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Palavras-Chave

Resumo

Transmissdo Optica, Redes 6épticas passivas, Convergéncia, Transmissao
Optica em espaco livre, Fibras dpticas em plastico, Redes de Acesso épticas
de préxima geracéo, Multiplexagem de comprimento de onda, Comunicacdes
Coerentes.

O aumento dos servigos prestados pelas operadoras de rede mdvel, assim
como do trafego nas redes-sem-fios (WiFi) tém explorado intensamente o
espectro de radiofrequéncia (RF) disponivel. A rede fixa de telecomunicacdes
gue conecta as antenas radio, pontos de acesso WiFi ou outras tecnologias
(ex. Wimax), suporta novos servicos que exigem maiores taxas de
transmissao e conexdes, como por exemplo a computacdo na nuvem, HDTV,
Internet das Coisas (IoT) ou a comunica¢cfes de Maquina-a-Maquina (M2M). A
fibra éptica monomodo em silicio (SMF) tem sido a escolhida como o meio de
transporte de dados na rede fixa, uma vez que disponibiliza maiores larguras
de banda e taxas de transmisséo.

Num contexto desejavel de rede Optica ubiqua e transparente, subsistem
variados estrangulamentos na estrutura da rede, sejam devido as
caracteristicas da SMF, sejam econOmicos numa perspectiva de
custo/retorno. Além disso, as actuais redes de acesso, baseadas em cabos de
SMF ou em ligagbes RF, estdo sujeitas a interrupgdes e, portanto, devem
poder contemplar caminhos de transmisséao alternativos.

Por outro lado, o aumento esperado no trafego de informacdes no futuro
préximo leva ao estabelecimento de novos protocolos de alocacéo espectral
para a SMF. O padrdo ITU-T G.989 surge, assim, para promover as redes de
préxima geracdo (NG-PON2) que procuram explorar o espectro disponivel em
SMFs através de redes WDM (Wavelength Division Multiplexing) ponto-
multiponto, bem como através de redes em UDWDM (Ultra-Dense WDM)
numa configuragdo ponto a ponto, enderecado ao utilizador final.

Neste contexto, a fibra Optica plastica (POF) surge como um meio de
transmissao alternativo a SMF e promissor na rede de curto alcance. A
implementacdo da POF estende-se a rede de acesso das operadoras de
telecomunicacdes, a rede de telecomunicacdes residencial/predial, aos
veiculos de transporte ou no rapido restabelecimento das comunicacfes em
redes Opticas propensas a acidentes. A transmissado 6ptica de espaco livre
(FSO) também é um meio promissor de comunica¢do e uma alternativa nas
conexdes em RF ou SMF de curto alcance. As conexdes FSO podem ser
aplicadas a rede de acesso do operador de telecomunicacdes, as conexdes
em reserva entre as antenas dos operadores modveis, a conexdo entre 0s
edificios de uma instituicdo, as comunica¢des sem fio ponto-multiponto ou no
rapido restabelecimento de um cabo 6ptico interrompido acidentalmente.

Assim, os meios de transmissdo POF e FSO serdo aqui estudados,
explorando-se novos limites espectrais e capacidades de transmisséo
envolvendo os protocolos de redes GPON e NG-PON2. Serdo exploradas a
recepcao coerente e a recuperacao de dados através de receptores definidos
por software, para o processamento de sinais digitais em tempo real.
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The increase in services provided by mobile network operators, as well as
traffic over wireless networks (WiFi), has intensely exploited the available radio
frequency (RF) spectrum. The fixed telecommunications network that connects
radio antennas, Wi-Fi access points, or other technologies (eg, Wimax)
supports new services that require higher transmission rates and connections,
such as cloud computing, HDTV, Internet of Things (loT) or Machine-to-
Machine (M2M) communication. Silicon single-mode fiber optic (SMF) has
been chosen as a means of transporting data on the fixed network as it offers
higher bandwidths and transmission rates.

In a desirable ubiquitous and transparent optical network context, there are still
several bottlenecks in the network structure, whether due to the characteristics
of SMF or economical from a cost/return perspective. Besides, current access
networks based on SMF cable or RF connections are subject to interruptions
and should therefore be able to provide alternative transmission paths.

On the other hand, the expected increase in information traffic in the near
future leads to the establishment of new spectral allocation protocols for SMF.
The ITU-T G.989 standard thus emerges to promote next-generation (NG-
PON2) networks that seek to exploit the spectrum available in SMFs through
point-to-multipoint Wavelength Division Multiplexing (WDM) networks as well
as in UDWDM (Ultra-Dense WDM) in a point to point configuration, addressed
to the end-user.

In this context, plastic optical fiber (POF) appears as an alternative
transmission medium to the SMF and promising in the short-range network.
The implementation of the POF extends to the telecommunications operators'
access network, the residential / building telecommunications network,
transport vehicles or the rapid re-establishment of communications in accident-
prone optical networks. Free Space Optical Transmission (FSO) is also a
promising means of communication and alternative for short-range RF or SMF
connections. FSO connections can be applied to the telecom operator's
access network, standby connections between GSM antennas, the connection
between an institution's buildings, point-to-multipoint wireless communications,
or the quick re-establishment of a cable optical device accidentally interrupted.

Thus, the POF and FSO transmission media will be studied here, exploring
new spectral limits and transmission capabilities involving GPON and NG-
PON2 network protocols. Coherent reception and data retrieval through
software-defined receivers for real-time digital signal processing will be
explored.






Ao meu Filho André Luis Sousa

Em memoéria ao meu Pai Artur Mendes Sousa






Contents

Contents - - ¢ - s s e e e e e

....................... XV
List of Figures = =+« « =« o s o e XixX
List of Tables -+ = = = = = «+ « + o e e e e e e e e XXi
LiSt Of ACTONYMS  « « = = = = = = o o oo e Xxiii
List of Symbols — « « =+« c e e XXiX
Chapter 1. Introduction = =+« « « = = = = e 1
1.1 From copper to optical fiber - - - - = = oo 2
1.2 Optical Networks — + =« « « « =« o e 4
ITU-T - Recommendation G.983 - APON,BPON - - - - = - - - - - - - - - 5
ITU-T - Recommendation G.984 - GPON - - - - - =« - oo e e 5
ITU-T - Recommendation G.987 - XG-PON1 and 7
ITU-T - Recommendation G.9807.1 - XGS-PON - - = - - = = - - o oo e
ITU-T - Recommendation G.989 -NG-PON2 - - - = = = = - - o v v e e 9
121 WDM-PON = - = « « o o e e e e e e e e e 10
Dense WDM (DWDM) = = = = = = = o oo oo 11
Ultra-Dense WDM (UDWDM) = = = = = 0 s s e e e e e e e e e e 12
1.3 Motivation and Objectives - - - - = = - = - o e e 13
1.4 Thesis Organization - - = = = = = = = o s 14
1.5 List of PUDliCAtioNS  « -« « = = « =+« ¢ e e e e 15
1.5.1 Journal Articles - = - = - ¢ s e e e e e e 15
1.5.2 International Conferences - - - = = - = = 0 s e e e e e 16
1.5.3 Book Chapters = « = = = =« + s e 17
1.5.4 Other Contribution = -« = =« + = + =+ = « = « ¢ e e 18
REfErENCES -« « « « « « &+ o e e e 18
Chapter 2. Plastic Optical Fibers - POF = =« » = = v 0 e e e e e e e e 21
2.1 INtrodUCtiON = = =« ¢ e e e e e e e 21
2.2 Fiber Optic COMpOSItion = = = = = = = = = e 22
2.3 Optical Fibre Light Propagation - - - - » = = =+« o oo e 22
2.3.1 Total Internal Reflexion - = = - = = = v e 23

XV



2.3.2 Numeric Aperture and Acceptance Angle - -« - -+ = = = - 0o e 25

2.3.3 Propagation Modes in Optical Fibre - - - - - - -« = - oo 26
234 AHENUAtion  « = -+« ¢ s e e e e e e 27
2.3.5 Optical Fibre Propagation Profile - - - - = = = - - - -0 0o e e 28

2.4 The Historical Evolution of POFs - - - - - - - = - = v v e e e 29
2.5 Types Of POF - = =« = = @ o oo e 31
2.6 Bidirectional SMF and PF-POF Transmission on DP-QPSK Systems - - - - - 34
2.6.1 INrodUCtion = = =« ¢ e e e e e e e e 34
2.6.2 Experimental Setup - - - s v s s s e e 37
2.6.3 Experimental Results =« - - - - - s e e e 41
26.4 CONCIUSIONS  « = « « « «+ = & e e e e e 45
REfErENCES  « « « « « « &+ o e e e 45
Chapter 3. Free-Space Optical Communication Systems - - - - - - - - - 49
3.1 INtrodUCion = = = ¢ - s e e e e e e e e 50
3.2 OWC System Blocks Diagram - - - = - = = - o s s s e e 52
3.3 Safety and Regulations = - = - < s s e e e e 54
3.4 OWC System Classification - =+ » =« = = v 56
3.4.1 Visible Light Communication (VLC) Systems - - - - - - - =« - - - - 58
3.4.2 Terrestrial Free-Space Optical (FSO) Communications - - - - - - - - 59

3.5 Radio on Free-Space Optics (RoFSO) - - = = = = oo e e e e 61
3.6 Technologies for Performance Enhancement = - - - = - - = = - - oo e e 63
3.6.1 Hybrid RF/FSO Technology - - - = - =« = - o oo e e e e 64
3.6.2 Relay-assisted FSO Transmission - - = = = = = o0 e e e e e 65

3.7 Research Contributions - - = = - = = o - s e e 67
3.8 CONCIUSION = = = = = &+ o e e e 67
REfErENCES  «+ « =« « &+ e e e e e 68
Chapter 4. Channel Model and Characterization - - - - - -« « - - 73
4.1 Introduction = = -+ - - e e e e e e e e 74
4.2 Optical System and Channel Model - - - - = = =+ = oo 76
4.2.1 Atmospheric Attenuation - - - - - s e e e e 77
4.2.2 Pointing Error or Misalignment Fading - - - - = - = - - - o2 78
4.2.3 Atmospheric Turbulence - - - - - = = e e e e 79

XVi



Log-normal (LN) Distribution - = = = = = = o e 80

Gamma-Gamma (I'T) Distribution - - - - - - -« - - oo e 81

4.2.4 Combined Attenuation Statistics - - - - - - - - - oo 84

4.3 OWC Systems Performance Analysis = = - - - - - - - 00 m e e e 84
4.31 BER - « « « ¢t e e e 85
4.3.2 Ergodic Channel Capacity - - - = = - = = = = 0 s e e 86

4.4 Simulation Results and Discussions = = = = - - s s e e e e e 87
4.5 Channel Measurement and Characterizaton - - - - - - - = = = = - - - - - 90
451 Experimental Setup =+ - - s s s e e 90
4.5.2 Experimental Results - = - - - = - e e e e e e 91
4.6 Research Contributions - - = = = = o0 e e e e 93
4.7 ConclUSION  « « « - ¢ e e e e 94
REfErENCES - « « « « « e e e e 94

Chapter 5. Real-Time Coherent PON OWC based on Dual-Polarization for

the Mobile Backhaul/Fronthaul - - - = = = =+« oo v 99
5.1 Introduction ................................ 100
5.2 Real-Time Gigabit-capable Long-reach Coherent UWDM- PON and FSO 102
Systems .................................
521 EXperimental Setup ......................... 103
5.2.2 Experimental Results and Discussion - - -+« « e 107
5.3 Gigabit PON and CATV over Hybrid FSO and SMF with Bidirectional 109
Transmission ...............................
531 Experimental Setup ......................... 110
5.3.2 Experimental Results and Discussion - - -+« « « e e 113
5.4 Research Contributions = = = = = - - e e 117
5_5 Conclus|ons ................................ 118
References .................................. 119
Chapter 6. Conclusions and Future Works - - - - = = = = = = o e 121
61 COﬂC|USi0n ................................ 121
62 FUtUre Work ................................ 123

XVii



XViii



List of Figures

Figure Description Page

1.1 Common hierarchical structure of a public telecommunications network 3

GPON transmission architecture. A downstream broadcast transmission occurs
19 in a), where the ONUs filter the data for themselves, according to the identifier

header in the GPON frames of the input string. In b) GPON frames send 6
upstream by ONUs, are concatenated through the TDMA protocol.
13 Protocol structure for the GPON transmission convergence (GTC) layer, 7

composed of GEM and ATM frames

Wavelength plan to the GPON (G.984.5), XG-PON, TWDM-PON (NG-PONZ2)
1.4 with Upstream Wideband Option, and PtP WDM-PON (NG-PONZ2) with (1) 8
Extended Spectrum and (2) Shared Spectrum

2.1 Refraction analysis of medium A to B and internal reflection within medium B 24
2.2 Maximum acceptance cone in the limit condition of total internal reflection 24
2.3 a) Multimode ray propagation, b) Singlemode ray propagation 27
24 a) Single-mode fiber (SMF) with step index (Sl), b) Multimode fiber (MMF) with 28
: SI, ¢) MMF with graded-index (Gl).
2.5 Historical evolution of POF attenuation and key players (adapted from [9]). 30
26 Wavelength attenuation for polymeric optical fibers (POF): 1mm SI-PMMA and 32
' PF-POF [1], and silica optical fibers: GI-MMF and SMF (adapted from [1], [12])
Spectral Attenuation curves to the PF-POF and SMF-GOF (adapted from [1],
2.7 36
[24], [25])
238 Experimental setup. Only one switch (s1, s2) at a time will be turned on in each 38
’ implemented configuration.
2 9a Received spectrum at the input of the PD-CoRx on Port-1 in a B2B 42

configuration and for the polarizations, Pol-X and Pol-Y.

Bidirectional spectrum composed of the overlap of received spectra at the
2.9b inputs of both PD-CoRXx, after transmission through 40 km of SMF and for Pol-X 42

polarization.
2 9¢ Received spectrum at the input of PD-CoRx qf Pc?rt-1, after transmission by 50 43
m of PF-POF and in the Pol-X and Pol-Y polarizations.
2.10 BER measurements obtained for the analyzed transmission media. 44
3.1 Block diagram of a terrestrial OWC system. 53
3.2 Response of the human eye at different wavelengths (adapted from [7, 10]). 55
33 Electromagnetic spectrum 56
3.4 Optical wireless communication system classification (adapted from [11]). 57

XiX



3.5
3.6
3.7
3.8

4.1
4.2
4.3

4.4
4.5

4.6

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

Scenarios for deploying OWC systems in access networks
Atmospheric turbulence mitigation techniques (adapted from [11]).
Schematic of a RF/FSO hybrid link.

Schematic of a mixed RF/FSO communication system.

Log-normal pdf for different values of log-irradiance variance
Gamma-gamma pdf for turbulence regimes from weak to strong.

Average BER versus SNR for BPSK under different turbulence conditions at
1550 nm.

Average channel capacity of FSO link versus average electrical SNR.
Outdoor experimental FSO setup.

Experimental and fit histogram of normalized irradiance with log-normal (LN)
and gamma-gamma (I'T’) fits under different scintillation index values

Gigabit-capable long-reach coherent UDWDM-PON and FSO systems for
mobile backhaul (MBH) networks.
(BRAS: broadband remote access server; BBU: baseband unit)

(a) Experimental setup for 20x625 Mbaud DP-QPSK signal;

(b) Overall outdoor scenario;

(PBS/C: polarization beam splitter/combiner; BPD: balanced photo-detector;
CoRX: coherent receiver; WS: wavelength selective switch).

Spectrum of (a) 4-channels and (b) 20-channels.

Receiver sensitivity in terms of BER, for DP-QPSK signals and obtained for the
center channel (45).

Variation of BER versus time, for 20 channels transmitted through a link of 100
km in SMF and 54 m in FSO, for the DP-QPSK data format and -38 dBm of
received power.

GPON traffic structure and the proposed FSO links.

Experimental setup to a GPON and CATV system through the hybrid
transmission medium formed by SMF and an atmospheric link in FSO.

Experimental results. a) Downstream, 1490 nm and b) Upstream, 1310 nm.

RF spectra of an optical transmission at 1556.56 nm through a) 20 km in SMF
with 42 dB of CNR and of b) SMF + OutFSO with 40.6 dB of CNR.

62
62
66
66

81
83
88

89
91

92

103

104

105

108

109

110

111

114

116

XX



List

Table

1.1

1.2

21

2.2

5.1

of Tables

Discription

GPON wavelength plan for the single fiber system as proposed by the 2007
ITU-T G.984.5 Recommendation [7]

Wavelength range to the TWDM-PON on NG-PON2 [14]
Refractive indexes n, for some silicon and polymer fiber optic (POF) cores.

Profile, radius and numerical aperture characteristics of the core for some
silicon and polymer fibers. MM — Multimode, SM - Singlemode

Sensitivity Degradation (dB) of GPON Traffic to the B2B Setup and a PER of
1073 %

Page

10

23

26

117

XXi



XXii



List of Acronyms

Notation

5G
IT

ADC
APON
ATM
AWG
AWGN

B2B
BC
BD
BP
BER
BPON
BPSK

CATV
CMA
CNR
Col-A/B
CoRx
C-RAN

DD
DFB

DL

DOP

DP
DP-QPSK
DPL

DSP
DWDM

Description

Fifth Generation (cellular network technology)
Gamma-Gamma distribution

Analog-to-Digital Converter

Asynchronous (Transfer Mode on) Passive Optical Network
Asynchronous Transfer Mode

Arbitrary Waveform Generator

Additive White Gaussian Noise

Back-to-Back

Beam Combiner

Balanced Detectors

Balanced Photodiodes

Bit-Error Rate

Broadband Passive Optical Network
Binary Phase-Shift Keying

Community Access Television System

Constant Modulus Algorithm

Carrier-to-Noise-Ratio

Pair of collimators to adapt two different optical media
Coherent Receiver

Cloud-Radio Access Network

Direct Detection

Distributed Feedback Laser

Delay Line

Degree of Polarization

Dual-Polarization

Dual-Polarization Quadrature Phase-Shift Keying
Data Packet Loss

Digital Signal Processing

Dense Wavelength-Division Multiplexing

XXIii



ECL
EDFA
EGC
EMI
EPON
ExB

FEC
FIR
FITH
FPGA
FSAN
FSO
FTTB
FTTH

GD
GEM

Gl
GI-POF
GOF
GPON
GTC

HD-FEC

IEEE
IFFT
IGTA
ILMZ

InNFSO
loT

IPTV
IQM

1Q-MZM

ITU-T

External Cavity Laser
Erbium-Doped Fiber Amplifier
Equal Gain Combining
Electro-Magnetic Interference
Ethernet Passive Optical Network
Extender Box

Forward Error Correction (code)

Finite Impulse Response Filter

Fiber-Into-The-Home

Field-Programmable Gate Array

Full Service Access Network (Industrial & Commercial iniciative)
Free-Space Optics

Fiber-To-The-Building

Fiber-To-The-Home

Group Delay

Gigabit Passive Optical Network Encapsulated Method
Graded-Index

Graded-Index Plastic Optical Fiber

Glass (Silica) Optical Fiber

Gigabit Passive Optical Network

Gigabit Passive Optical Network with Transmission Convergence

Hard-Decision Forward Error Correction

Institute of Electrical and Electronics Engineers

Inverse Fast Fourier Transform

The “IXIA © Generator and Traffic Analyzer

Integrated Laser Mach-Zehnder

Intensity-Modulation

FSO Internal Path

Internet of Things

Internet Protocol

TV over Internet Protocol

I/Q (Quadrature) Modulator

Mach-Zehnder Modulator (In-phase and Quadrature Inputs)
InfraRed

International Telecommunication Union (for Telecommunication)

XXIV



LAN
LD
LED
LN
LO
LOS

M2M
MAN
MBH
MC-POF
MIMO
MMF
MPE
MRC

NA

NGN
NG-PON
NG-PON2

ODN
OFDM
OLT
OoMI
ONU
OOK
OSA
OoTT
OutFSO
owcC

PAN
PBC

PC

PD
PD-CoRx
PDM

Local Access Network

Laser Diode

Light Emitter Diode

Log-Normal (statistical) distribution
Local Oscillator

Line-Of-Sight

Machine-to-Machine intercomunication
Metropolitan Access Network

Mobile Backhaul

Multi-Core Index-Step Plastic Optical Fiber
Multiple-Input and Multiple-Output
MultiMode Fiber

