2D codes along the optical
fiber. This is due to the additional noise and power dissipation of the extra devices
in the system of 2D OCDMA. This behaviour is attributed to the fact that the
OCMDA codes performance depend on media. However, with broadband white

light source and for 25 Km of fiber reaching about 102 of BER of 2D codes is
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quite enough for FTTH network. So, according to the result, it can be found that

the 2D-MD P/W code is the best choice for FTTH networks.

High speed bit-interleaving TDM-PONSs of 10, 25, 40, and 50 Gbps have been
simulated in three scenarios. It can be noted from the results that the high bit rate
signals do not reach long distances despite the existence of dispersion
compensator, where the steep drop in the Q-factors of 25, 40, and 50 Gbps with
the comparison to the performance of 10 Gbps TDM-PON due to the effect of

dispersion is more in a high bit rate system.

The new proposed scheme of TDM transmitter that use a single MZM and
single laser diode to carry the data of multiuser, which has cost effective, high-
transmitted power and easy implementation system, provides better performance
in the TDM-PON linked by SSMF with DCF or FBG as a dispersion
compensation and provides much better performance in the FSO system based on

different bit rates.

The simulation results of the bit-interleaving TDM-PON in the FSO scenario,
where there 1s no dispersion occurs, have shown that the 50 Gbps TDM-PON with
EDFA amplifier is a better than 10, 25 and 40 Gbps without amplifier.

In contrast, TDM-PON with the SSMF based on a wavelength of 1550 nm,
the 50G TDM show poor performance even with the addition of an amplifier.
Hence, the author recommends using more complex modulation techniques than
RZ and NRZ, more sensitive receiver and using a wavelength within O-band
where there 1s a zero dispersion wavelength (ZDW) for a TDM-PON of 50 Gbps

per channel.

The major contribution of the present thesis, to the best of my knowledge, a
TDM-OCDMA-PON hybrid system has been successfully designed for FTTH

network, which offers an increment in the network scalability while ensuring
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sufficient data rate and bit error rate. M-user OCDMA signals can be transmitted

in different channels of an OTDM system.

The theoretical results of hybrid system show that more channel of OTDM
lead to increase in the total number of the supported simultanecous homes.
However, the bandwidth of each ONU will decrease with this OTDM channel

increment.

The simulation results of hybrid system show that more number of OCDMA
the more bit error rate (especially in high bit rate), also the uplink direction has
more vulnerable to the attenuation with distance where 1.3 um of wavelength had

been utilized.

Hence, a trade-off should be done between the network scalability and the
bandwidth/complexity/performance of each home before the selection of the
OTDM channels number, OCDMA code number and the weight/dimension of the
OCDMA code.

5.2 Future Work

In this thesis, the proposed hybrid system of TDM-OCDMA-PON is
successfully simulated. Based on the high scalable 2D-MD P/W OCDMA that
was the primary focus of this work, the following further work suggestions can

be carried out:

1- An experimentally work of the proposed system can be carried out to
compare the results between the practical and simulation systems.
2- A study of power saving architecture to propose and investigate 2D-

OCDMA transmitter for lower power consumption.
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3- It will be useful to investigate the system based on 3D OCDMA combines
Polarization, Wavelength and Temporal (P/W/T) for more simultaneous
users.

4- Tt is also possible to investigate the TDM-OCDMA-PON based on 25 and
50 Gbps data rate.

5- Ahigher scalable system could be obtained by the hybrid system involving
another possible multiple access technique like the subcarrier multiplexing
(SCM) combining with our proposed system to design SCM-TDM-
OCDMA-PON hybrid system.

5.3 Drawbacks and Limitations

e The 2D-OCDMA system has provided the double number of users with
comparison to 1D-OCDMA but using two states of polarization as a
second dimension adds some additional noise and complexity versus
this scalability increment of FTTH network.

e The RZ encoding needs double bandwidth with comparison to NRZ,
hence more space between the wavelengths is required.

e The using of the CW laser in the systems of high bit rate (10 Gbps and
beyond) is essential, which means adding more cost for each user.

e In the high bit rate system especially with TDM-PON, the dispersion
compensation is a critical point, so using a dispersion compensation
technique is very important.

e The different length of optical cables between the network access point
and the ONUs in the different homes needs to take into consideration

where time delay will be adding for the longer distance.
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