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Abstract 

Optical Orthogonal Frequency Division Multiplexing (OOFDM) has been widely 
considered as one of the strongest contenders for high-speed Next-Generation PONs (NG- 
PONs) to satisfy the continuously increasing bandwidth requirements from individual and 
business users. From telecommunication equipment vendor's and network operator's point 

of view, cost-effectiveness is a key factor for practical mass deployment of OOFDM-based 

NG-PONs in future. As the electro-optic convertors involved in OOFDM transceivers take 

the majority of the OOFDM transceiver cost, the convertors, therefore, play critical roles in 

determining the system performance and cost. The thesis aims to theoretically investigate 

the feasibility of using low-cost semiconductor laser devices including Directly Modulated 

DFB Lasers (DMLs), Semiconductor Optical Amplifiers (SOAs) and Reflective SOAs 

(RSOAs) for converting real-valued electrical OFDM signals into the optical domain for 

transmission over simple Intensity Modulation and Direct Detection (IMDD) NG-PON 

systems. The validity of various theoretical models employed in the thesis is also 

rigorously verified by comparing with real-time experimental measurements. 

For DML-based OOFDM IMDD PON systems, special attention is first dedicated to 

extensive investigations of the impact of various physical mechanisms on the system 

performance to maximize the achievable optical power budget, transmission capacity and 

reach. The physical mechanisms include OOFDM signal Extinction Ratio (ER), DML- 

induced frequency chirp and subcarrier intermixing upon direct detection in the receiver. 
Results show that the low ER of a DML-modulated OOFDM signal is the predominate 
factor limiting the achievable optical power budget, and the subcarrier intermixing effect 

upon square-law photon detection in the receiver reduces the optical power budget by at 
least 1dB. The use of a 0.02nm bandwidth optical Gaussian bandpass filter in the 

transmitter with a 0.01 nm wavelength offset with respect to the optical carrier wavelength 
is proposed to enhance the 11.25Gb/s OOFDM signal ER by approximately 1.24dB. This 

results in a 7dB optical power budget improvement at a total channel BER of 1x 10'3. 

Moreover, by adopting a DML-modulated carrier suppressed Single Sideband (SSB) 
OOFDM technique in NG-PONs, 30Gb/s carrier suppressed SSB OOFDM signal 
transmission over 80km SMF without in-line optical amplification is achievable, which 
doubles the performance corresponding to conventional Double Sideband (DSB) OOFDM 

I 



signals without carrier suppression. It is also shown that 10Gb/s carrier suppressed SSD 

OOFDM signal transmission over 1200km SMF incorporating in-line Erbium Doped Fibre 

Amplifiers (EDFAs) is feasible. 

Given the fact that Wavelength-Division Multiplexing (WDM) has been widely deployed 

in practice, and that RSOAs/SOAs have advantages of compactness, capability of 

monolithic integration with electrical components and wide wavelength coverage of 

typically >100nm, in this thesis, RSOAs/SOAs are proposed to facilitate colourless 

transmitters for OOFDM IMDD WDM-PONs. Explorations show that, under optimized 
SOA operating conditions, 30Gb/s OOFDM signal transmission over 80km SMF without 
in-line optical amplification and dispersion compensation is feasible at 1550nm; and 

colourless transmissions of SOA-intensity modulated OOFDM signals of 30Gb/s over 
60km SMF are also achievable for a wide wavelength range from 1510nm to 1590nm. 

Moreover, numerical investigations are also undertaken of the performance comparisons 
between RSOA and SOA intensity modulators, and detailed discussions are also made of 

the influence of RSOA rear-facet reflectivity on the achievable RSOA-modulated OOFDM 

signal performance. Results indicate that the maximum transmission performance of 

30Gb/s over 60km SMF under optimum RSOA operating conditions is independent of 

rear-facet reflectivity, and the performance is very similar to that corresponding to SOAs; 

whilst under un-optimised operating conditions, the RSOA intensity modulators 

outperform considerably the SOA intensity modulators in transmission performance, which 

decreases significantly with reducing RSOA rear-facet reflectivity and optical input power. 

Finally, to simplify the network architecture and simultaneously improve the wavelength 

control functionality and system performance, wavelength reused bidirectional colourless 

OOFDM IMDD WDM"PONs are proposed, which incorporate a SOA intensity modulator 

and a RSOA intensity modulator in the optical line terminal and optical network unit, 

respectively. Results show that 10Gb/s downstream and 6Gb/s upstream over 40km SMF 

transmission of conventional DSB OOFDM signals are feasible. In particular, the 

aforementioned transmission performances can be further improved to 23Gb/s downstream 

and 8Gb/s upstream over 40 km SMF when SSB-Subcarrier Modulation (SCM) is 

introduced in the downstream systems. 

II 



Acknowledgements 

First of all, I am especially grateful to my supervisor Dr. Jianming Tang for his continuous 

guidance and strong support in the past years. I would also like to acknowledge my 

committee members, Prof. K Alan Shore, Prof. Paul S. Spencer, and especially Dr. Iestyn 

Pierce for important comments and suggestions on my study in Bangor, my papers and my 

thesis. My sincere gratitude also extends to Dr. Yanhua Hong for her constructive 

comments on my papers and the thesis, as well as her kind care about my life in Bangor. 