Maximum Permissible Exposure

Maximum Ratio Combining

Numerical Aperture
Next-Generation Networks
Next-Generation Passive Optical Networks

(A 40-Gigabit-capable) Next-Generation Passive Optical Networks

Optical Distribution Network

Orthogonal Frequency Division Multiplexing
Optical Line Terminal

Optical Modulation Index

Optical Network Unit

On-Off Keying

Optical Spectrum Analyser

Over-The-Top TV

FSO External Path

Optical Wireless Communication

Personal Area Network

Polarization Beam Combiner

Polarization Controllers

PhotoDiode

Coherent Receiver with Polarization Diversity
Polarization-Division Multiplexing

XXV



PER
PF-POF
PIN
PMMA
POF
PolDemux
Pol-X
Pol-Y
PON
POTS
PRBS
PtP
PtP-WDM

QPSK

RC

RF
RF-Video
RFID
RoF
RoFSO

SE

Si

SISO
SMF
SNR
SOA
SONET
SRS
SSMF

TDM
TDMA
TIA
TWDM

UDWDM

Packet Error Rate

Perfluorinated Graded-Index Polymer Optical Fiber
Diode with P+Intrinsic+N type semiconductor regions
Poly(Methyl MethAcrylate), also known as acrylic
Polymer (Plastic) Optical Fiber

Polarization Demultiplexing

Polarization through the X axis of the core profile.
Polarization through the Y axis of the core profile.
Passive Optical Network

Plain Old Telephone Service

Pseudo-Random Binary Sequence

Point-to-Point

Point-to-Point Wavelength-Division Multiplexing

Quadrature Phase-Shift Keying

Raised-Cosine Filter
Radio-Frequency
Radio-Frequency Video Overlay
Radio-Frequency Identification
Radio over Fiber

Radio-on-FSO

Spectral Efficiency

Step-index

Single-Input and Single-Output
Single-Mode Fiber

Signal to Noise Ratio
Semiconductor Optical Amplifiers
Synchronous Optical Networking
Stimulated Raman Scattering
Standard Single Mode Fiber

Time Division Multiplexing

Time Division Multiple Access
Transimpedance Amplifiers

Time and Wavelength Division Multiplexing

Ultra-Dense Wavelength-Division Multiplexing

XXVi



uv

Y
V-Blast
VL
VLC
VOA
VolP

WAN
WDM

XG-PON
XG-PON2
XGS-PON
XPM

Ultra-Violet

Normalized Frequency

Vertical-Bell Laboratories Layered Space-Time
Visible Light

Visible Light Communication

Variable Optical Attenuator

Voice over Internet Protocol

Wide Access Network
Wavelength-Division Multiplexing

Extended Gigabit Passive Optical Network
10-Gigabit-capable Symmetric XG-PON
10-Gigabit-capable Symmetric XG-PON
Cross-Phase Modulation

XXVii



XXVIii



List of Symbols

Notation

r

Description

Electrical signal received in the receive aperture

Effective photoelectric conversion ratio of the receiver

Additive White Gaussian noise (AWGN)

Noise Power Spectral Density

Variance of the Additive White Gaussian noise

Standard deviation variance of the pointing error displacement at the receiver
Log-amplitude variance

Channel irradiance

Deterministic path loss

Random attenuation (Atmospheric turbulence-induced fading)
Random attenuation (due to geometric spread and pointing errors)
Probability density functions of the random variable h,

Probability density functions of the random variable hp

Loss as function of propagation path of length z at wavelength 1
Emitted signal power at distance z =0

Emitted signal power at distance z

Attenuation path

Visibility (km)

Parameter that is a function of the particle size distribution in the atmosphere
Equivalent beamwidth

Radial displacement of the geometric spread, from the detector origin.
Error function

Optical wave number

Log-irradiance variance

Distance

Refractive-index structure parameter that is altitude-dependent
Modified Bessel function of the second kind of order v

Gamma function

Effective numbers of large-scale eddies of the scattering process
Effective numbers of small-scale eddies of the scattering process
Diameter of the receiver aperture

Rytov variance

XXiX



>~ 9
SVZN

T
Q3

{
G
M
N
I
()
Yinst
Cerg
E()

f7inSt (7inst)

Atmospheric related scintillation index (normalized variance of the irradiance)

Average over the scintillation
Meijer’'s G-function

Number of lasers in a MIMO FSO system

Number of photodetectors in a MIMO FSO system
M x M ldentity matrix

Hermitian transpose

Instantaneous electrical SNR

MIMO FSO link ergodic capacity

Expectation operator

Probability density function (pdf) of st

XXX



Chapter 1

Introduction

The growth in data traffic, fuelled by the so-called “Information Society” and
market competition, has led telecom operators to offer new and faster services to
customers. Thus, single-mode silicon fiber optic networks, due to their higher
bandwidth and lower  attenuation, have replaced copper-based
telecommunications networks. The know-how gained from single-mode optical
fiber (SMF) and the wide range of SMF-interface optical equipment available on
the market paved the way for SMFs from the core of the telecommunications
network to the access network. Currently, telecom operators provide SMF gigabit
access to homes in a topology called Fiber-to-the-Home (FTTH). SMF has
become the paradigm of optical networks but is not the most desired solution in
scenarios where mechanical flexibility, traction robustness, handling by non-
technical personnel, rapid re-establishment of connections, or provision of
services to very low subscriber density regions is important.

However, it should be noted that in specific scenarios, alternative optical
transmission media with singular characteristics, such as polymer optical fiber
(POF) or optical transmission in free space (FSO), may be alternative to
standard optical fibers in silica. Thus, it is understandable that the installation of
these alternative media will help strengthen the concept and interconnection of
optical networks.

On the other hand, the desired optical transparency (no optical-electrical-

optical conversion), within a network with heterogeneous optical transmission
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media, raises questions that are not always answered in the literature. These
problems may be related to the interfaces between the optical media, the
feasibility of transmitting high data rates within the same optical window, or the
dual-polarization and multi-wavelength bidirectional traffic behavior. Besides,
POFs exhibit high and much differentiated attenuation in the infrared bands,
while the atmospheric FSO channel is subject to turbulence, which can generate
phase dispersion in the optical beam.

On the other hand, and to meet the expected increase in data traffic,
recommendations for next-generation optical networks rely on wavelength-
division multiplexing (WDM) point-to-multipoint networks and WDM networks with
high-density point-to-point carriers.

In this context, involving POF and FSO transmission media and next
generation WDM networks, some issues are addressed and can be investigated,

serving as a basis for the formulation of the theme of this work.

1.1 From copper to fiber optics

Phones, after the telegraph, were at the origin of the great development that
telecommunication networks, essentially based on copper cables, had
throughout the twentieth century to this day. These networks grew and were
hierarchically structured, in planning strongly conditioned by administrative or
geographical boundaries, population density or demand for services. Thus, the
Local Area (Access) Network connects, through local subscriber lines, the
terminal equipment directly to the Local Exchange Center in its geographical
area of influence, as show in Figure 1.1. These Local Exchange Centers connect
to each other and to a Primary (Tandem) Transit Center through the so-called
Junction Network. A defined set of Primary Transit Centers interconnects to a
Secondary Transit Center through the Primary Long-Distance Network (Trunks).
Secondary Transit Centers, as well as the International Gateway Exchange
(Trunk) Center, are interconnected through a network also known as Long-

Distance [1].
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The data transport network follows a hierarchical structure, somewhat similar
to the voice network described above and shown in Figure 1.1, being the Local
Network called Local Access Network (LAN), the Junction Network called MAN
(Metropolitan Access Network) and the Long-Distance network as WAN (Wide

Access Network) [1].

International Gateway

Exchange [
Secondary
Transit Center
N Long-Distance
. v (Trunk) Network

Primary Transit
(Tandem) Center

Junction
«__ Network

Local Exchange

Center @ Local (Acces‘s“)x\

-
Network

Voice / Data
Terminals Ji=a
- e

Figure 1.1:  Common hierarchical structure of a public telecommunications

network

The high distance and consequent attenuation in copper networks require the
installation of amplifiers and regenerators every 2 km. In the 1970’s, the
installation of silicon fiber optic cables was initiated between telephone
exchanges, with advantages such as electromagnetic noise immunity, much
lower attenuation, higher bandwidth, as well as lighter, smaller diameter cables.
Therefore, these passive optical networks (PON), essentially composed of SMF
cables, are initially used in direct connections with segregated access between

the Telecommunications Centers.
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1.2 Optical Networks

PONs are optical networks that, besides fiber, use passive components such
as splitters and combiners, which insert losses. As such, these networks
containing splitters and splices are of relatively short reach up to about 20 km,
being used by telecommunications operators in the access network of
metropolitan areas in a point-to-multipoint topology for providing internet, voice
over IP (VolP) or digital TV. Other applications include backhaul connections
from mobile stations or Wi-Fi access points. There are currently two technology
standards for PONs, promoted in particular by the Institute of Electrical and
Electronic Engineers (IEEE) and the International Telecommunication Union
(ITU-T). The Ethernet-PON (EPON) and Gigabit-PON (GPON) versions are
respectively the most widely deployed. As part of the work presented here, the
conceptual development, laboratory implementation or published documents
involve networks already standardized by ITU-T recommendations or under
study. Therefore, some of the networks promoted by ITU-T and referred to in the

works developed here are presented below.

ITU-T - Recommendation G.983 - APON, BPON

The first PON was defined in the mid-1990’s through the Full-Service Access
Network (FSAN) initiative, driven by an industrial and commercial alliance
interested in providing services (Ethernet, data over IP, VolP and Video) to
residential customers and small and medium-sized enterprises. Thus, the
Asynchronous-PON (APON) standard was created based on the Asynchronous
Transfer Mode (ATM) transmission protocol, used for long-distance packet
transmission and essentially for commercial applications. The initial APON
standard, using a single fiber operating at 1.3 ym upstream and 1.55 pym
downstream, did not include commercially important RF video overlay service for
residential customers. In 1998, ITU-T adopts the APON standard as the
international standard through recommendation G.983. In 2001, ITU-T G.983.3

recommendation establishes an enhanced version of APON to support more
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broadband services, including high-speed Ethernet and video distribution,
renaming the ATM-PON standard as Broadband PON (BPON). A typical BPON
sends data at 622 megabits per second (Mbit/s) (or 155 Mbit/s) downstream at
1490 + 10 nm and 155 Mbit/s upstream at 1390 + 50 nm, providing also a video

overlay service at 1555 + 5 nm. [2 - 5]

ITU-T - Recommendation G.984 - GPON

The growth of Ethernet networks and Internet Protocol (IP) withdrew the ATM
standard, the expectation of becoming the universal protocol of networks, in the
transport of different applications. Gigabit-capable PON (GPON) networks,
standardized from 2003 by ITU-T G.984 series recommendations, are an
evolution of BPON networks in terms of speed and service flexibility, integrating
emerging protocols and higher data rates. In a single fiber system, GPONs are
bidirectional point-to-multipoint optical networks using downstream wavelengths
of 1490 £ 10 nm and 1310 + 50 nm upstream. The 1555 £ 5 nm optical range is

often used here to broadcast sub-carrier modulated RF-based video overlay

transmission [5, 6]. GPON provides a total downstream rate of 2.488 Gbit/s in
broadcast mode to all Optical Network Units (ONU) and 1.244 Gbit/s upstream to
the Optical Line Terminal (OLT). For upstream transmission, ONUs access the
network using the Time Division Multiple Access (TDMA) protocol, in which a
specific time interval is assigned to the requesting ONU, to send its data to the

OLT, as shown in Figure 1.2.

The FTTH access network through GPON can share a physical line for up to
64 subscribers within a physical reach of up to 20 km. In a GPON with
Transmission Convergence (GTC), the information string is organized into
frames. These are composed of cells with ATM protocol and by a GPON's own
frame format, called GPON Encapsulated Method (GEM), through which it is
possible to encapsulate voice information protocols, POTS (Plain Old Telephone
Service), TDM (Time Division Multiplexing) or Ethernet (Video, VolP, Data, TV
over IP (IPTV)), as shown in the diagram in Figure 1.3 [6].
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Figure 1.2: GPON transmission architecture. A downstream broadcast
transmission occurs in a), where the ONUs filters the data for
themselves, according to the identifier header in the GPON
frames of the input string. In b) GPON frames send upstream

by ONUs, are concatenated through the TDMA protocol.

To reserve wavelength bands for access to next-generation additional
services, overlaid by WDM in GPON networks, the 2007 ITU-T G.984.5
recommendation was published, redefining the GPON wavelength plane. With
the aim of maximize the capacity of future optical distribution networks (ODN),
this recommendation introduces upstream the Reduced and Narrow wavelength

range, as described in Table 1.1.
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GPON Wavelength Plan (Single fiber system)

Downstream Upstream
Regular Band Option: 1260 - 1360 nm
1480 - 1500 nm | Reduced Band Option: 1290 - 1330 nm
Narrow Band Option: 1300 - 1320 nm

Table 1.1:  GPON wavelength plan for the single fiber system as
proposed by the 2007 ITU-T G.984.5 Recommendation [7]

Multiple T1/E1 POTS Data Video
ATM Data TDM
System \/{oIP l l
‘ TCP+UDP ‘
or others
v
P
Y
[ Ethernet }
v
[ ATM frame } { GEM frame }
! !
[ GPON TC (GTC) frame }

Figure 1.3: Protocol structure for the GPON Transmission Convergence
(GTC) layer, composed of GEM and ATM frames

ITU-T - Recommendation G.987 - XG-PONL1 and
ITU-T - Recommendation G.9807.1 - XGS-PON

The emergence of IP-based services such as over-the-top (OTT) TV (Netflix,

Amazon Prime or YouTube) or video streaming underscores the need to

increase data rates to meet the emerging high-definition entertainment market.
To meet this purpose, ITU-T began to develop standards that reflected an

evolution beyond that established by GPON networks, which has become known

generically for next-generation networks (NG-PON). The NG-PON concept

comprises the development of NG-PON1, based on medium-term upgrades and
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maintenance of the established ODN for BPON and GPON, as well as the
development of NG-PON2 as a solution that allows the evolution of new PONs
and the redefinition of ODN from that defined in BPON and GPON [9, 25].

The NG-PON1 began to be developed through the 2010 ITU-T G.987
Recommendation series, which established an enhanced (eXtended) version of
GPON named as XG-PON "as a 10-Gigabit capable PON in at least one
direction".

In the above Recommendation, an asymmetric transmission network is
established allowing 10 Gbit/s downstream at 1577 + 2.5 nm and 2.5 Gbit/s
upstream at 1270 = 10 nm, and identified as XG-PON1, as show in Figure 1.4.
The wavelength range of RF Video overlay services is the same as defined in
ITU-T G.983.3. This XG-PON1 service is not GPON standard compliant,
requiring different ONUs. However, it does allow WDM coexistence with existing
GPON networks that follow the 2007 G.984.5 recommendation for upstream
transmission band [7 — 9, 25]. Recommendation [9] also announced a network
identified as XG-PON2 and capable of 10 gigabits downstream and upstream,

but referencing its characterization for later recommendations.
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Figure 1.4: Wavelength plan to the GPON (G.984.5), XG-PON,
TWDM-PON (NG-PON2) with Upstream Wideband Option,
and PtP WDM-PON (NG-PON2) with (1) Extended Spectrum
and (2) Shared Spectrum
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In 2016, the concept of the XG-PON2 is developed through the ITU-T
G.9807.1 recommendation series, which defines the characteristics of a
10-Gigabit-capable Symmetric Passive Optical Network (XGS-PON). A striking
feature of the XGS-PON is its operating wavelengths, which assume two options.
A Basic wavelength set consisting of the reuse of standard XG-PON1
wavelengths and an Optional wavelength set consisting of the reuse of standard
GPON wavelengths. It is thus possible in XGS-PON, the coexistence of the Basic

set with the Optional set of transmission wavelengths [24].

ITU-T - Recommendation G.989 - NG-PON2

The XG-PON standard still arouses little attention from the operators,
presents few equipment suppliers and little compatibility between equipment
from different manufacturers [11]. Currently, GPON meets the bandwidth
requirements of residential customers. However, 5G technology is on the
horizon, multimedia content is growing over IP, smaller cells need faster
backhaul and businesses are consuming more traffic. Operators want to relax
the bandwidth potential that PONs offer and realize financial returns by providing
new services.

However, the increase in transmission rates above that established by the
XG-PON standard is not economically and technologically convenient when
placed on a single downstream/upstream wavelength pair. In fact, OLTs would
have to provide high transmission TDM traffic and ONUs would have much
higher bandwidth than needed for the end-user data rate. In addition, ONUs
would have to deal with a high upstream TDMA signaling rate. Furthermore, to
be attractive to telecom operators, any new transmission protocol must work on
the existing ODN, which represents 70% of the investment made in PONs [11],
as it should allow through WDM, coexistence with other legacy systems to
monetize invested capital [12].

In this context, ITU-T Recommendation G.989.1 of 2013 [13] introduced the
next-generation PON networks (NG-PON2). This recommendation defined a 40-

Gigabit-capable PON, with an aggregate downstream reference rate of 40 Gbit/s
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(4x10 Gbit/s), through a time and wavelength division multiplexing (TWDM) PON
architecture of multiple TWDM channels. A TWDM channel refers to the pair
consisting of a downstream wavelength and an upstream wavelength, which
provide point-to-multipoint connectivity using, respectively, time division
multiplexing (TDM) and multiple access mechanisms (TDMA). These channels
can be up to 4 or 8 (in the future) pairs of wavelengths, allowing for a gradual
growth pattern in the number of channels, such as “pay as you grow”, depending
on the bandwidth required.

This standard allows for a symmetrical or asymmetric rate of 2.5 Gbit/s or
10 Gbit/s downstream by broadcast and/or upstream via TDMA signaling, and a
passive range of up to 40 km. The TWDM-PON establishes a wavelength plane
[14] as described in Table 1.2 that allows shared coexistence with the spectra of
the G-PON, XG-PON, Radio-Frequency video (RF-Video) overlay, and Point-to-
Point wavelength division multiplexing PON (PtP WDM-PON) systems, as shown

in Figure 1.4.
TWDM-PON (NG-PON2)
Downstream Upstream
Wide Band Option: 1524 - 1544 nm
1596 - 1603 nm | Reduced Band Option: 1528 - 1540 nm
Narrow Band Option: 1532 - 1540 nm

Table 1.2:  Wavelength range to the TWDM-PON on NG-PON2 [14]

1.2.1 WDM-PON

Optical fibers have an extremely high theoretical bandwidth. However, in
commercial terms, speeds of only a few gigabits per second per optical channel
are achieved. This data rate limitation is a consequence of the restricted speed
of optoelectronic circuits at fiber optic terminals, as well as the associated
electronic equipment, resulting in what is known as "electronic bottleneck", which

makes it difficult to exploit the enormous bandwidth of a fiber using a single high

10
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capacity optical channel [21]. This problem can be reduced by dividing the
desired data rate on the fiber by various wavelengths in a process called
Wavelength Division Multiplexing (WDM).

Looking at today's TDMA-based and next-generation PONSs, there is a power
budget that limits both the PON split ratio and the range/distance between OLT
and ONU, as the use of 1:N passive power splitters leads to severe insertion
losses, thus limiting the lengths attainable by the link [20].

TWDM-PON networks, defined by the NG-PON2 standard [13], have sought
to overcome limitations in the availability of multiple gigabits per subscriber by
offering an aggregate network capacity of 40 Gbit/s by exploiting the network
time and wavelength domains. However, based on current trends in network
access capacity growth, it is estimated that an aggregate capacity of over
100 Gbit/s is required by 2020 and 250 Gbit/s by 2025 [17].

Given these challenges and considering next-generation networks, ITU-T
G.989.2 (NG-PONZ2) Recommendation [14] also specifies the characteristics of a
PtP WDM-PON. The PtP WDM system is made up of tunable point-to-point
wavelength overlay channels, which can optionally coexist with TWDM system
channels. Each channel in the PtP WDM system is composed of a downstream
wavelength and an upstream wavelength, thus enabling bidirectional data
transmission between OLT and ONU. PtP WDM-PON uses the same wavelength
range for Upstream/Downstream and has two range options, namely, Extended
Spectrum at 1524-1625 nm and Shared Spectrum at 1603-1625 nm, as shown in
Figure 1.4. Note that isolation requirements for TWDM-PON and/or other legacy
systems (RF-Video, XG-PON) must be considered when determining the
expanded spectrum wavelengths to be used by the PtP WDM-PON.

Dense WDM (DWDM)

Dense WDM (DWDM) is a wavelength division multiplexing system governed
by ITU-T Recommendation G.694.1, which is typically characterized by narrow
inter-channel spacing, ranging from 12.5 GHz to 100 GHz. In general, systems
employing DWDM require stability in the wavelength values, whereby

appropriate laser control systems are employed [15].
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DWDM was first installed on long-haul fiber paths as the preferred equipment-
saving solution. In a peer-to-peer topology, these long-distance communications
can be hundreds of kilometers between transmitter and receiver and use high
speeds in the range from 10 to 40 Gbit/s, in addition to being characterized by
high aggregate bandwidth [22].

Subsequently, with the introduction of fiber optics in the metropolitan market,
DWDM technology establishes a competitive advantage over the Synchronous
Optical Networking (SONET) protocol in MANs, enabling faster and more
efficient transmission of various types of services. In this context, with DWDM,
providing a new service can be as simple as activating another light wave [23].

The great advantage of DWDM technology lies in exploiting the huge fiber
transmission capacity. Investment in optical networks, in addition to being
preserved, can be optimized to a minimum of 32 times as fiber capacity can grow
as demand increases by upgrading terminal equipment or adding new
wavelengths to existing fiber. In the latter case, the physical optical network is
reused and the cost of additional capacity is exclusively for terminal equipment.
Moreover, being physical layer architecture, DWDM is a transparent technology
because it can support different transmission protocols, such as TDM, ATM, or
Gigabit Ethernet, with different interfaces on the same physical layer. DWDM
also enables fast and simple dynamic provisioning of network connections to

provide high bandwidth services in a matter of days [23].

Ultra-Dense WDM (UDWDM)

The expected increase in traffic over the next 10 years involving 5G networks,
video on demand, exchange of information from machine to machine (M2M), and
Internet of Things (loT) will make the TWDM-PON standard inappropriate. The
limitations of bandwidth involving the electronic circuits responsible for TDMA
signaling at ONU and the prediction that the required capacity in 2025 will reach
250 Gbit/s [16, 17], are some of the reasons that led the researchers to explore
multi-wavelength networks with dense spacing, which can reach 2.5 GHz and

where each wavelength is restricted to a single user.
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Ultra-Dense Wavelength Division Multiplex (UDWDM) is a developing WDM
system, which is characterized by providing a wavelength and a narrow optical
band to each individual user. As an optical access network, the UDWDM is
considered a potential future solution given its spectral efficiency, the ability to
aggregate hundreds of channels (wavelengths) in a compact way, as well as
allowing a very close separation between channels, for example 3 GHz [18]. As
an example of a UDWDM system, it was demonstrated in [19] the transmission of
16 spaced wavelengths of 3.125 GHz, each with 1.244 Gbit/s in Quadrature
Phase-Shift Keying (QPSK), in coexistence with the G/XG-PON standards and

RF-video overlay.

1.3 Motivation and Objectives

Mobile and short-range wireless networks, as well as end-user access
networks, seek to exploit greater bandwidth to ensure necessarily higher
transmission rates. The copper transmission medium has been relegated by the
installation of PONs and for an increasing number of current consumers, making
optical fiber directly available to them through FTTH and Fiber-Into-The-Home
(FITH) network configurations. Indeed, the availability of an optical connection

opens the user to a whole new range of services.

POFs are guided transmission media with potential use in FITH networks or
short-range data transmission. The perfluorinated index-graded POF (PF-POF) is
currently the one with the best attenuation characteristic in data transmission.
However, this attenuation varies beyond 100 dB/km in the C-band. Furthermore,
in the current manufacturing process, the amorphous polymer structure of the
PF-POF still exhibits impurities which may compromise the refractive index.
These problems are not characterized by next-generation networks, such as
those defined in [14]. As such, one of the objectives of this work is the design
and implementation of high speed, bidirectional and double polarized point-to-

point WDM transmission, with subsequent analysis of its viability.
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Free-space optical transmission (FSO), established in the atmospheric
environment through point-to-point and in line-of-sight connections, has aroused
interest due to its deregulation, low cost, and high bandwidth. However, the free-
space optical beam is subject to fluctuations in wind and temperature, expressed
randomly along the propagation path, as well as by other atmospheric events.
These fluctuations cause random variations in the refractive index and
consequently the wavelengths of the beam along the channel, severely
degrading the wavefront of the optical beam carrying the signal and increasing
the attenuation. Another objective of this study is to analyze the effects of the
fluctuation of the refractive index of a FSO channel when performing a
GPON+CATYV transmission and when performing the next generation PtP WDM

transmission with reduced spacing between channels.

1.4 Thesis Organization

This thesis is organized into six chapters, according to established research
proposals. Thus, it is sought here to summarize the theoretical studies, the
research works and the implementations realized in the laboratory or in the field.

In order to contextualize the theme of this thesis, the motivations that gave
rise to this work are presented in Chapter 1, which involves alternative media of
optical transmission, namely Polymeric Optical Fibers (POFs) and the channel in
atmospheric free space. As these transmission media have their applications
mostly in the Access Network, the optical networks standardized by the ITU-T
and the next-generation WDM access networks are also presented.

The characteristics of POF, as one of the alternative media of transmission,
are discussed in Chapter 2 as well as their behavior in an orthogonal and bi-
directional transmission.

Wireless optical communications are described and classified in Chapter 3, as
well as some RF transmission configurations through the FSO. We also present
the FSO configuration implemented externally, and used in several works

throughout this investigation.
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The FSO channel is characterized by several simulation models, which are
differentiated by their input parameters and by the turbulence intensity
considered. Chapter 4 describes two of these models and the simulations
performed for a 1 km link at a rate of 10 Gbit/s, considering the different
atmospheric turbulence conditions in the Bit-Error Rate (BER) performance.

The results obtained experimentally by a coherent long-reach and gigabit-
capable UDWDM-PON system as by the presence of a FSO section on the
transmission link is described in Chapter 5. Also presented are the results of a
GPON system implemented during this investigation involving the combined
transmission of data traffic and Community Access Television System (CATV)
optical signal through a bidirectional connection consisting of two FSO sections
and 20 km SMF.

The conclusions of the research developed are presented in Chapter 6, as
well as some considerations about the possible developments that later can be

followed in this investigation.
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Plastic Optical Fibers - POF

2.1 Introduction

The terminal portion of a fiber optic glass distribution network near the
houses/offices, referred to as FTTH, is usually less protected and therefore more
subject to sudden mechanical movements, fortuitous interventions and handling by
unskilled people. These problems regarding silicon optical fibers are also
addressed when studying the installation of optical networks inside the housing /
offices (FITH).

When talking about fiber optic networks, the majority of the actors involved in
the area, even some experts, are paying attention to the fibers in silicon,
disregarding of the existence of plastic optical fibers (in polymer) that also allow
the transmission of an optical signal, these having distinct physical and spectral
characteristics of the optical glass fibers obviously with advantages and
disadvantages.

Polymer fibers, although presenting a relatively high attenuation these days,
are an optical device with good handling, installation, with an easy
connectorization and cost characteristics that make them attractive for intensive
use over short distances. This chapter presents the evolution of POFs and

describes their constituent materials, as well as some important parameters in
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the characterization of optical fibers, the most frequent types of POFs, their most

relevant characteristics and current application areas.

2.2 Fiber Optic Composition

Optical fibers are made of uniformly extending longitudinal dielectric materials
having a transverse profile, generally formed by one or more cylindrical and
concentric layers, which constitute the core and where light is conducted,
surrounded by a cladding, for the purpose of confining the light inside.

The highly transparent raw materials predominantly used in core construction
are silica ("glass") and polymers ("plastics"). A feature of the core is the value of
its refractive index, which can be constant or radially variable and even modified
by the addition of impurities (dopants).

It is observed that the silica is very stable and with low manufacturing cost. In
the case of polymers, the most commercially available material is Poly-Methyl
MethAcrylate (PMMA), Polystyrene (PS), Polycarbonate (PC) and fluorinated
polymers (substitution of CH-bonds with fluorinated CF bonds).

Among the materials used in the production of plastic fibers, the best values
for attenuation, IR bandwidth and production capacity are those based on
perfluorinated graded-index polymers (PF-POF). The best attenuation results are
those reported by Asahi Glass Company with the perfluorinated polymer called
CYTOP® [1].

2.3 Optical Fiber Light Propagation

Light propagation in any medium will always be slower than vacuum
propagation. The refractive index (n) of a medium measures how fast the light

propagates in a vacuum relative to the medium, where n is a dimensionless
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value. A medium is said to be more refractive the higher the value of its index n.

Some examples of refractive indexes for fiber optic cores are given in Table 2.1.

Medium Refractive Index (n)
Glass Optical Fiber (GOF); 1.469
POF in PMMA 1.492
PF-POF (from CYTOP®). 1.356

Table 2.1:  Refractive indexes n, for some silicon and polymer fiber optic
(POF) cores.

Following Figure 2.1, let's consider medium A with refractive index n, and
medium B with index ng, in contact along a regular surface Spg, and n, < ng.
When a light ray (f4) passes through medium A and reaches the S,pg interface,
part of the incident ray is reflected (f4,) and part of the ray is refracted (fg) into
medium B, as dictated by Snell's Law. The 6,, 6,,and 6z are the angles that the
incident, reflected and refracted rays make with the N,z interface, normal to S,z

interface, as shown in Figure 2.1. Likewise, similar behavior happens between

medium B and C, with ng < ng.

2.3.1 Total Internal Reflection

Concerning the Sg. interface, and considering the medium B more refringent
than the C medium (i.e. ng>n. ), then by Snell's law there will be a limiting angle

of the incident beam 6, for which 6, =7/2 rad. So,

ng sen(@BC) =Ng sen(ec) (2.1)
sen(0g,)=—C- 2.2)
Ng
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Equation 2.2 expresses the boundary condition for total internal reflection given

by O :arcsen(nc/nB), called the critical angle, as shown in Figure 2.2. For
angles 6g, >0y , the incident light ray fg in Figure 2.1 is completely back
reflected by the S boundary towards medium B. Total internal reflection is the

mechanism that forces the light present inside an optical fiber to remain confined
within the fiber itself.

A, Na - ‘ s ‘ e
far = & 3
HA,f fB 7 0} L/eBcr
Nag \v i NBC
On \
Onr =64
eBc =eBcr f
Og +05; = /2 A -

Na<nNc<ng

Figure 2.1: Refraction analysis of medium A to B and internal reflection

within medium B

Maximum punctual
acceptance cone

Maximumcore | | 0 - =
acceptance cone

Figure 2.2: Maximum acceptance cone in the limit condition of total

internal reflection
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2.3.2 Numeric Aperture and Acceptance Angle

If the total internal reflection condition is respected at the Sg. interface, for
light rays fg traveling through medium B, then the rays f,, traveling through
medium A and reaching the S,z surface, Figure 2.1, cannot exceed a certain
maximum angle 6,,,.,. otherwise, the total internal reflection of the fg radius will
not occur at the Sg., interface. The 6,,,,, angle is obtained by applying Snell's
Law to the S,p interface, and considering the critical angle 61 in Figure 2.2 for

the total reflection condition, then we have:

N, sen(eA): ng sen(&’B)

Ny 56N(0p a0 )= 1 sen(% - HRT) = N5 c08(0zr )

2

nAsen(HAmaX):nB,H—senz(eR )=nB 1_('7_0]
22

NBThC 4 (2.3)

NA = sen(eA
Np

max)

The angle 6,,,,, satisfying the Equation (2.3) is called the acceptance angle and

represents the angle of rotation of a cone of revolution, with a central axis

parallel to the normal N,g, as shown in Figure 2.2. The entire light beam f, with
angle of incidence contained in this cone (HA <Onmax ) Undergoes total internal
reflection to medium B at the Sg interface, propagating along the fiber.

The magnitude NA in Equation 2.3 is called the Numerical Aperture and

measures the relative useful capacity that a given point on the S,z surface has

in capturing energy from the medium A and keeping it contained in the medium
B. Table 2.2 shows the numerical aperture values for some fibers in POF and

Glass optical fiber (GOF), according to [2].
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Type Profile | Radius (um) | NA Notes
PMMA-POF SI 490 0.5
PMMA-POF Gl 450 0.37 |Fiber from Optimedia
MC PMMA-POF ] 65* 0.5 |MC37 Multi-Core Fiber. *Radius of a single core
PF-POF Gl 60 0.22 | Lucina® Fiber from Asahi Glass
MM-GOF Gl 25 0.17
SM-GOF SI 5 0.1

Table 2.2 — Profile, radius and numerical aperture characteristics of the core for
some silicon and polymer fibers.
MM — Multimode, SM - Singlemode

2.3.3 Propagation Modes in Optical Fiber

Optical fibers are fundamentally classified by the way light rays propagate in
the fiber core, that is, by the possible paths along the fiber optic core. If the path
of all propagated rays always coincides with the core axis, as shown in Figure
2.3 b), then only one propagation mode is possible and the fiber is classified as
single-mode fiber (SMF).

Depending on the radius a of the core and the difference between the
refractive indexes of the core and the cladding, a light ray at a given wavelength
may also take varying directions in inclined angles relative to the central axis of
the core, as shown in the Figure 2.3 a). If, in addition to the axial path, the fiber
core accepts the propagation of rays by inclined angles, then the fiber is
classified as multimode fiber (MMF).

According to the wave equation for circular dielectric guides and respecting
the boundary conditions at the core-cladding interface for the electric and
magnetic field, it is possible to arrive at a designated parameter of Normalized
Frequency (V), from which we can define if for a given wavelength the
propagation will be single or multimode, according to [3], [4] by

V:@NA
A
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where a is the radius [m] of the fiber core, NA is the numerical aperture of the
fiber and A is the wavelength [m] of transmitted light. The cylindrical optical fibers
are classified as SMF if V < 2.405 and in this case only the electromagnetic

mode HE, , is propagated. For a higher V value, normally lower wavelengths, the
fiber is classified as MMF and in this case, in addition to the lowest order HE 4

mode, higher order modes [3] [4] are also propagated.

From the analysis of the radius of the glass fiber cores and the wavelengths in
which they operate, we have SMF and MMF on the market. In the case of POFs,
since the core diameter is normally = 50 um and the wavelength is predominantly

in the visible region, we can classify them as MM. [5] [6]

A2 b)

Figure 2.3: a) Multimode ray propagation, b) Singlemode ray propagation.

2.3.4 Attenuation

In an optical fiber, the power decreases exponentially along the length z

according to the expression:

P(z)=P(0) 10_% a=-—1 0Log@ [dB/km] ,

P(0)

where P(z) is the power at distance z, P(0) is the power at the input of the fiber

and « is called the attenuation coefficient [7].
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2.3.5 Optical Fiber Propagation Profile

The step index (SI) and graded index (Gl) fiber profile is defined by how the
core refractive index value evolves along the fiber cross-section as shown in the
Figure 2.4.

The number of modes (N) propagated can be given approximately according to

the normalized frequency, as expressed in [2], by

V2
N~— , for step-index fibers
2
N ~ = , for graded-index fibers
FC
- Ng J9um  |125um
a)

Nc
N } 50um  [125um
Nc
% > Ne } 50um  |125pm

Figure 2.4  a) Single-mode fiber (SMF) with step index (Sl), b) Multimode
fiber (MMF) with SI, ¢) MMF with graded-index (Gl).

c)

The construction of optical fibers requires precise mechanical techniques in
order to achieve the necessary longitudinal and radial thickness and homogeneity
as well as complex chemical processes in controlling the refractive index. In
addition, optical transmission by confined dielectric media involves, among other
problems, delays by multi-path of the light rays (modal dispersion) and problems
because the spectral velocity of the optical field propagated along the fiber is not
constant (chromatic dispersion ). The search to overcome these problems led to
the construction of optical fibers with varied materials and profiles. Transversal to

this variety of fibers, however complex the profiles, is that each longitudinal layer
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present in that profile individually has a constant (Sl) or variable (Gl) refractive

index.

2.4 The Historical Evolution of POFs

The first POFs came in the 1960s, with DuPont (USA) and Mitsubishi Rayon
(Japan) pioneering the research and development of these materials based on
the transparent thermoplastic polymer Polymethylmethacrylate (PMMA). In the
1970s, DuPont achieved a minimum of 1000 dB/km of attenuation, marketed a
number of fibers under the name of Crofon®, however, it reduced interest in
these products and slowly left the market. On the other hand, Mitsubishi Rayon
launches a fiber with PMMA core under the name of Eska® [5]. In 1978
Mitsubishi acquires this entire area of research and patents to DuPont. In the
following years, the development of Japanese manufacturing and research
techniques lead the fibers in PMMA to 150 dB/km attenuations at 650 nm, very
close to the theoretical limit. These fibers are still in step index profile with
bandwidths of 50 Mb/s in 100 m [5].

The next evolutionary step was given by a group of researchers led by Prof.
Koike, from the University of Keio (Japan), who in 1990 developed a process of
construction of a PMMA plastic fiber with a graded-index profile (GI-POF) which,
by reducing the modal dispersion, allowed an increase bandwidth of 3 GHz x km
in the 650 nm range and similar losses were the step index fibers which were
nonetheless high [8].

In 1995 POF technology achieves a major advance in attenuation when Koike
and other researchers at Keio University develop graded-index fibers from
perfluorinated polymers (PF-POF) with attenuations of less than 50 dB/km in the
range of 650-1300 nm. However, developments involving the form of fiber
construction and improvements in the processes of elimination of chemical
impurities have been investigated [9] in order to reach the theoretical limit

identified in Figure 2.7.
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At the commercial level, it is worth noting in 2002 the amendment of the IDB
1394 standards, a version of the IEEE 1394b for the automotive area, which
regulates the use of POF in telematics and multimedia applications in motor
vehicles, with the automotive industry pioneering and booster of POF technology
[8].

In 2005, following a first commercial data link made by Fuji Photo (Japan)
using PMMA GI-POF fiber under license from Keio University, Optimedia (South
Korea) commercially made the first GI-POF wired.

Asahi Glass (Japan) starts production of its own PF-POF fiber called Cytop®
and from 2002 installs this fiber in several buildings in Japan. In 2005, Chromis
Optical Fiber (USA) licenses the production of Lucina® fiber to Asahi Glass,
developing a good cost-effective extrusion and cabling process [8].

The graph in Figure 2.5 shows the evolution of attenuation of PMMA and
perfluorinated (PF) plastic fibers over time, highlighting the main actors of the

process.
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Figure 2.5: Historical evolution of POF attenuation and key players
(adapted from [10]).
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However, in recent years, amorphous polymers and fluoropolymers have
been the subject of investigation and commercial interest by new manufacturers
(DuPont, Solvay Solexis, 3M, Honeywell or Daikin) and new proposals for
polymeric fibers have emerged on the market, of which are examples,
microstructured polymer optical fibore (MPOF), multi-core POF (MCF), PMMA Gl-
POF, partially chlorinated GI-POF or GI-POF based on a new methacrylate
composition (PTCEMA).

2.5 Types of POF

Glass optical fibers, more precisely single-mode fibers, are optical transmission
media par excellence in WAN, PON, and optical LANs. These fibers initially using
the 850 nm transmission window, have benefited from evolution in manufacturing.
Currently, Low Peak Water (LWP) SMF has a virtually continuous transmission
window, ranging from 800 to 1675 nm. Optical signal frequencies suffer uneven
degradation due to attenuation and dispersion. In the 1550 nm window in SMF,
Figure 2.7, an attenuation of 0.25 dB/km and a bandwidth-distance product of

~100 THzxkm is possible. As shown in figure 2.7, the 1300 nm transmission

window is one of the leaders in graded index MMF (GI-MMF), with attenuation of
1 dB/km and a bandwidth-distance product of 0.5 GHzxkm. [11]

In general, despite the good characteristics of the transmission spectrum,
handling and bonding the glass fibers requires complex equipment and qualified
personnel. Furthermore, a low stress level and a bend radius of 25 mm make them

unsuitable in optical access network and residential applications like FITH.

POFs have become increasingly important in automotive communications
(MOST Program since 2001), in the construction of data networks, in specific
residential communications or in the development of optical sensors. POFs have
been developed with geometric, constructive and doping characteristics that give
them unique characteristics. One of these well-known fibers has a

polymethylmethacrylate (PMMA) core, a step-index profile and a 1 mm diameter
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(1 mm SI-PMMA), with transmission windows defined in the visible spectrum-
Figure 2.6. Another well-known polymer is PF-POF, which has a perfluorinated
doped core and a graded index profile. These polymers were recognized as a
cost-effective and competitive solution to copper lines in short-range broadband
transmission, especially in the home-based broadband infrastructure for the
provision of Gigabit Ethernet. These fibers have good connectorization,
robustness, good tensile stress tolerance, and much better bending radius than

those allowed by glass fibers or coaxial cables.

—— 1 mm SKPOF (PMMA)
/\ —— PF POF (CYTOP)
—— GHMVF-Silica
\V

— SMF-SiIica ‘

10000

1000

100 ~

10 ~

Attenuation (dB/km)
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Wavelength (nm)

Figure 2.6: Wavelength attenuation for polymeric optical fibers (POF):
1 mm SI-PMMA and PF-POF [1], and silica optical fibers:
GI-MMF and SMF (adapted from [1], [12])

Unique in high production, low cost and subject to standardization, the SI-
PMMA POF has a loss of 110 dB/km at 520 nm (green) and a distancexbandwidth
product of ~50 MHzx100 m. This POF was the first to be used in housing,
however, its multimodal dispersion mode is very strong due to its high numerical
aperture (~0.5). The transmission in SI-PMMA of 1 Gbps in 50 m proved to be

viable, using strong equalization techniques.
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An example for the impulse response model of this type of fibers is given by: [13]

_(t-rLpof)?
A 2 o2
h=—2_—"—¢
N2 o
(e Lpof)
Where: A=10 10 fiber attenuation;
a - fiber losses in dB/m; Lpof - POF length in meters;
7 - group delay in s/m; o - fiber dispersion.

Another useful approach to modeling the transfer function is given by POF: [14]

2
_ f
H(f): Ae [1'7 BSdB]

Where: A - fiber attenuation; BBdB - Bandwidth

In order to combat this high multimodal dispersion of the SI-PMMA fiber,
increasing interest in GI-POF and Multicore-POF (MC-POF) has taken place [15].

With GI-POF it is possible to reach bandwidths above 2.0 GHz at 50 m. A
transmission of 5.3 Gbps over 50 m, using GI-POF of 1 mm in diameter, was
performed by [16].

MC-POF is usually composed of 19 or 37 parallel step-index small cores with
similar propagation properties. The most important property of MC-POF is its high
bending tolerance, ~ 2 mm, much smaller than 20-25 mm in SI-POF or GI-POF.
A demonstration of 4.7 Gbit/s transmission on a 19-MC-POF core, 50 m long and
1 mm in diameter was performed by [17].

The PF-POF has better light transmission over a wide wavelength range of
650-1300 nm, with a minimum attenuation of 10 dB/km at 1050 nm and
bandwidthxlength product greater than 8 GHz-km [18] [19]. In Figure 2.6, the
attenuation parameter is compared between the three materials that optical
fibers are made of: glass, PMMA and perfluorinated polymer. The PF-POF

attenuation is shown in detail in Figure 2.7.
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The attenuation of PF-POF is 10 times lower than that associated with PMMA-
based POF for both the visible and infrared spectrum. The relatively flat spectrum
is a direct result of the low dispersion associated with perfluorinated polymers.
This fiber is useful for applications at various wavelengths of 650, 850, 1310 and
1490 nm. For a 200 m link and 800 nm wavelength, the PF-POF presented a
satisfactory performance at a transmission rate of 40 Gbps [19].

Therefore, optical POF is promising for short distances applications such as in
the optical access network or FITH. Price is the most favorable feature of Sl-
PMMA POF. The MC-POF has greater bandwidth and a key element in the
installation: the very low bending radius. However PF-POF is the best option if

attenuation and bandwidth are key factors.

2.6 Bidirectional SMF and PF-POF Transmission
on DP-QPSK Systems

2.6.1 Introduction

The growth in data traffic driven by the so-called Information Society and
competition logic pushes telecom operators to offer new and faster services to
customers. The increasing presence of the Internet in daily services and
equipment to monitor/control them, the growth of mobile devices and the storage
and processing in the Cloud, considerably increase the current data traffic in the
networks. These facts lead to the increase and complexity of data center
equipment, which must be flexible and capable of responding to increased data
speed and processing. Therefore, data center modules should allow for a higher
density of line boards, smaller transceivers, and embedded optical systems. This
requires a large amount of short-range (patch-cord) cables with higher
transmission bandwidth. RF copper cables are bulky, heavy and with limited
bandwidth to accommodate rates of 10 Gbps or higher [7].

Silica optical fiber cables have low bending capabilities and require

34



Chapter 2

connections with precise alignment of impurities-free cores. These facts hamper
the short optical connections between devices in the Data Centers/Headends,
where silica MMFs are often used, since the large core diameters of 50 and
62.5 um facilitate the alignment in the connections, however they are more
fragile and breakable [20].

An alternative to MMFs are multimode POFs, which exhibit optical
attenuations higher than the corresponding MMFs. However, when applied to
very short-range links [10], they are an interesting solution since they support
compressions, strong curves and are more easily handled and connectorized
due to the large coatings (0.5-1.0 mm). In addition, due to the large core
diameters of POF ( > 50 um), the connections are less sensitive to impurities and
the alignment is not as demanding, as seen in the MMF.

Multimode fibers are characterized by having several propagation modes with
distinct speeds and corresponding group delays (GD). The optical fibers are
subjected in their construction to geometric and density imperfections, impurities,
irregularities in the refractive index, and also to external mechanical actions such
as curvatures, kinks or compressions. These anomalies cause the optical field of
a pulse traveling in a propagation mode to couple (transfer energy) to other
modes with different GDs, in a so-called mode coupling process whose intensity
is determined by the mode coupling coefficients [21]. The pulse obtained at the
end of the fiber is the overlap of optical fields with distinct GDs whose scattering
defines the modal dispersion.

When the optical field couples between modes, not only the magnitude of the
field is redistributed but also the phase of the coupled field can be changed. In
order to justify some results not explained by the power coupling models, the
concept of field-coupling model [22] [23] was developed, which considers that
modal GD values are not only dependent on power couplings, but also on the
phase effects between modes. Thus, the GD values vary with the distance
traveled and with the intensity of the couplings between modes, defining two
coupling regimes. In the low-coupling regime, the GDs show little dependence on
the reduced couplings between modes and the values of the GDs grow linearly

with the transmission length. In this regime, the fiber response exhibits highly
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polarized behavior. In the high-coupling regime, the GDs are strongly dependent
on the high couplings between modes, growing with the square root of the fiber
length and the fiber response exhibits a depolarized behavior. For a fixed length
of the multimode fiber subject to a low coupling regime, the values of the GD
observed at the fiber end will define a given modal spread. When the modal
coupling intensity increases in the high-coupling regime, it is verified that the GD
values are concentrated, reducing the modal scatter verified previously. This
reduction in modal spreading and therefore in the modal dispersion leads to a
consequent improvement in the fiber bandwidth-distance product characteristic
[22]. The optical fiber length from which the optical transmission is subjected to a
strong-coupling regime and an equilibrium mode distribution is defined as
coupling length (Lc). In the graded-index MMF, the value of Lc is a few
kilometers [21] while in the graded-index POF, the value of Lc is about 2 m [20].

1000 =
T —— PF POF CYTOP® Experimental

) —— PF-POF CITOP® Theoretical limit

— —*— SMF-GOF

g 100 =

S T

s} il

Z i

E 10 +

T I

=}

c

2

< 1:

0.1 \\\\}\\\\}\\\\}\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 14 1.5 1.6

Wavelength (um)

Figure 2.7: Spectral Attenuation curves to the PF-POF and SMF-GOF
(adapted from [1], [24], [25])

In addition, research involving PF-POF has concluded that, in high-coupling
modal regime, their bandwidths are insensitive to the optical beam launch
conditions over a significant core area [26]. These characteristics allow less

restricted connection conditions between different types of POF or these and
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optical glass fibers, thus being motivating factors in the use of POF in
applications of short distance ( < 50 m) and high performance in detriment of the
graded-index MMF.

The PF-POF shown < 40 dB/km attenuation in the 650-1310 nm range, with
interesting near-infrared characteristics (10 dB/km at 1210 nm) [24]. Its
experimental and theoretical limit attenuation curves to a CYTOP® POF as well
as for silica SMF (SMF-GOF) are shown in Figure 2.7. Although currently PF-
POF exhibits ~200 dB/km at 1550 nm, the theoretical limit curve shows that there
is a wide margin of evolution for the PF-POF.

Researches were carried out [24] involving a graded-index POF (50 um core)
with unidirectional C-band transmission, quadrature phase-shift keying (QPSK)
modulation, coherent detection with polarization diversity and FC-PC direct
connections between different types of fibers. In this chapter, we analyze the use
of patch-cords in PF-POF applied on short distances (~50 m) between SMF
terminals in telecommunications equipment located in clusters/data centers, as
well as the insertion of these patch-cords in the fast reestablishment on
accidentally cut high-speed SMF links. For that, a C-band system with a data rate
of 400 Gbps in each direction was implemented, consisting of four bidirectional
wavelength channels with orthogonal polarizations and coherent receivers with
polarization diversity. We also analyzed the use of free-space optical interfaces
between SMF and PF-POF couplings.

2.6.2 Experimental Setup

To analyze the questions proposed above, | implemented a bidirectional
system at 1550 nm formed by an optical link in SMF and PF-POF. A 400 Gbps
data rate was sent in each transmission direction, using QPSK encoding, dual
polarization (DP-QPSK) and Nyquist pulse shaping. The optical signal was
detected by a coherent receiver allowing high sensitivity and then subjected to
digital signal processing (DSP) in offline mode to recover the signal and estimate
the bit error rate (BER) [28].
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As shown in Figure 2.8, the implemented system has a Port-1 and a Port-2
located at the ends of the bidirectional optical transmission channel, both
composed of a transmitter with DP-QPSK modulation (DP-QPSK-Tx) and a

coherent receiver with polarization diversity (PD-CoRXx).
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Figure 2.8: Experimental setup. Only one switch (s4, s2) at a time will be

turned on in each implemented configuration.
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The DP-QPSK-Tx in Port-1 consists of two Distributed Feedback lasers (DFB:
L1, L3) of < 20 MHz linewidth and two External Cavity Lasers (ECL: L5, L7)
of < 100 kHz linewidth. The four lasers are tuned on equally spaced wavelengths
of 50 GHz between 1546.96 and 1548.14 nm and later grouped into a 4:1 Beam
Combiner (BC) whose output signal feeds a Mach-Zehnder modulator.

An Arbitrary Waveform Generator (AWG: Agilent M8195A) with 65 Gs/s and a
25 GHz analog bandwidth produces a 25 Gbaud electrical signal in QPSK with
2"-1 pseudo random binary sequence (PRBS) and improved Nyquist pulse
shaping (roll-off factor 0.05) [29], which drives through the in-phase (I) and
quadrature (Q) components the Mach-Zehnder modulator (IQ-MZM). The output
modulated optical signal is then divided equally by two branches (BS) and
polarized orthogonally by polarization controllers (PC) to emulate a DP system.
The data signals are de-correlated (x, y) through a delay line (DL) and coupled in
power, thereby forming a DP-QPSK transmission signal at 100 Gbps replicated
in four wavelength channels, i.e. 400 Gbps total capacity. The launch power for
this DP-QPSK signal was set by the Erbium-Doped Fiber Amplifier (EDFA) and a
variable optical attenuator (VOA) before entering the 3-port circulator necessary
for the establishment of bi-directionality in the transmission channel. The optical
channel consisted of 40 km of SMF and 50 m of graded-index PF-POF (CYTOP®
50 um core).

The difference between the core diameters of the SMF (9 um) and the PF-
POF (50 um) as well as their numerical apertures (NA) pose optical beam
coupling issues when directly connected. In fact, only part of the optical beam
emitted by the PF-POF is captured by the smaller core and NA of the SMF,
implying ~20 dB attenuation in this interface, measure in the course of the work.
On the other hand, ~0.3 dB attenuations are recorded at the interface when the

SMF optical beam is injected over the wide PF-POF core.

Due to the high attenuation resulting from the two PF-POF/SMF interfaces
along the link, the connections were replaced by two pairs of optical fiber
collimators (Thorlabs®), Col-A and Col-B, spaced 20 cm apart in free space as

shown in Figure 2.8. In each direction of transmission, a minimum attenuation of
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~4.5 dB was obtained for Col-A as for Col-B, conditioned by the available
refinements in the collimators.

Therefore, the optical signal sent from Port-1 is routed through the 3-port

circulator to the PD-CoRx in Port-2, which has an ECL with < 100 kHz of
linewidth operating as local oscillator (LO) tuned to the center channel to be
demodulated.
The received signal and the LO signal pass through polarization beam splitters
(PBS), obtaining the orthogonally polarized components x, y. Then, the co-
polarized components feed two 90° optical hybrid, one for each polarization. The
coherently demodulated optical outputs are converted by two pairs of balanced
photodiodes (BP) into electrical baseband signals (in-phase (I) and quadrature
(Q) components of each polarization), then amplified by transimpedance
amplifiers (TIA).

In PD-CoRx, the phases of the LO and the tuned optical carrier are not locked
together making the detection of the information received challenging. On the
other hand, optical propagation in the fibers produces impairments to the
received signal such as polarization mode dispersion and chromatic dispersion.
The widely used solution for later retrieval of the data in coherent receivers
consists in the digital signal processing (DSP) [30] [31]. Thus, the | and Q signals
at the TIA output are sampled by a real-time digital Oscilloscope (Tektronix®
DPO72004B) at 50 Gs/s and digitally post-processed in offline mode using
appropriate algorithms in Matlab®. This DSP seeks to compensate for the
degradation caused along the channel by the chromatic dispersion and
polarization-mode dispersion, as well as to recover the frequency and phase of
the DP-QPSK signal. For polarization tracking, we use the constant modulus
algorithm (CMA) and for frequency and phase the differential phase-based
method and the Viterbi & Viterbi algorithm [32], respectively. The BER is
calculated by bit error counting, obtained through the mean between the two
polarizations.

The DP-QPSK-Tx module in Port-2 consists of four ECL lasers (L2, L4, L6
and L8) with linewidh < 100 kHz, tuned to the wavelengths of 1547.15 - 1548.34
nm and equally spaced from 50 GHz, which transmit to the DP-CoRx in Port-1
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through the 3-port circulators. The eight bidirectional optical carriers (four in each
direction) spaced consecutively at 25 GHz, then form the spectral structure
between the optical circulators, as shown in Figure 2.8. Thus, the unidirectional
spectrum at the input of each PD-CoRx has guard bands of 25 GHz, minimizing
interference between the adjacent wavelengths received. In addition, the
remaining description of the information processing from Port-2 to Port-1 is

equivalent to that described in the reverse direction.

2.6.3 Experimental Results

Spectral responses were observed for the transmission media considered in
Figures 2.9a, 2.9b and 2.9c. The graphs were obtained through a High Resolution
Optical Spectrum Analyzer (OSA: APEX® AP2043B) with resolution of 40 fm
(5 MHz). The bidirectional data transmission of 400 Gbps in DP-QPSK was initially
established through a direct connection between 3-port circulators in a Back-to-

Back (B2B) configuration, with switch s, in B in Figure 2.8.

The optical power spectrum then captured at the input of the PD-CoRx at
Port-1 is shown in Figure 2.9a, where a separation of 50 GHz and guard spacing
of 25 GHz between channels is observed, as well as the simultaneous reception of
the two polarizations, Pol-X and Pol-Y, which do not present relevant relative

spectral variations.

Subsequently, a 40 km SMF link was introduced between the two optical
circulators, shown in Figure 2.8 with switch s1 in B. The optical power spectra
captured separately by the OSA at the inputs of the two PD-CoRx modules are
superimposed and shown combined in Figure 2.9b. This figure illustrates
bidirectional transmission through the SMF as well as the spectral distribution of
the eight optical channels spaced ~25 GHz and attenuated by 8.4 dB when

compared to B2B transmission.
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Figure 2.9a: Received spectrum at the input of the PD-CoRx on Port-1 in a
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Then 50 m of PF-POF was introduced between the Col-A and Col-B
collimators which were connected to the optical circulators through 1 m patch
cords in SMF, as shown in Figure 2.8 with sz in A. An attenuation of 20 dB was
measured for the Col-A, Col-B and PF-POF section used. The use of Col-A and
Col-B is to adapt the different NA of SMF and PF-POF in order to standardize the
behavior of bidirectional transmission. Figure 2.9c shows the power spectrum for
the two polarizations at the input of the PD-CoRx in Port-1, with an attenuation of

20 dB when compared to the B2B assembly in Figure 2.9a.
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Figure 2.9c: Received spectrum at the input of PD-CoRx of Port-1, after
transmission by 50 m of PF-POF and in the Pol-X and Pol-Y

polarizations.

It is noted in Figure 2.9c for the transmitted wavelengths that the constituent
polymer of the PF-POF used in this experiment introduces irregular distortions in
the spectral response as compared to the SMF medium in Figure 2.9b. In
addition, there is a minimal relative variation between Pol-X and Pol-Y
polarizations in the transmission through the plastic fiber, showing spectra with

relatively close envelopes.
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In this configuration, for PF-POF with the transmission in the opposite
direction, it was verified for the channels received at the PD-CoRx input of Port-2
that the spectral distortion, caused by some reflection, and the attenuation values

were in all identical to those found in the forward transmission direction.

System performance was observed through the BER on the channel L5
(1547.75 nm) in the PD-CoRx of Port-1 of Figure 2.8. The BER measurements
shown in Figure 2.10 are obtained for the system connections in B2B, 40 km in
SMF, 50 m in PF-POF and SMF + PF-POF (for switch s4 in A). Considering the
BER threshold of 3.8x107 in the absence of applied forward error correction
(FEC) codes (7 % hard-decision FEC), the optical power penalty measured in
relation to the B2B system was 0.3 dB and 1.5 dB for the optical connections in
SMF and PF-POF, respectively.
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Figure 2.10: BER measurements obtained for the analyzed transmission

media.
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2.6.4 Conclusions

To the best of our knowledge, we present in this paper the first bidirectional
dual-polarization QPSK system with a total capacity of 400 Gbps in each
direction. The system transmission viability in optically transparent and diverse
media such as silica, polymer and space-free have been demonstrated and
implemented. It was found that the option of using fiber collimator pairs to couple
the optical beam between the SMF and PF-POF with different fiber cores and NA
allowed uniform bidirectional attenuation in the connections and a lower total link
attenuation value.

The 50 m length of the PF-POF is higher than the coupling length (Lc)
assigned to this type of optical fiber, placing this fiber in a high-coupling modal
regime and making its impulse response independent of polarization [22]. In this
respect, it was observed that the orthogonal polarizations of the SMF
transmission retained their integrity after multimode propagating by the PF-POF.

In addition to the greater attenuation of plastic fibers and the need for an
appropriate interface between SMF and PF-POF, the feasibility of using short-
length cables in PF-POF was verified when inserted in high-capacity SMF

transmission media.
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Free-Space Optical

Communication Systems

Free-space optical (FSO) communications have been attracting significant
attention as a broadband access technology, which is capable of presenting high-
speed as well as enhanced capacity, allowing a variety of information
transmission techniques. In addition, optical wireless communication (OWC) is
an attractive technology in very sensitive environments where is not allowed
radio frequency (RF) technology. In addition, OWC can be assumed as a
technology that enhances "green" communications as the required components
use low power consumption compared to equivalent RF components [B2].
Therefore, it has been taken into consideration as an alternative method to the
existing RF solutions.

In this chapter, based on manuscripts [J3, B1, B2], a broad and general
overview of the FSO systems is considered. Additionally, besides to the radio
transmission technology on FSO (RoFSO), transmission schemes with
enhancement performance such as hybrid RF/FSO and relay-assisted
transmission technologies, which can be implemented in the access networks,

are also presented.
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3.1 Introduction

It is noticeable that Internet communications undergo extraordinary
development in all areas of human activity, through their use in the most varied
types of applications, which consume bandwidth on an exceptionally increasing
scale. One of the factors of this growth can be attributed to the increasing
appearance of new characteristics based on Internet access, in the varied
devices that surround us in the day-to-day. This network access feature is
commonly referred to as "Internet of Things" (IoT), and the number of potential
devices is expected to be enormous. In theory, the loT concept would be
ubiquitous in different types of devices/objects, such as actuators, mobile phones,
household appliances, vehicles, sensors or RF identification (RFID) tags [J4].
These objects would be able to cooperate with each other, regardless of distance,
in order to perform common tasks [1]. It is expected that by the year 2020, billions
of these devices will be connected to the Internet [2]. Fifth generation (5G)
wireless communication systems, which will integrate millimeter wave antennas
and "Massive" multiple-input and multiple-output (MIMO) technology, present
promising features in terms of the ability to support internet traffic on the devices.
However, the existing regulated RF spectrum restricts the transmission speeds of
wireless RF-based mobile technologies. This is due to several state-of-the-art
wireless technologies and standards such as Wi-Fi (IEEE 802.11), WiMAX
(802.16) as well as third-generation (3G) and fourth generation (4G) cellular
systems [3, 4]. In addition, because of innumerable innovative technologies being
used in optical communication systems, considerable advances have been
obtained in the optical network reach, capacity and number of users supported.
For example, optical-fiber-based architectures such as FTTH and FTTB (fiber-to-
the-building) provide profitable solutions to the communication hurdles, making
services increasingly close to customers through PON technologies such as
Ethernet Passive Optical Network (EPON), GPON, and XG-PON. At present, one
of the main challenges is the ability to support many service requirements in
order to accomplish elastic as well as ubiquitous connections [5]. Therefore,

wireless and optical networks convergence is very important for network

50



Chapter 3

penetration with a cost-effective in the next-generation networks (NGNs). This
will help in taking advantage of the mobility feature presented by the wireless
network and the inherent bandwidth offered by the optical systems. Therefore,
this will help in realizing the expected energy-efficiency and capacity objectives
of the NGNs [3]. In addition, OWC systems are one of the promising access
technologies with capability for offering high-speed in addition to improved
capacity. Accordingly, OWC can address the bandwidth requirements of
numerous services and applications of the NGNs in cost-effective manners [3, 7].

OWC can serve as an alternative and/or complementary technology to
existing wireless RF solutions. For example, the OWC to be transmitted in the
350 to 1550 nm wavelength range can offer a high-data-rate of about 100 Gbit/s.
This benefit makes it a good solution for tackling the usual “last mile” and “last-
leg” problems of the access network. Additionally, resources re-use is an
essential requirement when operators seek to improve network capacity and
coverage. OWC technologies are capable to meet requirements using diversity

schemes [6, 7, 8]. OWC can use the following configurations:

1. Directed line-of-sight (LOS)

2. Multi-spot LOS

w

Non-directed LOS
4. Diffuse

5. Quasi diffuse

In these arrangements, the performance of LOS links presents the lowest bit
error rates (BER), higher data rates and less complicated protocols. These
qualities make LOS links the most widely used configuration in outdoor
applications. However, the main LOS links shortcomings are the lack of mobility
and vulnerability to blockage. On the other hand, non-directed or diffuse LOS
configurations offer enhanced mobility benefits and are less vulnerable to
shading. However, the path attenuation, noise, and multi-path induced dispersion
prevent the data rate from being comparatively high at high-speed connections.

Intensity modulation and direct detection (IM/DD) is the widely method employed
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in OWC systems. In addition, coherent scheme can be used to improve the
channel usage. The application of coherent scheme comparatively enhances the
system performance at the cost of increased system complexity. On the other
hand, the coherent scheme can be used to improve channel usage,
comparatively improving system performance at the expense of greater
complexity. This is due to the need for accurate wavefront matching between the
input signal and the local oscillator (LO) that is required to ensure effective
coherent reception. In turn, the DD technique is simple as only low-cost
transceiver devices are required without the need for the complex high-frequency
circuit designs as compared with coherent systems [7, 8].

This chapter presents a comprehensive overview of the OWC systems as well
RoFSO transmission schemes. Furthermore, we analyze the effects of different
parameters such as wavelength and refractive index on RoFSO transmissions
under different operating conditions.

In section 3.2, the OWC system block diagram is discussed. Section 3.3
focuses on the safety and regulations of optical beam transmissions as well as
related international standardization organizations. In section 3.4, the OWC
system categorizations are broadly discussed. Moreover, in section 3.5, RoFSO
is considered and section 3.6 presents technologies for enhancing the system
performance. Research contributions are discussed in section 3.7 and

conclusions are given in section 3.8.

3.2 OWC System Blocks Diagram

Normally, a terrestrial OWC system comprises the transmitter, channel, and
receiver, as illustrated by the block diagram of Figure 3.1. The transmitter source
generates waveform information by modulating an optical carrier and the
resulting optical field is then radiated through the atmospheric channel to the
destination. The collected optical field at the receiver is afterward converted into
an electrical current that is then processed in order to retrieve the information

originally transmitted [9]. Nevertheless, due to expected degradations in the
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transmission channel, there is a tendency for the incoming information will not be
a replica of the information actually transmitted. Defective transmission may

greatly limit the performance of wireless communication systems [B1].
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Figure 3.1: Block diagram of a terrestrial OWC system.

It is remarkable that the loss in transmission is mostly a consequence of the
resulting absorption and scattering effects, which are presented by the aerosols
and molecular constituents along the transmission path. Consequently,
wavelength dependence by absorption and scattering are the main causes of
atmospheric attenuation. Since absorption is not just a function of wavelength,
but also of specific wavelengths, it is possible to identify wavelength windows
that undergo relatively insignificant absorption.

At large, wavelength ranging from 780 to 850 nm and 1520 to 1600 nm, which
are usually employed in existing OWC equipment, are located in atmospheric
transmission windows where molecular absorption is insignificant. In fact, this
contributes to the alleviation of atmospheric absorption losses. Moreover,
windows located around four exact wavelengths such as 850 nm, 1060 nm,
1250 nm and 1550 nm usually suffer an attenuation of less than 0.2 dB/km. It

should be noted that 850 nm and 1550 nm transmission windows correspond to
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the typical transmission windows of fiber optic systems. Based on this, most
commercial OWC systems work on one of these windows to support the existing
off-the-shelf components. Moreover, wavelengths such as 10 ym and ultraviolet
(UV) have been studied for the OWC systems. The 10 ym wavelength has a
better fog transmission characteristic, however, the UV wavelength is more
robust against transmission constraints such as beam blocking and pointing
errors. Besides, the UV wavelength is less vulnerable to sunlight as well as other
background interferences [9].

In addition, wavelengths from 1520 nm to 1600 nm are compatible with EDFA
technology. This is very important to achieve high-data rate and high-power
systems. Likewise, wavelengths from 1520 to 1600 nm allow the transmission of
about 50 to 65 times more average output power than that transmitted from
780 to 850 nm, given the sighted safety rating. This can be ascribed mainly to

the low transmission of the human eye at those wavelengths [10].

3.3 Safety and Regulations

It is noteworthy that an important factor in the design of a laser transmitter is
the safety issue. If infrared (IR) light sources are operated incorrectly, they may
become potential threats to human safety. Moreover, exposure to some optical
wavelengths can injure the human eye and skin. It should be noted that possible
damage to the eyes is relatively more dangerous because of their ability to focus
and concentrate optical energy. However, some wavelengths can be absorbed
by the front part of the eye before they can be focused on the retina, making
handling safer. It should be noted that a laser considered “eye-safe” is also
considered “skin-safe” [7, 10].

In addition, it has been established that the absorption coefficient of the eye
front part is significantly higher at longer wavelengths ( > 1400 nm). Therefore,
the typical power allowed for lasers transmitting at 1550 nm is comparatively
higher. Consequently, these larger wavelengths are commonly used to obtain a

longer transmission range [7, 10].
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Figure 3.2: Response of the human eye at different wavelengths (adapted
from [7, 10]).

The eye response at different wavelengths is shown in Figure 3.2. It is known
that the cost of optical sources and detectors is comparatively low in the spectral
range of 700 to 1000 nm, however, the eyes safety regulations in this range are
generally stringent. Also, the maximum permissible exposure (MPE) at the
900 nm wavelength is ~143 mW/sr. Ocular safety standards are found to be
relatively less severe at higher wavelengths ( = 1500 nm), nevertheless, devices
operating at these wavelengths are relatively expensive. In addition, optical
beam safety recommendations have been established by various international

standards organizations, such as [7, 10]

American National Standards Institute (ANSI)
Laser Institute of America (LIA)

International Electrotechnical Commission (IEC)
Center for Devices and Radiological Health (CDRH)

European Committee for Electrotechnical Standardization (CENELEC)

ok 0w b~
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The aforementioned groups provided the mechanisms for classifying the
lasers according to their type and power. Normally, categorization is established
in four classes, ranging from Class 1, with the lowest restrictions, to Class 4, with
the highest restrictions on use, in terms of safety. Moreover, each of the classes
is identified by the accessible emission limits (AEL) metric. The AEL is regulated
by the intensity and wavelength of the optical source as well as by the emitter
geometry [7, 10]. Therefore, the AEL differs from one OWC class to another. In

the following section, the main OWC classifications are presented.

3.4 OWC System Classification

OWC systems have been increasingly gaining research interest as a feasible
method to effectively meet the NGNs requirements. The two general categories
of these systems are indoor and outdoor OWCs. The unlimited OWC bandwidth
can be ascribed to the use of several bands for communication purposes such as
visible (VL), infrared (IR) and ultraviolet (UV) bands. Figure 3.3 illustrates the
electromagnetic spectrum for different applications, as well as the relative
positions of the wavelength and frequency ranges that have been employed in
OWC applications. VL or IR emission is applied to an in-building wireless
solution.
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Figure 3.3: Electromagnetic spectrum
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This application is very useful especially in situations where the possibility of
providing network connectivity through wire connections is a challenge. In
addition, the indoor OWC systems can generally be grouped into four
arrangements, such as Directed LOS, Diffused, Non-directed LOS, and Tracked.
Moreover, optical carriers are used in the outdoor OWC for conveying
information through an unguided channel, which may be in free-space (Out-of-
Earth) or in the atmosphere.

Consequently, this external OWC scheme is also known as the FSO
communications system, which generally operates at near-IR frequencies. They
are categorized into space and terrestrial optical links, whose applications
include building-to-building, ground-to-satellite, satellite-to-ground, satellite-to-
airborne, and satellite-to-satellite platforms [11]. Figure 3.4 illustrates the

classification of OWC systems in a tree diagram.

Optical Wireless
Communication Systems

Indoor Outdoor Systems
(FSO)

Directed Non-Directed . Space Terrestrial
[ LOS M LOS MD'ff“SEdMTra‘:ke"} {Links} [ Links }

Systems

Inter-Satellite Inter-Orbital Deep Space
Links (ISL) Links (IOL) Links (DSL)

Figure 3.4: Optical wireless communication system classification
(adapted from [11]).
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3.4.1 Visible Light Communication (VLC) Systems

Visible light communication (VLC) systems have been gaining considerable
attention due to the existing improvement in the light-emitting diode (LED) chip
design. The chips are capable of offering fast switching times of the order of
nanoseconds. Besides, the wide deployment of LEDs in energy-efficient
applications paves the way for VLC systems [12, 13]. Therefore, VLC systems
are an appealing solution to meet different challenges such as bandwidth
limitation, energy efficiency, electromagnetic radiation, as well as safety in
wireless communications [14, 15]. It is noteworthy that VLC systems work in the
wavelength range of ~ 390 to 750 nm. Furthermore, due to the simultaneous
support for lighting and communication in VLC, it presents the following benefits

compared with RF communications:

Low Power Consumption

The VLC offers both lighting and communication and is able to provide Gbit/s
data rates with simple LEDs and photodiodes (PDs) that consume low power
relative to expensive RF options that require high power consumption for

processing and sampling when transmitting data in Gbit/s [13].

Huge Bandwidth

VLC shows virtually boundless and unlicensed bandwidth ranging from 380 to
780 nm. Hence, VLC has 350 THz capacity, which can serve multi-gigabit-per-
second data rates using LED arrays with the aids of the MIMO configuration [13].
This advantage makes VLC a good option to the indoor IR transmission, which

uses the range between 780 to 950 nm [8].

No Health Concerns
The VLC system presents no human health concerns, as it does not produce
radiation that leads to public health problems. Moreover, it helps to reduce

carbon dioxide emissions due to the low increase in power required for
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communication [16].

Low Cost

The associated optical components such as PD and LEDs are compact,
cheap, lightweight, and have extended lifespan [12]. Additionally, with much
lower power-per-bit cost and large unlicensed optical spectrum, the VLC is

economical compared with the RF communications.

Inherent Security

VLC gives relatively better security owing to the fact that it is extremely
difficult for a network intruder to pick up the optical signal in order to launch any

form of attack on the system [13].

Ubiquitous Computing

Owing to a series of incandescent devices, such as TVs, commercial
displays, traffic lights, indoor/outdoor lamps, car headlights/taillights, which are
used in various places, the VLC can be exploited for an extensive range of

network connectivity [17].

3.4.2 Terrestrial Free-Space Optical (FSO)

Communications

It is noteworthy that there have been additional research efforts regarding
terrestrial transmission in FSO owing to a number of positive field trials and
commercial implementations [18-22]. A representative setup for exploiting FSO
systems as an effective solution for universal provisioning of wireless service is
illustrated in Figure 3.5. Considerations received by the FSO schemes are mainly
the result of their characteristic benefits like lower power consumption, cost-
effectiveness, higher capacity, ease of deployment, low mass equipment,

immunity to electromagnetic interference (EMI), reduced time-to-market, license-
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free operation, high degree of security against eavesdropping, in addition to an

improved protection against interferences, relative to the conventional RF

communication systems [23, 24].

-
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Figure 3.5: Scenarios for deploying OWC systems in access networks.

However, apart from the benefits of the FSO system and its diverse

applications, a number of challenges in practical situations hamper its
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employment. For example, FSO links are prone to scattering, resulting from
adverse weather conditions such as rain, snow, and fog [9, 24]. Moreover,
building-sway is another effect that impairs the FSO link performance, which
originates from factors like wind loads, thermal expansion, and weak
earthquakes [24]. Additionally, the key cause of the FSO link impairment is the
fading induced by atmospheric turbulence [24, 25]. Therefore, system
performance is hindered owing to atmospheric effects, that bring about beam
spreading, loss of spatial coherence, and temporal irradiance fluctuation well-
known as scintillation or else fading [J3, 9]. Scintillation is established as the
spatial and temporal variation in the light intensity along the transmission path.
This is due to the random variations in the refractive index due to the lack of
homogeneity of temperature and air pressure [9, 23]. Based on this, the random
nature of the link requires significant planning when an FSO system is being
modeled. So, this will aid in addressing the severe requirements of several
bandwidth-intensive mobile applications [3]. Section 5.2 discusses the FSO link
impairment modeling. The tree diagram in Figure 3.6 shows several methods of

atmospheric turbulence alleviation.

3.5 Radio on Free-Space Optics (RoFSO)

The radio over fiber (RoF) is a scheme in which light is modulated by the RF
signal and transmitted over the optical fiber links. RoF has been used as a high-
capacity and cost-effective solution so as to simplify the system design.
However, its employment considerably depends on the accessibility of fiber cable
infrastructure. Therefore, in a scenario without fiber cable installations, FSO links
can be suitably used for RF signal transmissions. It should be noted that FSO
system is similar to RoF scheme however, it demands no fiber medium like RoF.
Consequently, the notion of transmitting RF signals through FSO systems is
known as radio on FSO (RoFSO). RoFSO systems integrate the ease of
deployment of the wireless links and the high-transmission capacity presented by

optical technologies. The RoFSO schemes are normally employed for last-mile
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access solutions in terrestrial communication systems. This application aids in
broadening connectivity to the poorly served areas. Besides, it can be employed
as a backup connection for both fiber and RF links as examined in chapter 3.6.
Nonetheless, the RoFSO link performance can be constrained by factors like fog,
rain, atmospheric turbulence, and non-ideal features of optical transmitters and
receivers [3, 4, 26, 27].
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Figure 3.6: Atmospheric turbulence mitigation techniques (adapted from [11]).

Orthogonal frequency-division multiplexing (OFDM) has been implemented in
several high-speed digital communication standards because of its outstanding
benefits like robustness against fading, narrow-band interference, as well as high

channel efficiency. Normally, the OFDM signal is bipolar and complex. On the
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other hand, OFDM transmission using intensity modulated direct detection
(IM/DD) wireless optical communication scheme demands a real and positive RF
signal for driving the laser diode (LD). Therefore, Hermitian symmetry can be
applied on the input vector to the transmitter inverse fast Fourier transform (IFFT)
block in order to produce the real OFDM signal. In addition, OFDM signal can be
converted into unipolar by applying a direct current (DC) bias to the OFDM signal
(DC-OFDM). This procedure helps in guaranteeing that the consequent signal is
positive. To prevent distortion and clipping in optical domain, the DC bias has to
be suitably large. Normally, IM/DD multiple-subcarrier modulation (MSM)
schemes have fundamental drawbacks like average optical power inefficiency
that is a result of the large added DC bias as well as distortions that are owing to

the LD and optical channel nonlinearity [27].

3.6 Technologies for Performance

Enhancement

C-RAN (Cloud-Radio Access Network) architecture has been proposed as a
promising paradigm for the next generation access network. C-RAN architecture
is capable of managing the NGNs and the related evolving complexity efficiently.
This can be associated with various related advantages of C-RAN such as cost-
effectiveness and performance optimization [28, 29]. The foremost method for
signal transmission in the C-RAN fronthaul is by digital baseband oversampled
IQ streams. The IQ streams transmission can be easily achieved with the help of
CPRI or OBSAI interface [30]. Nevertheless, optical links that employ these
interfaces demand enormous bandwidth, which is owing to the high-resolution
bits demanded by the digitalization process [31]. Therefore, the associated
bandwidth inadequacy can restrain or make C-RANs unrealistic for the next
generation mobile system [32, 33]. As a result, to achieve a bandwidth-efficient
mobile fronthaul, the employment of innovative measures is highly essential. An

example of a viable measure is the implementation of analog optical
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transmission scheme that is based on RoF technology [26, 30, 33].

It is worth mentioning that RoF technology deployment depends largely on
the availability of optical fiber cables installed in the network. Nevertheless, when
deploying network installations is considered dense, dark fiber deployment is not
only time- consuming but also cost-intensive. As result of these issues, as well
as the limited amount of fiber cables installed in the network, the viability of the
FSO communication system has been increasingly recognized. Like in RoF, RF
signal transmission can be implemented in FSO. The major advantage of this is
that the installation of fiber cables is not mandatory. The idea of RF signal
transmission through the FSO medium (i.e. RoFSO) takes advantage of the ease
of deployment of wireless systems as well as high transmission capacity present
by optical technologies [34].

As aforementioned, FSO transmission is an attractive and viable optical
technique that can be implemented for a number of emerging applications.
Nevertheless, the trade-off between the constraints of the atmospheric channel
and the required data rates are the main issues for reliable application of FSO
schemes in the access networks [J3, C1]. Consequently, these challenges
prevent FSO technology from being an efficient as well as dependable
standalone fronthaul scheme. This section presents FSO performance
enhancement schemes, such as hybrid RF FSO, and relay-assisted transmission

technologies that can be implemented in the access networks.

3.6.1 Hybrid RF/FSO Technology

It is interesting to note that RF wireless systems, operating at frequencies
greater than approximately 10 GHz, are harmfully influenced by rainfall; however,
the fog has a negligible effect on them. Conversely, FSO systems are extremely
prone to fog, while the rain has an insignificant effect on them. Thus, it is
essential to enhance link reliability in order to alleviate undesirable influences
from weather conditions. This issue can be effectively addressed through the

simultaneous implementation of RF and FSO links for signal transmission. It is
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noteworthy that fog and rain seldom happen simultaneously in nature.
Subsequently, the two links provided by the hybrid scheme can operate in a
complementary way. This idea motivates the RF/FSO hybrid link scheme, as
shown in Figure 3.7. Conceptually, the RF/FSO is a hybrid system that joins the
advantages of the typical high-capacity transmission of optical systems and the
ease of deployment of wireless links. Furthermore, the notion of hybrid RF/FSO
system is based on attending to the associated weaknesses and taking the
benefits of both technologies simultaneously to ensure reliable transmission
wireless services [B1, 4, 9, 35].

A RF/FSO hybrid scheme has two parallel links between the transmitter and
the receiver. Furthermore, based on the application and implementation
scenario, both parallel links are capable of transmitting data. However,
depending on the weather conditions and the Electro-Magnetic Interference
(EMI) levels, either of the links can be employed for data transmission [36]. For
example, during adverse atmospheric conditions (e.g. fog) with FSO link outage,
the hybrid system ensures that the RF link operates as a backup. Nevertheless,
the resulting data rate of the RF link is considerably lower than the one offered
by the real FSO link [B1, 4, 9, 35]

3.6.2 Relay-assisted FSO Transmission

It has been observed that a practical method for turbulence-induced fading
alleviation is the spatial diversity scheme. In spatial diversity, multiple
transmitter/receiver apertures are deployed with the aim of creating and
exploring additional degrees of freedom offered by the spatial domain. The
scheme is an attractive method for fading alleviation owing to its characteristic
redundancy. Nonetheless, the application of multiple apertures poses a number
of challenges like an increase in system cost and complexity. Besides, the
distance between the apertures has to be sufficiently large to prevent the harmful
effects of spatial correlation. The basic means of achieving spatial diversity is

dual-hop relaying. The scheme has been implemented significantly in RF
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communication systems. The dual-hop relaying employment aids greatly in
extending the network coverage area and in enhancing the receive signal quality
[37]. A mixed RF/FSO communication system is shown in Figure 3.8.
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Figure 3.7: Schematic of a RF/FSO hybrid link.
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Figure 3.8: Schematic of a mixed RF/FSO communication system.

In addition, the idea of relay-assisted transmission is established on
generating a virtual multiple-aperture scheme so as to achieve the benefits of
MIMO systems. This is accomplished by taking advantage of the salient features
in both FSO and RF transmissions with the intention of ensuring an effective
system in a real-life condition.

Moreover, a relay-assisted transmission, also known as a mixed RF/FSO

dual-hop communication scheme, comprises the RF links from the source to the
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relay, as well as the FSO links between the relay and the destination. Basically,
RF transmission is employed at one hop in the system while the FSO
transmission is utilized at the other hop. It is worth mentioning that, the mixed
RF/FSO dual-hop relay scheme is relatively different from the RF/FSO hybrid
scheme. In the RF/FSO hybrid scheme, parallel RF and FSO links are usually
employed for the same path [37]. However, in the former scheme, the major
function of the FSO link is to allow the RF users to communicate with the
backbone network. This aids and serves as a major method of bridging the
connectivity gap between the backbone network and the last-mile access
network [38, 39].

3.7 Research Contributions

In this section, the contributions of the manuscripts [J3, B1, B2] are
referenced in the construction of this chapter. From these documents, several
perspectives are presented for the implementation of wireless optical
communication technologies in different sectors. In addition, they provide a
comprehensive overview of the challenges surrounding the applications of
optical-wireless systems. These documents will be a good start for researchers

to better understand the concepts of OWC systems.

3.8 Conclusion

In this chapter, several opportunities for application of OWC technologies
have been presented for various segments of the communication networks.
Additionally, challenges were presented for optical-wireless network applications

and considered different possible solutions.
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Chapter 4

Channel Model and

Characterization

As stated earlier, links in FSO are able to offer high data rates for different
applications. Nonetheless, their availability and reliability depend heavily on the
associated weather conditions. As a result, it is really essential that FSO systems
have accurate channel measurements based on different atmospheric
conditions. This chapter presents both simulated and experimental results
reported in [J3, B2]. In these manuscripts, the performance of a FSO link is

experimentally examined and reported, when influenced by real-life atmospheric
turbulence conditions. The atmospheric related scintillation index, o2 , is
determined from the samples obtained from the channel, in an attempt to

determine the extent of the atmospheric turbulence, as well as the consequent

effects on the FSO link features. Additionally, the refractive-index structure
parameter, C2, can be subsequently estimated. Therefore, in this chapter, apart
from the simulation results considered, the experimental results of the channel
characterization for the SISO FSO Ilink, obtained from the channel

measurements, are presented. The FSO channel samples histograms, in

addition to the atmospheric turbulence distribution fittings, are given concurrently

with the measured a,%,. Furthermore, the effects of scintillation on system
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performance are studied for different turbulence conditions. In addition, a proof-
of-concept real-time long-reach, gigabit-capable, hybrid coherent PON and FSO
systems are presented. The presented hybrid systems are capable of supporting

several applications in shared fiber-optic infrastructure.

4.1 Introduction

The increase in the number of mobile devices like laptops, cell phones, and
tablets significantly influences the already growing annual rate of broadband
connections. Furthermore, several applications and services that are bandwidth-
intensive are contributing also to the remarkable increase [7-9]. Networks
capable of presenting improved-capacity, as well as high-speed at comparatively
low-cost, are required to support the different use cases [10]. As aforementioned
in chapter 4, a remarkable and attractive solution that converges the mobility and
flexibility characteristics of RF networks with the high data rates offered by the
optical systems is the FSO communication system [J2, 3, 11, 12]. Nevertheless,
FSO links are actually prone to local weather conditions and atmospheric
turbulence [10, 13-17], affecting system performance. The effect can give rise to
beam spreading, loss of spatial coherence, and temporal irradiance fluctuation,
also known as scintillation [1, 6, 12, 16, 18-21]. Consequently, an accurate
channel characterization is highly essential for the practical FSO links
development and can help in the definition of the system performance for
different transmission scenarios [3]. Moreover, with a perfectly characterized
channel, ergodic channel capacity can be estimated [22-24].

Various theoretical and experimental attempts have been reported in the
literature in an effort to characterize the FSO communication link [12]. Closed-
form expressions to estimate the average capacity of the MIMO FSO systems,
using I'T" fading channel for an equal gain combining (EGC) and maximum ratio
combining (MRC) diversity techniques, were presented in [23]. In the work, it has
been demonstrated that the average capacity can be improved with the

employment of spatial diversity methods. In addition, [24] analyzes the influence
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of weather and turbulence conditions on the average channel capacity of the
FSO link. Aperture averaging and MIMO techniques are employed in the study. It
has been shown that an increase in the number of transmits and receives
apertures results in an increase in capacity regardless of the weather conditions.
Moreover, the BER performance was studied in [4] in the FSO links, which are
based on spatial diversity over the channels with fading and log-normal
atmospheric turbulence, with the assumption of independent and correlated
channels between transceiver apertures. The results presented in the work
indicated that the FSO links with transmit and receive diversity can be
represented by corresponding SISO schemes with appropriate scaling in the
channel variance.

Furthermore, in [25], double generalized gamma model expressed the
turbulence-induced fading in the FSO channel, as well as, at work, beam-
pointing errors were taken into account. Likewise, performance measurement
metrics such as the outage probability, the BER, and system ergodic capacity
were stated using unified closed-form expressions. In addition, [26] presented a
MIMO FSO system, which was based on Vertical-Bell Laboratories Layered
Space-Time (V-BLAST) detection algorithm. At work, it was established through
simulation that an increase in the number of antennas results in larger channel
capacity. Also, as a result of the offered diversity, the error rate significantly
decreases. Besides, the optical signal fluctuation during propagation through the
FSO link was defined by the Log-Normal (LN) and Gamma-Gamma (I'T)
distribution models. Additionally, closed-form expressions for the estimation of
the average channel capacity of the FSO system were provided in [27].
Moreover, in [28], maximum likelihood estimation was employed for
characterizing the log-normal-Rician turbulence model parameters. Also, the
unknown parameters were calculated through the expectation-maximization
algorithm. Besides, an experimentally quantified channel model based on a
finite-state Markov chain, which was derived for autocorrelation and the
distribution of fading, was proffered in [12].

This chapter presents the effects of several factors, such as wavelength and

refractive index, which are investigated in FSO transmissions. Additionally, a
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10 Gbps link with an external FSO channel of 54 meters (round trip) and
1548.51 nm wavelength is also considered, which is characterized based on the
gain measurement of the channel. In addition, we propose closed-form
expressions, which are established on the channel measurement, to evaluate the
ergodic channel capacity of MIMO FSO communication systems over the
atmospheric turbulence fading channels.

With the noticeable importance of the FSO systems and the state-of-the-art
description of the area under discussion, Section 4.2 presents an optical system
as well as channel models, considering atmospheric attenuation, pointing error,
and atmospheric turbulence. The system performance is analyzed in Section 4.3.
In Section 4.4, simulation results are presented along with comprehensive
discussions. In Section 4.5, experimental setup as well as channel measurement
and characterization results are examined. Research contributions are discussed

in Section 4.6 and conclusions are presented in Section 4.7.

4.2 Optical System and Channel Model

A practical FSO link was assumed, based on IM/DD and using the on-off
keying (OOK) modulation format, where the data modulates the instantaneous
intensity of the carrier’s optical beam at the transmitter. The optical power coming
from the transmission aperture passes through the free-space channel and is
then influenced by various factors such as atmospheric turbulence-induced
fading, misalignment fading, and background noise along with the link before
reaching the receiving aperture. The aforementioned factors bring about optical
signal intensity to fluctuate. Therefore, the resulting electrical signal, r, received
in the receive aperture can be expressed as [J3, 1, 29, 30]

r=nehx+n 4.1)

where n, denotes the effective photoelectric conversion ratio of the receiver,

x € {0, 1} represents the information bit transmitted, n is the additive white
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Gaussian noise (AWGN) with zero mean and variance aﬁ=N0/2 (for 1 Hz), Ny

is the noise power spectral density value in W/Hz, and h = h; h, h, denotes the

irradiance that influences the channel state. The channel irradiance h present in

Equation (4.1), is the product of the deterministic path loss, h;; the random
attenuation (i.e. atmospheric turbulence-induced fading), h,; and random
attenuation (due to geometric spread and pointing errors), h,. The h, and h, are

random variables with probability density functions (pdf) fha(ha) and fhp(hp),

respectively.

4.2.1 Atmospheric Attenuation

The transmission of an optical beam through the atmosphere results in an
atmospheric loss. The attenuation experienced by signal power can be defined
by the exponential law of Beers-Lambert and can be expressed as [29-31]

P(/L z)

hy(4.2)= P(2,0)

= exp(- (1) z) (4.2)

where h; (4, z) represents the loss that is a function of propagation path of length

z at wavelength 4, P(41, 0) and P(4, z) denote the signal power at the beginning
and the emitted power at distance z, respectively and o (1) denotes the
attenuation coefficient.

The attenuation coefficient, for a given wavelength 1 (in nanometer), can be

empirically expressed in terms of visibility as [B2, 29]

—-q
(1) = —3'9\/12 (%j (4.3)

where V represents visibility in kilometers, and q is a parameter that is a function
of the particle size distribution in the atmosphere. It can be expressed by the
Kruse model as [B2, 29]
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1.6 V > 50 km
q=11.3 6km <V < 50 km (4.4)
0.585V"3 V < 6km

Furthermore, Kim presented an extended model with the intention of achieving a

better accuracy in lower visibility scenarios. The Kim model is defined as [B2, 29]

1.6 V > 50 km
1.3 6 km <V <50 km
qg=40.16V+0.34 1km<V <6 km (4.5)
V-05 0.5km <V <1km
0 V <0.5km

4.2.2 Pointing Error or Misalignment Fading

The FSO link is a LOS communication in which a narrow optical beamwidth is
employed. This presents severe requirements for pointing accuracy for effective
performance as well as the reliability of optical systems. The signal fading, as
well as pointing errors typically take place at the receiver owing to the wind
loads, in addition to thermal expansions that result in random oscillations of

buildings. Suppose a Gaussian spatial intensity profile with beam waist w, in the

receiving plane, located at a distance z away from the transmitter. Moreover,
assume a receiver circular aperture of radius r. The collected power fraction due
to the geometric spread with radial displacement «, from the detector origin, can

be estimated in Gaussian form as [B2, 30, 31]

2
h, ()~ Ay exp| - 24 (4.6)
erq

where Wzeq denotes equivalent beamwidth,

2 _Wz{ J7 erf(v }

Z Zl 2v expl-v?
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Jrr

V= ., Ap = [erf(v)]? and erf(:) represents the error function given by

v2w,

[B2, 20]

erf(x) = % [je? (4.7)

Assuming that the elevation as well as the horizontal sway is independent and
identical Gaussian distributions, subsequently, the radial displacement « follows

a Rayleigh distribution. In that case, the fhp(hp) can be expressed as [B2, 30, 31]

fo hy)= b1 0<h, < (4.8)

where y = erq | 205 denotes the ratio between the equivalent beam radius and

the standard deviation (jitter) of the pointing error displacement at the receiver

and 082 represents the jitter variance at the receiver.

4.2.3 Atmospheric Turbulence

In the literature, several statistical models have been employed to define the
intensity fluctuation over the FSO channel for different turbulence regimes. A
good example of those models is the Log-Normal (LN) distribution. The LN has
been widely used owing to its substantial match with different experimental
measures. Furthermore, other extensively employed models are Gamma-
Gamma (I'T") distribution, K distribution, I-K distribution, Malaga (M)-distribution,
and Negative Exponential distribution. This work focuses mainly on the LN and

I'T distribution.
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Log-normal (LN) Distribution
Generally, the LN model is just appropriate for weak turbulence conditions. It
is also applicable to links with a range of less than 100 m [32]. Consequently, the

pdf model of weak intensity turbulence fluctuation using the LN distribution can
be defined as [J3, B2, 1]

1 In(h, )+ 20, P
i, (ha)=—2h - exp[—( ( o7 (4.9)

Ox

where af=a,2/4 denotes the log-amplitude variance which can be defined for

plane and spherical waves, respectively as [J3, B2, 1]

02| pjane =0-307C2 k 7/6 L 118 (4.10a)
02 | sphericas =0-125C2 k /6 L 116 (4.10b)
OF | prane =1-23C2 K 7/6 L 118 (4.10c)
OF | sphorica =0-50C2 k /6 L 118 (4.10d)

where k = 2z /A denotes the optical wave number, 0,2 represents the log-
irradiance variance, L is the distance, and Cg represents the refractive-index

structure parameter that is altitude-dependent. The C,% is one of the major

parameters for characterizing the quantity of refractive index fluctuation through

the atmospheric turbulence. Moreover, it depends on features such as
temperature, wavelength, and atmospheric altitude. Several C,% profile models

have been offered in the literature considering different features. Nevertheless,
that extensively employed and that takes the altitude into consideration is the
Hufnagel-Valley model defined as [J3, B2, 1, 2, 20]

2
C2=0.00594| (10‘5h)10exp( —h j+2.7x10‘16 exp(_—h)+,2\exp( —h)
27 1000

1500 100

(4.11)
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where h is the altitude in meters (m) and A represents the nominal value of
C2(0) at the ground level in m™23. The C2 values for the FSO links near the

0—14 -2/3

ground level are estimated to be approximately 1.7x1 m and

8.4x107 15 m 28 during the day and at night, respectively. Usually, C,% is

estimated between 10713 m™28 for strong turbulence to 10717 m 28 for weak
turbulence. However, its usual average value is 10™1° m™28 [2, 20]. The vy,

represents the root mean square of wind speed in meters per second (m/s) [20].

The LN pdf for different values of log-irradiance variance is illustrated in

Figure 4.1. Considering 0,2 € (0.01, 0.1, 04, 0.9), the 0'3‘ values

plane

corresponding to Equation (4.10a) are introduced in Equation (4.9), to estimate

the pdf of the intensity fluctuation for the LN distribution. From the plot, it could
be seen that as the value of 0,2 increases, the distribution becomes more and

more tilted. This shows the magnitude of the system irradiance fluctuation.
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Figure 4.1: Log-normal pdf for different values of log-irradiance variance

Gamma-Gamma (I'T") Distribution

It is noteworthy that, the LN distribution characterization is not valid in the
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strong turbulence regimes. Consequently, the widely implemented model for
defining the scintillation effects in such regimes is the I'T" distribution. Besides,
the I'T model can be employed for the characterization of the fading gain from

weak to strong turbulence conditions. The h, pdf with the implementation of I'T

distribution can be defined as [J3, 1, 2, 20]

_2(@p)f P et
fy (h,)= AR (h,) 2 'K, ,l2\aph,) (4.12)

where Ky, () represents the modified Bessel function of the second kind of order

v, I'(-) denotes the gamma function, « and g are the effective numbers of large-
scale and small-scale eddies of the scattering process, respectively. The
parameters « and g are expressed, respectively, for the plane wave as [J3, B2,
1, 2, 20]

-1

0.49063
a=|exp °r — (4.13a)
(1+1.115125)
-1
0.510,%
p=|exp 6 -1 (4.13b)
(1+0.690725f
and likewise, for the spherical wave, they are given by [J3, B2]
-1
0.4903
a=|exp 776 -1 (4.14a)
(1+1.1802 +0.565125)
0.5153(1+0.695125) 7° )
. +0.
B =|exp °R °r 1 (4.14b)

6
(1+0.902 + 06242 5125)

where d 2 (k D2/ 4L)'2, D is the diameter of the receiver aperture, the parameter

a,% represents the Rytov variance which is a metric that determines the strength

of the turbulence fluctuations. The a,% can be expressed for the plane and
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spherical waves, respectively, as [J3, B2, 2, 20]

=1.23C2k7/6 L 116 (4.15a)

2
OR plane

=0.492C2 k 7/6 116 (4.15b)

2
OR spherical

It is remarkable that the normalized variance of the irradiance which is also
well- known as the scintillation index (oZ ) can be defined as a function of o2

and eddies of the scattering process (a and f), respectively, as [J3, B2, 20],

where <> represents the average over the scintillation.

2\ _/p \2 2
o} = <ha> <I273> = <ha>2 -1 (4.16a)
tha)” (b
~ expl4o2)-1 (4.16b)
=1Ya+1+1(ap) (4.16¢)

The TI'T' pdf is illustrated in Figure 4.2 for the turbulent regimes that

correspond to weak, moderate, and strong atmospheric scenarios.
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Figure 4.2: Gamma-gamma pdf for turbulence regimes from weak to

strong.
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It can be inferred from the results that, an increase in the turbulence from the
weak to the strong regimes brings about resulting increase in the distribution

spreading.

4.2.4 Combined Attenuation Statistics

The irradiance pdf, h = h; h, h, that represents the above-mentioned

propagation channel factors can be written as [B2, 30, 31]

Al Wz):J.fh|ha(h|ha)fh (h,)dh, (4.17)

a

where fh|ha(h|ha) denotes the conditional probability with a turbulence state h,

and its distribution can be expressed as [30, 31]

2_4

y2 -
1 h y? h
fo, \h|h, )= f = , 0<h<A,h_h 4.18
hlha< | a) hah/ hp[hahl] Agzhahl(hah/J 0" 'a’’l ( )

Consequently, f, (h; w,) can be expressed as [30]

(4.19)

a

2 o0
flhw )=—2L_h7*-" [h=r*f (h.)dh
h( Z) (AO hl)7/2 h/AJ;)hla ha( a)

4.3 OWC Systems Performance Analysis

This section presents the BER performance and ergodic channel capacity of the

considered models.
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4.3.1 BER

It is noteworthy that the channel state distribution £, (h; w,) can be estimated

by using a suitable atmospheric model for the turbulence regimes in equation

4 .19 as follows:

1. For aweak turbulence

In this atmospheric regime, fha (hy) is based on LN distribution, therefore,

f,, (h; w,) can be written as [B2, 30]

) ln(Ahh J+,u
folhiw, )= ———-h7" " xerfc \/Og’ oot 2l1r7) (4.20)
2(Ay b Y Ox

2. For a strong turbulence

As stated earlier, this atmospheric regime is characterized by the I'T
distribution, hence, f, (h; w;) can be defined as [B2, 30, 31]

2 (a+p)I12 %
f, (h; Wz): 2 (a 2ﬂ) h7* hga+ﬂ)/2_1_72Ka— 2\Japh,)dh,
’ (A hy)* M) T(5) h/<A{ h) ! )

(4.21)

where Ky (*) can be written in terms of the Meijer's G-function Gg,”g[-] as

[J3]

_ ] (4.22)

Therefore, from equation 4.22, Ka_ﬁ (21/aﬂha ) can be written as [J3]
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—r ) 1,20 -
Ka—ﬂ(z aﬂha)EGO,Z[aﬂha ] (423)
(@-p)/2,(p-a)2
Hence, f, (h) can be expressed as [31]
B 2
(a+/2)-1 =270,
2 h o 5
folh)=—— 207 (“ﬂ J xG3:0 h | (4.24)
" AO h, F(O{) F(:B) Ao h, 13 A0 h, 0“2“:3 2, O!Zﬁ" ,Bza

Moreover, the average BER, P (e), in term of f, (h) can be defined as [31]

P(e)= [ Pleln) f,(n)dh (4.25)

o—8

4.3.2 Ergodic Channel Capacity

Besides the BER, achievable average (ergodic) channel capacity is another
relevant figure of merit that has been widely used for characterizing the
communication link performance. Thus, channel capacity is one of the key
performance metrics that has to be taken into consideration in the design of FSO
systems. Furthermore, the capacity of a MIMO FSO system with M lasers and N
PDs in bits/s/Hz can be defined as [B2, 5, 22, 33]

C- Logz[det[IM ; %Rﬂ (4.26)
1- .
where /), denotes a M x M identity matrix, R = H H i N<M, Hisa Nx M
HTH ifN<M

channel state matrix, (-)T is the Hermitian transpose, 7mst:77§h2/N0

represents the instantaneous electrical SNR whose average &, =72 E<h>2/NO
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The MIMO FSO link ergodic capacity, C¢rg, can be expressed using the expected

value of instantaneous mutual information C, between the transmitter and

receiver apertures. Therefore, the FSO system parameter Cg.4 is a random
variable as well as a function of SNR. The Cg/ can be determined by employing

numerical integration approach as [J3, 5, 22, 34], where E (-) represents the

expectation operator and f%.nst (7inst) denotes the pdf of yjngt.

Vinst

Corg = E(C)= _[Logz (1+7’inst) f (7/inst) d 7 inst (4.27)
0

4.4 Simulation Results and Discussions

In this section, the simulation results of the study of the atmospheric effects
on BER performance of a binary phase-shift keying (BPSK), considering different
turbulence conditions, are presented. In addition, we also present the simulation
result of the average channel capacity of the FSO link with heterodyne detection.
We consider the effects of various parameters on system performance for
different operating conditions. In the simulation, we assume that the FSO system
has a link of 1 km and a bit rate of 10 Gbps.

The average BER, regarding the average SNR for the BPSK and for different
values of turbulence strength, is presented in Figure 4.3. In the study, when
equation 4.25 is considered, a value is assumed for the effect of atmospheric
turbulence. With the aim of estimating the system BER performance in the

1550 nm window, the atmospheric turbulence parameters with the following

corresponding values are employed: a € (4.34, 4.05, 5.98, 204.64), g < (1.31,

1.98, 4.40, 196.03), and 0/2 € (4.00, 1.50, 0.50, 0.01). These values represent

conditions from weak to strong turbulence. The result shows that the SNR

required to obtain a given BER increase with increasing atmospheric turbulence
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strength. Take, for instance, a BER of 1076 in a channel with oi =0.01, then the
required SNR is about 18 dB. Conversely, for a fading strength of of = 0.50, the
required SNR increases to 28 dB. In addition, with this BER and for of = 0.01

and 0,2 = 0.50, an additional 2 dB and 12 dB respectively are needed when

compared with an ideal channel where no turbulence condition is assumed.
Consequently, it can be inferred that the BER increases as turbulence strength

becomes fiercer.
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Figure 4.3: Average BER versus SNR for BPSK under different

turbulence conditions at 1550 nm.

Furthermore, Figure 4.4 illustrates the average channel capacity of the FSO

link as a function of average electrical SNR considering different values of

turbulence strength. The atmospheric turbulence parameters a,%, € (0.0120,

0.1486, 0.2078) give rise to CZ € (6.03x10716 m=23, 7.62x10715 m=273,
1.09x10~14 m~283) which correspond to the weak, moderate, and strong

turbulence conditions, respectively. Additionally, on the same plot, the capacity

for the non-turbulent channel condition (without fading) is present for
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comparative analysis. It can be observed that the ergodic capacity of the FSO
link can be influenced by the intensity of atmospheric turbulence. Accordingly, it
is noted that the capacity of the ergodic channel for the situation of weak
turbulence is relatively greater than in the case of moderate and strong
turbulence regimes. Besides, the utmost capacity is given to the channel

condition with no fading.
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Figure 4.4: Average channel capacity of FSO link versus average
electrical SNR.

Therefore, the result indicates that the atmospheric turbulence-induced fading
brings about severe impairment in the FSO link performance. If care is not taken,
this can result in persistent link failures in the long run. As a result, wireless
optical systems are not as reliable as typical fiber optic systems. Thus, state-of-
the-art technologies must be implemented to address the challenges and

significantly enhance system performance.
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4.5 Channel Measurement and Characterization

There has been an increase in efforts in the modeling of communication
channels based on experimental measurements. One of such efforts presented
in [35] considers a link operating at 1550 nm, estimating the fading distribution
for several aperture sizes. Using an unmodulated continuous-wave source, the
fitting parameters for the LN and the I'T fading distributions were compared
based on the analytical model and experimental data. The analysis was done
according to the receiver diameter. In addition, the FSO channel measurements
completed the evaluation of the parameters for the fading distributions by means
of an unmodulated continuous-wave source at 1550 nm in [36]. Based on the
method, the authors jointly assessed parameters of the LN and I'T fading
distributions taken the noise into consideration. Moreover, attenuation
measurements on the FSO link channel operating at 1550 nm were reported in
[37], however, no channel model was presented. Similarly, measurement results
of a FSO link at 785 nm were reported in [38].

In the subsequent subsections, the experimental setup and the results for the
FSO channel gain measurement, in which an outdoor link of 10 Gbps and 54 m

operating at the wavelength of 1548.51 nm, are presented.

4.5.1 Experimental Setup

Figure 4.5 illustrates the experimental setup for the measurement of the
outdoor FSO channel. The setup comprises a point-to-point FSO link in which the
IM/DD technique is employed.

A 10 Gb/s NRZ signal is generated with the aids of a pattern generator that

utilizes a PRBS of length 223 - 1 bits. Moreover, the generated electrical signal is

then introduced into a JDSU® Integrated Laser Mach-Zehnder (ILMZ) being
driven to the wavelength of 1548.51 nm.
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Figure 4.5: Outdoor experimental FSO setup.

A SMF is employed to transmit the optical signal from the laser to the fiber
collimator, which then emits into the free space an optical beam 3 mm in
diameter. In this experiment, an optical power of 0 dBm was set at the input of
the fiber collimator. The collimated optical beam propagates over the FSO
channel with a round-trip length of 54 m. The total transmission distance is
realized when the optical beam of the fiber collimator 1 passes through the FSO
channel and reaches the mirror ahead, at which point the reflected beam is
returned back to the fiber collimator 2 at the receiver with approximately its initial
diameter (2 mm). The mirror with 4 cm in diameter, has a concave profile and is
located at a distance of 27 m from fiber collimators 1 and 2. The concave profile
mirror minimizes beam scattering and significantly maximizes power transfer.
The optical beam received by the fiber collimator 2 is focused on a SMF and
subsequently converted to an electrical signal of 10 Gb/s, with the aid of PIN
photodiode and then real-time sampled by an oscilloscope (Tektronix®:
DPO72004B) at the sampling rate of 50 GS/s.

4.5.2 Experimental Results

In this study, we present the results of FSO channel samples collected from
9th - 20th November, 2015 for characterization. The acquired data on 12th
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November 2015 at 01:45 pm as well as 09:30 pm are considered. The followings
are the recorded weather conditions:
1. Scenario 1: 01:45 pm
Temperature, 22 °C; wind, 6 mph; humidity, 69%; pressure, 1031 mb;
visibility, 10 km; precipitation, 0 mm; and rain rate, 0%.
2. Scenario 2: 09:30 pm
Temperature, 17 °C; wind, 4 mph; humidity, 80%; pressure, 1030 mb;

visibility, 9 km; precipitation, 0 mm; and rain rate, 0%.

In order to carry out the FSO channel measurement, an unmodulated laser signal
was injected into the FSO channel. The mean value recorded for the FSO
channel path loss for the configuration and atmospheric conditions was 9 dB.
With the aid of statistical calculations, the signal detected and received by the

oscilloscope in real time was later evaluated offline by MATLAB.

The refractive-index structure parameter C,%, characterization is accomplished by

fitting the nearest LN and the I'T" pdf curves to the pdf of the received data. The
obtained fittings are depicted in Figure 4.6.
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Figure 4.6: Experimental and fit histogram of normalized irradiance with
log-normal (LN) and gamma-gamma (I'T") fits under different

scintillation index values.
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We measure the scintillation index a,%, for the two considered scenarios. The
acquired values are 0.0135 and 0.2078 for 09:30 pm and 01:45 pm, respectively.

For the former scenario in which oN= 0.0135, the LN as well as the I'T fit very

well with the measured channel samples a,%,. On the other hand, when oN=

0.2078, the LN fitting is slightly loose and unable to offer an accurate result for
the fading model. However, the IT fitting still keeps a comparatively better
outcome for the fading model. The result indicates that the LN model is
inappropriate for the characterization of strong atmospheric fading.

In addition, the evaluated values of the refractive-index structure parameters

C% . are 6.7807x1071® m™3 (52 = 0.0135) and 1.0864x1071* m 2?3 (o2 =

0.2078). Consequently, the first (o2 = 0.2078) and the second (o2 = 0.0135)

scenarios match with the strong as well as weak turbulence regimes,

respectively.

4.6 Research Contributions

The contributions of this chapter regarding the optical system, as well as to
the channel models and channel characterization, are presented. With reference
to the manuscripts [J3, B2], the SISO link is characterized by the data obtained
from the experimental channel measurements. Moreover, the scintillation effects
on system performance are evaluated for various turbulent conditions. In
addition, the SISO FSO studies were extended to diversity schemes and
proposed closed-form expressions for assessing the channel capacity of the
MIMO FSO communication systems, considering atmospheric turbulence fading

channels.
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4.7 Conclusion

This chapter presents the experimental results of the channel characterization
of the SISO FSO communication link. The presented results are based on
channel measurements. Moreover, were presented the histograms of the FSO
link samples in conjunction with the associated LN and I'T distributions fitting.
Furthermore, it was established that the reliability of the FSO scheme is

influenced considerably by the weather conditions.
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Real-Time Coherent PON OWC
based on Dual-Polarization for
the Mobile Backhaul/Fronthaul

This chapter presents the main achievements attained by conducting the
experimental work in [J2, J4], and also, discuss the results obtained in laboratory
work described in [J1, J3, C1-C3, B2]. In general, this chapter presents the work
carried out experimentally from proof of concept, implemented on long-range
coherent PON systems integrating OWC and capable to transmit in gigabit.
Moreover, the performance of a system simultaneously transmitting data traffic in
the GPON standard and the optical signal of a CATV system is experimentally
validated using a bidirectional link in FSO and 20 km of SMF. In addition, the
implementations of FSO interfaces used to couple the optical beam between the
SMF and the PF-POF are studied. The considered configurations, implemented
in a logic of optical transparency of transmission by paths of diverse nature,
validate the ability of the optical paths can be shared simultaneously by several

applications.
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5.1 Introduction

The advent of the 10T has pushed the connections of billions of smart devices
to the Internet. It has been surveyed that, almost 5 to 9 billion connected devices
have been evaluated for a market size of about 700 billion in 2015. In addition,
approximately 25 to 50 billion IoT devices are to be adopted each year. This
denotes annual increments of 17 to 32 percent in the system [6]. Consequently,
the growing Internet traffic demands for subsequent network upgrade. Therefore,
network operators have been improving their systems with regard to 5G, taking
advantage of the associated high-capacity of fiber-optic infrastructures and
upgrading the spectral efficiency (SE) of their networks.[J4].

It should be noted that the existing FTTH scheme is based on TDM-PON in
which one or two wavelengths are implemented. This commonly employed
technique in the optical networks may be a limitation to support the envisioned
bandwidth requirements by the system. In an effort to overcome this limitation,
WDM-PONs have been widely studied as viable architectures for future access
networks. WDM-PONs systems have good scalability features that can be scaled
to dense WDM PON (DWDM-PON), as well as ultra-dense WDM PON (UDWDM-
PON) schemes, which may be a solution when channel bandwidth is reduced
[C1, C2, 7]. Additionally, a robust, flexible and spectrally efficient PON system
can be achieved by employing coherent optical technologies that are established
in software-defined transceivers based on digital signal processing (DSP) [J1, 8].
The SE as well as the number of users in the stipulated wavelength can be
increased by the use of coherent PONs with complex modulation and dual-
polarization (DP) transceivers [9,10]. Nevertheless, the application for
commercial purposes by the mobile network operators is limited by the high cost
of the transceiver. Therefore, research on cost-effective transceiver is very
essential for system improvement [11]. In addition, the implementation of cost-
effective DSP can aid in lessening the hardware implementation cost. Besides,
DSP with polarization demultiplexing (PolDemux) technique can be of good
assistance in automatic polarization control. Moreover, owing to its robustness,

simplicity, and immunity to phase noise, constant modulus algorithm (CMA) can
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also be implemented for blind equalization as well as PolDemux [J4, 5, 12].

Moreover, it should be noted that there are some geographic areas of the
network where physical connections through fiber optic cables are unrealistic or
in rural area where fiber infrastructure is not available, and where FSO
connections may be the appropriate solution for connectivity [J2]. As previously
stated, FSO connections has various advantages that encourages their use for
broadband access connectivity in an effort to meet next-generation networks
(NGN) bandwidth demands [J2, J3, C1, 1, 3]. Also, the notion of radio signal
transmission over FSO (RoFSO) takes advantage of the high capacity provided
by the optical technologies in addition to the ease of implementation of wireless
systems. Consequently, the DWDM RoFSO system is capable of transmitting
multiple wireless signals simultaneously [J4, 4].

The intensity-modulations (IM) schemes have been extensively used in FSO
systems. It should be noted that schemes such as coherent UDWDM, advanced
modulation formats, and DP can be employed to further improve the transmission
coverage and capacity of the FSO system. Unlike the IM systems, the DP
schemes are not conditioned by the non-linear response of the intensity
modulators and are invulnerable to the laser phase noise. Furthermore, the DP
schemes have the ability to prevent turbulence-induced fading. This is due to the
fact that polarization states are better conserved than the phase and amplitude of
the optical signal during propagation [12]. Moreover, coherent FSO systems
exhibit greater sensitivity at the receiver and also allow substantial rejection of
background noise as well as intentional interference. Besides, coherent FSO
systems allow the transmission of information in the phase, amplitude or
polarization of the optical field, aiding in the substantial enhancement of the
system's SE. Nevertheless, as aforementioned, intensity-modulation/direct-
detection (IM/DD) schemes are widely used because of their related low
implementation cost and complexity. However, the current improvement involving
integrated coherent receivers and high-speed DSP circuits stimulates interest in
the implementation of coherent FSO systems [J4, 2].

The remaining chapter is organized as follows: In Section 5.2, experimental
validation of coherent long-reach and gigabit-capable UDWDM-PON and FSO
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systems is presented. Section 5.3, describes the experimental demonstration of
a work that involved the GPON data traffic and the CATV optical signal
transmission through a connection formed by two bidirectional FSO sections and
20 km of SMF. Research contributions are presented in Section 5.4 while

conclusions are given in Section 5.5.

5.2 Real-Time Gigabit-capable Long-reach
Coherent UWDM- PON and FSO Systems

This section describes and analyzes the results obtained experimentally by a
coherent long-reach and gigabit-capable UDWDM-PON system as by the
presence of a FSO section on the transmission link. The presented system is
able to support several applications in the same fiber optic infrastructure in a
mobile backhaul (MBH) network, as illustrated in Figure 5.1. Furthermore, for the
first time, real-time and reconfigurable DSP reception of DP-QPSK signals
through silicon SMF and FSO medium is presented. The receiver system
employed is based on commercial field-programmable gate array (FPGA). The
analyzed MBH network is structurally based on 20 UDWDM channels, distanced
each other from 2.5 GHz and 625 Mbaud per channel. Signal transmission and
reception over 100 km of SMF as well as over a hybrid 100 km of SMF and a
54 m outdoor FSO link is considered. The lowest sampling rate required for
coherent digital PON was achieved by implementing four 1.25 Gs/s ADCs using
an electrical front-end receiver that provides only 1 GHz of analog bandwidth.
This is achieved using a coherent receiver with phase and polarization diversity,
along with the DP-QPSK modulation format [12]. This technique is essential for
lowering the electrical digital blocks required in the ONU, considering the
radiofrequency (RF) rates. This transmission scenario meets the predicted data

rate for next-generation coherent optical access networks [J4, C1, B2].
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Gigabit-capable long-reach coherent UDWDM-PON and FSO

systems for mobile backhaul (MBH) networks.

(BRAS: broadband remote access server; BBU: baseband

unit)

The experimental configuration | use to validate the performance of the

UDWDM-PON system containing a hybrid link formed by sections in SMF and

FSO and with an optical signal in DP is shown in Figure 5.2 (a). In the

implemented configuration, the information presented to the DSP in the receiver

is estimated in real time. The UDWDM grid in the OLT is formed by injecting the

light from four external cavity laser (ECL) with 100 kHz linewidth in the two 1Q
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modulators (IQMs). Regarding the configuration of the ECL lasers, wavelength

Ao is centered at ~1549 nm. As for the wavelengths 44, 13 and 14, these are
shifted from A, by -5, -2.5 and +2.5 GHz, respectively. Next, the IQM{ modulator
is powered by lasers with wavelengths 44 and A,, and driven by a 65 Gs/s
arbitrary waveform generator (AWG). By the same process, the A3 and A4 lasers

power the IQM,, which is driven by another AWG (AWG,) generating 16 Gs/s.
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Figure 5.2: (a) Experimental setup for 20 x 625 Mbaud DP-QPSK signal;
(b) Overall outdoor scenario;
(PBS/C: polarization beam splitter/combiner; BPD: balanced
photo-detector; CoRX: coherent receiver; WS: wavelength

selective switch).

Therefore, the two AWGs generate signals at 625 Mbaud with a pseudo-

random binary sequence (PRBS) with a pattern length of 212 -1. Furthermore,

the subsequent signal is digitally filtered by means of a raised-cosine (RC) filter
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with a roll-off factor of 0.1, in addition to 32-taps and 3-taps FIR filters, as well as
a simple FIR filter of the pre-emphasis subsystem, respectively [J1, J4]. DP-
QPSK is the modulation format implemented, which offers 2.5 Gb/s per end-user.
Moreover, after modulation, the four created channels are subsequently
combined and injected into an optical comb generator. This is the effort required
to replicate the four channels to a total of 20 channels, with 2.5 GHz channel
spacing. Figure 5.3 (a) illustrates the 4-channel spectrum. The resulting UDWDM
grid for the 20 channels is shown in Figure 5.3 (b).
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Figure 5.3: Spectrum of (a) 4-channels and (b) 20-channels.
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The spectral width displayed by the UDWDM channels is about 750 MHz
when measured at -20 dB of the wavelength peaks [J4].

The resulting signal is split into two branches by an optical splitter in order to
emulate a polarization-division multiplexing (PDM) system. The two optical
signals are then adjusted and orthogonally polarized through polarization
controllers (PC). For reasons of information de-correlation between the two
branches, a delay of 12 symbols is applied to the optical signal of one of the
branches. Thereafter, the two orthogonally polarized signals are multiplexed in a
single one through a polarization beam combiner (PBC). This gives rise to a
resulting double polarization signal. Subsequently, the signal is transmitted only
through a SMF with a length of 100 km (switch in the A position) or through the
SMF and 54 m in outdoor FSO (switch in position B). The optical power delivered
to the SMF input is regulated through a variable optical attenuator (VOA) and an
EDFA operating in the C-band with 20 dB of optical gain and 4.5 dB of noise
figure. The SMF input power was set to —10 dBm [J4, J5, B2].

At the receiver, the signal is coherently detected using a 4 x 90° optical hybrid
on the receiver side. This is achieved through a free-running, 100 kHz linewidth
ECL, acting as a local oscillator (LO), tuned to the frequency of the channel to be
captured. In the development of this work, as shown in Figure 5.2, the center

frequency of 1, channel was used as the value for LO frequency. Following the

receiver, four balanced detectors (BD) are used for optical signal conversion to
the electrical domain. Transimpedance amplifiers (TIAs) then amplify the
resulting signal. Therefore, the process performed by the coherent detection
module (CoRXx) presents, at the output of the TIA, the in-phase and quadrature
components of both polarizations of the channel previously selected by the LO.
Low-pass filters of 1 GHz are then employed to filter the signals at the output of
the TIAs, which are subsequently sampled through four 8-bit ADCs and
1.25 Gs/s.

Then the digitalized signal is sent to a Virtex-7 FPGA, where all 8-bit DSP
post-detection is performed in real time. The DSP used is that based on [12] and

the method to perform the required polarization tracking was the CMA. In
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addition, the BER is measured in real-time using the bit error count, which is
calculated by the average between the two polarizations. It should be noted that
the DSP clock is set to 156.25 MHz. This result shows a degree of polarization
(DOP) of 0.8, thus reaching 1.25 Gs/s for the sampling rate. The implementation
is due to the fact that, the majority of my DSP operations are based on 8-bit of
resolution [J1, J4, B2].

Also, | performed the implementation of an external FSO path as part of the
transmission link of the considered UDWDM system. Figure 5.2 (b) shows the
external configuration image of the FSO setup. The coherent FSO connection
employed consists of two optical fiber collimators as well as a concave mirror
with aluminum reflector. The meteorological conditions recorded for the FSO link
were as follows: wind, 12 km/h; temperature, 10 °C; and relative humidity, 73%.
The collimated laser beam emitted by the transmitter collimator passes through
the atmospheric FSO channel, in a total length of 54 m. After traversing the initial
27 m, the emitted optical beam is reflected by a concave mirror, returning the
beam to the neighborhood of the emitter collimator. Therefore, after traversing
the 54 m of the FSO channel, the reflected beam with a final diameter of ~ 4 mm
is collected by the receiver collimator [J3, 1]. It was estimated for the FSO
outdoor communication link, an aggregate loss of about 8 to 9 dB. Therefore,
after the signal is received in the collimator, it is channeled to the integrated

phase and polarization-diversity coherent receiver [J4].

5.2.2 Experimental Results and Discussion

Figure 5.4 shows the receiver sensitivity to the measured BER for the center
channel (1y). The measurement is made considering the DP-QPSK and the
transmitted power per channel at the output of the transmitter is set at -10 dBm.
Figure 5.4 shows the results for the back-to-back (B2B), 100 km SMF and
100 km SMF plus 54 m FSO scenarios. It should be noted that for each scenario,

the transmissions of 1, 4, and 20 UDWDM channels are studied, respectively. In

this study, the BER limit of 3.8x1073, which is compatible with the application of
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the 7% hard-decision forward error correction (HD-FEC) codes, is taken into
account. Considering 100 km of fiber and 20 channels, the observed sensitivity
for the DP-QPSK is almost -44 dBm. For the stated BER limit and for 20
channels, the comparative penalty observed between the signals in B2B and with
100 km of SMF is < 1 dB. Likewise, for the scenario of 20 channels through
100 km of SMF plus 54 m of a FSO link, the observed sensitivity is ~ -42 dBm.
Relating this to the B2B scenario brings about a penalty of ~2 dB. Moreover,
considering the scenario of 20 channels over 100 km of SMF plus 54 m of FSO,
Figure 5.5 illustrates the BER variation in real-time during 1 h 40 min of link
operation, considering the received power from the DP-QPSK of -38 dBm. The
obtained result shows a comparatively stable performance during the

measurement [J4].
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Figure 5.4: Receiver sensitivity in terms of BER, for DP-QPSK signals

and obtained for the center channel (15).
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Figure 5.5: Variation of BER versus time, for 20 channels transmitted
through a link of 100 km in SMF and 54 m in FSO, for the
DP-QPSK data format and -38 dBm of received power.

5.3 Gigabit PON and CATV over Hybrid FSO

and SMF with Bidirectional Transmission

In this section, the performance of a system involving the combined
transmission of data traffic in GPON and the CATV optical signal is demonstrated
experimentally through a bidirectional connection formed by two sections in FSO
and a 20 km section in SMF, as shown in Figure 5.6. In the study, FSO
transmission in indoor and outdoor atmospheric environments is taken into
account. The metrics used for performance evaluation are the packet error rate
(PER) and the carrier-to-noise-ratio (CNR) for the GPON transmission and for

CATYV signal degradation, respectively.
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Figure 5.6: GPON traffic structure and the proposed FSO links.

5.3.1 Experimental Setup

In this subsection, the optical link performance is analyzed taking into account
the different transmission paths proposed and their combinations. Figure 5.7
illustrates the experimental setup, which comprises FSO sections plus 20 km of
SMF. The FSO beam will travel an internal path (InNFSO) of 17.5 m if the switch
(SW) is in position A, or an external path (OutFSO) of 27.5 m if the SW is in
position B. In the assembled configuration, the InNFSO section was established
within a closed and controlled environment (hallways of a building), while the
OutFSO section was established in a turbulent environment, conditioned by
atmospheric variations.

The values of the atmospheric parameters recorded during the experiment
involving the OutFSO channel were: 91% relative humidity, an average

temperature of 12 °C and 5 m/s for the average wind speed. The “IXIA©
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Generator and Traffic Analyzer” (IGTA) previously created the data traffic sent by
the OLT. The data frames were sent by the OLT downstream to the ONU, using
1490 nm for the wavelength at a binary rate of 630 Mbps. The IGTA is also
responsible for producing and distributing user data traffic to the ONU.
Subsequently, this traffic is sent from the ONU to the OLT (upstream direction) at
1310 nm using a binary rate of 560 Mbps. Furthermore, IGTA helps to determine
the packet error rate (PER) or data packet loss (DPL) of downstream traffic

received by the ONU or received upstream by the OLT.
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Figure 5.7: Experimental configuration of the GPON and CATV system
through the hybrid transmission medium formed by SMF and

an atmospheric link in FSO.
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According to the ITU recommendations on the video overlay on the GPON
system [13], a sample of the CATV signal was obtained from a public
telecommunications operator. The captured signal comprised 40 analog
channels in the range of 180 to 860 MHz (channel 26 - ITU-100), which
modulated the wavelength of 1556.56 nm. The CATV signal started to be
amplified by means of an EDFA and placed in the optical network through a
50:50 optical coupler. The signal, after reaching the ONUs, was then distributed
to the respective users.

The FSO link in this work was implemented by means of fiber collimators.
Through concave mirrors, these collimators capture the optical beam emanated
(and divergent) by the SMF, collimate and launch it in free space. This process is
necessary to reduce beam scattering and maximize power transfer. Due to the
presence of three relatively spaced wavelengths which are present in the
GPON + CATV system (i.e., 1310, 1490 and 1556.55 nm), collimators are used
in which collimation of the optical beam is performed by reflection on the surface
of a mirror. The collimators used allow mechanical adjustment, so that the three
wavelengths can be simultaneously adjusted for maximum power transfer and
without significant variations between them. It should be noted that collimators in
which collimation is made by refraction through lenses have wavelength-
dependent focal points, which leads to disproportionate attenuations when
dealing with the presence of different wavelengths in the optical beam.

Noted that the FSO transmission, as well as the used collimators in this
system, imposes significant losses in optical transmission. An Extender Box
(ExB), which assists in the amplification of the optical beam, compensated this
excess attenuation. In the ExB, two multiplexers split up the optical signals into
three distinct wavelength signals, amplifying them separately by means of
semiconductor optical amplifiers (SOA) at the wavelength of 1490 nm (SOA-1),
1310 nm (SOA-2 ) and an EDFA at 1556.56 nm. It should be noted that Variable
Optical Attenuators (VOA), located at wavelengths of 1310 and 1490 nm, are
used to optimize GPON link gain for both upstream/downstream directions. This
allows the analysis of the PER versus optical beam sensitivity at the input of the
OLT as well as the ONU.
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5.3.2 Experimental Results and Discussion

DPL analysis in GPON was carried out by using the PER values offered by
the IGTA equipment. The power sensitivity at the ONU input was determined with
the aid of a VOA, which varies power only at the wavelength of 1490 nm, as well
as by means of a coupler (1%). In the same way and upstream, the power
sensitivity at the OLT input was evaluated by a VOA, which varies power only at
the wavelength of 1310 nm, as well as by means of a coupler (1%). In this way,
the results of the optical connection configurations between OLT and ONU were
obtained considering this connection in back-to-back (B2B), or with 20 km of
SMF or with the InFSO section. In addition, the configuration with the 20 km of
SMF plus the InFSO section (SMF + InFSO) and the configuration with the SMF
and OutFSO section (SMF + OutFSO) was tested. In previous configurations,
SMF + InFSO and SMF + OutFSO, optical amplification using ExB was used.
Figure 5.8 shows the PER results measured for the five tested configurations,
taking into consideration the optical power at the ONU input, Figure 5.8 a), and at
the OLT input, Figure 5.8 b).

The experimental data of the degradation of the sensitivity for the different

configurations, considering as reference the B2B configuration and a PER of

1073 %, are given in Table 5.1. When the results of the SMF + InNFSO and SMF
settings are related, there is an increase in sensitivity degradation of 1.6 dB and
1.3 dB for downstream and upstream, respectively.

Similarly, because of the atmospheric turbulence and scintillation present in
the space-free section of the optical path in the SMF + OutFSO link, there is an
increase in degradation of 2.8 dB and 4.8 dB respectively downstream and
upstream, in relation to the SMF Link. The increased slope and spacing observed
in the curves of Figure 5.8 a) and the greater degradation of the sensitivity at the
ONU input, when compared to the curves of Figure 5.8 b), are due to the lack of
sophistication of the optical receiver existing in the ONU compared to that used
in the OLT.
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Figure 5.8: Experimental results. a) Downstream, 1490 nm and b)

Upstream, 1310 nm.

It should be noted that another analysis comprising the SMF + OutFSO link
results shown in Figure 5.8 b) and the upstream data presented in Table 5.1
should be considered. Thus, the high value of the sensitivity degradation (5.3 dB)
for the SMF + OutFSO link, compared to the value of the others in Table 5.1, is

due to the SOA-2 used in the ExB in Figure 5.7. This circumstance is not
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experienced when it is analyzed downstream, Figure 5.8 a). The power
fluctuations of £ 0.1 dB and = 0.7 dB were observed for the optical beam over the
INFSO and OutFSO sections, respectively. Therefore, the obtained value of
sensitivity degradation for the SMF + OutFSO link shows a relatively higher
scintillation of the optical beam. On the other hand, it is well known that the
amplification process in SOA is affected by the spontaneous emission of photons
with phases and random polarizations. This results in noise, which is one of the
degradation factors of the optical signal. It is observable in Figure 5.7 that the
transmitted upstream optical signal (1310 nm) is first degraded by the
atmospheric turbulence affecting the OutFSO section of the link. Therefore, at
SOA-2 input, the optical signal may have small or null random values, with
magnitude orders close to the noise values generated internally in SOA, which
hinders the fidelity of signal amplification. Consequently, in the upstream
SMF + OutFSO configuration, the value of the sensitivity degradation is closely
linked to the quality of the SOA (it must be of internal low-noise) as well as the

scintillation margin of the link.

Link Downstream Upstream
OLT — ONU (dB) ONU — OLT (dB)

SMF 0.5 0.4

InNFSO 1.3 1.0

SMF + InFSO 2.1 1.8

SMF + OutFSO 3.3 5.3

Table 5.1:

Setup and a PER of 1073 %

Sensitivity Degradation (dB) of GPON Traffic to the B2B

In addition, the RF spectrum of the CATV signal, when transmitted only by

SMF at 1556.56 nm, is illustrated in Figure 5.9 a). Likewise, Figure 5.9 b) shows
this CATV transmission through the SMF + OutFSO link.
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Figure 5.9: RF spectra of an optical transmission at 1556.56 nm through
a) 20 km in SMF with 42 dB of CNR and of b) SMF + OutFSO
link with 40.6 dB of CNR.
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The analysis of the graphs shows a degradation of the CNR by about 1.5 dB,
relative to the transmission only by the SMF section. This is highlighted in the
figures by the D2 marker, which ranges from ~ -47.5 to ~ -49 dBm because of

atmospheric turbulence.

5.4 Research Contributions

The contributions of this chapter focused mainly on the SMF-FSO hybrid
system, the performance of GPON data traffic as well as the CATV optical signal
transmission. Contributions in these areas and other subjects are discussed in
the following subsections.

With reference to manuscript [J4] and the book chapter in [B2], laboratory
assemblies integrated into proofs-of-concept are presented, which help to
validate the transmission capacities of a hybrid SMF-FSO system. The
experiments are relevant in coherent long-range PON systems, validating the
FSO application in several areas of the networks where direct/physical
connections through only optic fiber cables are impractical. Furthermore, in [J5],
the possibility of using FSO interfaces between SMF and PF-POF couplings is
presented.

In [J1, C1], apart from the transmission capabilities of a coherent UDWDM-
PON and outdoor FSO systems, which were experimentally demonstrated, the
implementation of an indoor FSO link was also experimentally validated in [C1].
From the experimental results, it was shown that the UDWDM-PON is an
attractive scheme in the implantation of the future access network involving
different scenarios.

In [C2, C3], a bi-directional 12 x 10 Gb/s PON based on a hybrid ODN,
consisting of sections in SMF and FSO, is experimentally demonstrated. A power
budged of 30.5 dB was observed for an extension of 80 km in the optical
distribution network (ODN) and hybrid division based on beam dividers. In
addition, a shifted TWDM signal was introduced to examine the effects of the

heterogeneous coexistence solution on the system.
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It was experimentally demonstrated a GPON plus CATV system in [J2]. The
configuration was based on a bidirectional transmission over 20 km of SMF
or/and FSO section. The feasibility of the proposed system was studied by
measuring the data packets loss and the carrier-to-noise ratio value for the video
signal degradation.

Another contribution of this chapter is based on the optimization of power
parameters per channel in both direction and band separation involving hybrid
point-to-multipoint ODN in [C3]. In the carried-out work, it was considered the
coexistence of UDWDM with video overlay, as well as their corresponding
impacts on the system operation. High aggregated capacity and high spectral
efficiency were achieved. This is a result of the reduced effects of stimulated
Raman scattering (SRS), as well as cross-phase modulation (XPM) with optimal

band-guard employed between the RF-video and the UDWDM channels.

5.5 Conclusions

In this chapter, an experiment was presented for the proof-of-concept of a
coherent UDWDM-PON and hybrid system containing SMF plus FSO media with
long-reach and gigabit-capable. The experiment is based on DP signals, with the
proposed architecture being able to support different applications over a shared
fiber infrastructure. In addition, OLT/ONU transceivers have been validated with
real-time reconfigurable DSPs emulated by commercial FPGAs for DP-QPSK
signals over SMF, as well as, for the first time, over FSO links. The MBH network
analyzed in this work is based on 20 x 625 Mbaud and DP-QPSK channels with
2.5 GHz spacing. Moreover, the obtained results indicate the feasibility of
coherent, flexible and dual-polarized PON supported by software-defined
transceivers. In addition, the feasibility of a bidirectional GPON + CATV system
has been experimentally demonstrated. In this work, the possibility of employing
a FSO path as an alternative and/or complementary solution for the bidirectional
GPON + CATYV systems was validated.
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Conclusions and Future Works

This chapter presents the results obtained through research, simulation and
experimental works involving the alternative optical transmission media, namely
those obtained through [J2, J4, J5]. In addition, a perspective on possible

guidelines for future work is given.

6.1 Conclusions

The PF-POF and atmospheric FSO were studied as alternative media of
optical transmission in relation to SMFs and short-distance RF transmission. In
addition to the GPON network, WDM networks defined by the ITU-T G989.1
standard were analyzed, namely DWDM networks and PtP-WDM networks,

which seek to provide one A per client (UDWDM).

In Chapter 2, a bidirectional dual-polarized QPSK system with a total capacity
of 400 Gbps in each direction is exposed [J5]. Optically transparent and diverse
media such as silica and polymer performed the transmission. It was found that
the option of using fiber collimator pairs in the optical beam coupling between
SMF and PF-POF fibers with different cores and NA allowed uniform bidirectional

attenuation at the connections. The 50 m length of the PF-POF is longer than the
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coupling length (Lc) assigned to this type of optical fiber, placing it in a high
coupling modal regime, making its impulse response independent of polarization.
However, it was observed in the transmission through PF-POF, in both
polarizations, that the spectrum received at the input of coherent receivers
presents phase dispersion distortion due to the irregular variation of fiber
refractive index. This work established a new benchmark for PF-POF
transmission, regarding the speed and spectral response received in the

transmission range around 1550 nm.

UDWDM has been shown to be an attractive solution for improving network
flexibility and spectral efficiency (SE) considering the use of digital signal
processing (DSP) implemented by software-defined transceivers. Chapter 5
introduces a UDWDM-PON hybrid system using SMF+FSO as transmission
media. The system comprises 20 DP-QPSK channels spaced at 2.5 GHz, with a
symbol rate of 20x625 Mbaud and the ability to support multiple applications on
the same fiber frame, considering MBH networks [J4]. Interference between
2.5 GHz narrowly spaced UDWDM channels, as well as optical beam fluctuation
due to turbulence in the FSO channel, affects the received signal. The
experimental performance of the system was estimated in terms of receiver
sensitivity, considering 1, 4 and 20 channels. In this system, the application of
reconfigurable real-time OLT/ONU DSP-based transceivers, emulated by a
commercial FPGA, has been shown in the recovery of DP-QPSK signals over
SMF and FSO links.

Chapter 5 describes a two-way GPON+CATV system consisting of three
wavelengths propagating through an optical channel, formed by SMF and
turbulent outdoor or indoor FSO section, as first announced in publication [J2]. A
lens-refracted beam angle is a wavelength function that differently affects the
wavelength amplitudes received by the ONUSs. Thus, reflection-based collimators
(mirrors) were used, which allowed adjusting the three wavelengths equally,
even occupying distinct bands. Optical transparency was ensured in the

bidirectional propagation of the signal through different optical transmission
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media, with a clear advantage in preserving bandwidth. In FSO transmission,
signal fluctuation by atmospheric turbulence and phase dispersion distortion
associated with random refractive index fluctuation were challenges regarding
the feasibility of CATV signal propagation as RF-based video overlay. The CATV
signal was found to be satisfactorily received, with 1.4 dB CNR degradation

across 54 m of a external FSO link.

6.2 Future Work

In the course of the researches and experiments presented in this thesis,
guestions were observed that may pave the way for further studies in this field.

Below are listed some of the possible research topics.

In the various laboratory implementations involving optical transmission in
free space, it was necessary to construct an optical channel assembly in open
space subject to real atmospheric conditions, therefore, not controllable. Thus,
atmospheric phenomena such as wind, rain, haze, snow, hail, dust, artificial
smoke or industrial gases could not be applied to the channel at the appropriate
time and with reasonable parameter control. In the future, to optimize the study
of a free space transmission, it will be pertinent to construct an optical channel
within a tunnel in which it is possible, in a controlled way, to simulate the various

atmospheric conditions of interest.

The connection between optical guided media with different core diameters
such as silica SMF and PF-POF creates modes coupling problems and energy
transfer. This is most pronounced when there is bidirectional and multiband
transmission (eg GPON + video overlay) through a lens, leading to distinct
attenuations for different wavelengths. A future study evaluating the relative
attenuation losses due to the use of mirrors and lenses in the adaptation

between different fiber cores is pertinent.
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