I would like to express my gratitude to Dr. Cedric F. Lam in Google for his continuous 

encouragement, guidance, friendship, and brotherly mentorship in both my study and life 

since I was studying under his co-supervision in China. I am also grateful to Prof. Kun Qiu 

in University of Electronic Science and Technology of China who brought me into the 

field of optical communications and recommended me to study in Bangor University. 

The time I spent with my colleagues in Bangor University was memorable. We shared 

experiences together in useful technical discussions and arguments, conferences, project 

meetings as well as leisure times. They include Dr. Xianqing Jin, Xing Zheng, Dr. Xuelin 

Yang, Roger P. Giddings, Dr. Emilio Hugues-Salas, Elias Giacoumidis, Muttsam A. 

Jarajreh, as well as Dr. All Hamid who was a visiting researcher from Lebanon, and 

Christian Sanchez who was a visiting PhD student from Spain. 

My acknowledgements also extend to other people in Bangor University for their kind help 

that I have received and to School of Electronic Engineering at Bangor University for 

providing the funding for my PhD research. Also, I would like to express my sincere 

gratitude to the Chinese government for financial support that enabled me to live in UK. 

Last but not least, I sincerely appreciate the selfless love and supports from my family. 

They always remind me of what "home" means. My dear friends from both China and 

Bangor, UK who provided me sincere support also deserve a big thank you and warm hugs. 

I love you all. 

III 



Abbreviations 

ADC Analog to Digital Convertor 

ADSL Asymmetric Digital Subscriber Loop 

AM Amplitude Modulation 

AMOOFDM Adaptively Modulated Optical OFDM 
APON ATM Passive Optical Network 

ASE Amplified Spontaneous Emission 

ATM Asynchronous Transfer Mode 

AWG Arrayed Wavelength Grating 

BER Bit Error Rate 

BLS Broadband Light Source 

BPF Bandpass Filter 

BPON Broadband PON 
BTB Back-to-Back 

CAPEX Capital Expenditure 

CATV Cable Television 
CD Chromatic Dispersion 

CFO Carrier Frequency Offset 
CMTS Cable Modem Termination System 

CO Central Office 

CO-OFDM Coherent Optical OFDM 

CP Cyclic Prefix 

CPE Carrier Phase Error 
CWDM Coarse WDM 

DAB Digital Audio Broadcasting 

DAC Digital to Analog Convertor 

DBA Dynamic Bandwidth Allocation 

DBPSK Differential Binary Phase Shift Keying 
DBR Distributed Bragg Grating 

IV 



DFB Distributed Feedback 

(I)DFT (Inverse) Discrete Fourier Transform 

DML Directly Modulated DFB Laser 

DOCSIS Data over Cable Service Interface Specification 

DQPSK Differential Quadrature Phase Shift Keying 

DSB Double Sideband 

DSL Digital Subscriber Line 
DSLAM DSL Access Multiplexer 

DSP Digital Signal Processing 

DVB Digital Video Broadcasting 

DWDM Dense WDM 

EAM Electro-Absorption Modulator 

EDFA Erbium Doped Fibre Amplifier 

EM External Modulator 

EPON Ethernet Passive Optical Network 

ER Extinction Ratio 

FBG Fibre Bragg Grating 

FDM Frequency Division Multiplexing 

FEC Forward Error Correction 

(I)FFT (Inverse) Fast Fourier Transform 
FM Frequency Modulation 

F-P LD Fabry-Perot Laser Diode 
FSAN Full Service Access Networks 

FSK Frequency Shift Keying 

FSR Free Spectral Range 

FTTII/B/C/P Fibre to the Home/Building/Curb/Premise 
FWM Four Wave-Mixing 

GEM GPON Encapsulation Mode 

GPON Gigabit Passive Optical Network 

GTC GPON Transmission Convergence 

GVD Group-Velocity Dispersion 

V 



HFC Hybrid Fibre Coaxial 

ICI Inter-Carrier Interference 

ID Identifier 

IEEE Institute of Electrical and Electronics Engineers 

IMDD Intensity Modulation and Direct Detection 

IP Internet Protocol 

IPTV IP Television 

I/Q Imaginary/Quadrature 

IRZ Inverse Return-to-Zero 

ISI Inter-Symbol Interference 

ITU International Telecommunication Union 

LAN Local Area Networks 
LED Light-Emitting Diode 

LPF Low-pass Filter 
LTE Long-Term Evolution 

MAC Media Access Control 

MAN Metropolitan Area Network 

MFL Multi-Frequency Laser 
MIMO Multi-Input-Multiple-Output 
MLM Multi-Longitudinal Mode 
MMF Multi-Mode Fibre 

MPMC Multi-Point Media Access Control 

NG-PON Next Generation Passive Optical Network 

NRZ Non Return to Zero 

OBPF Optical Bandpass Filter 

ODN Optical Distribution Network 

OFDM Orthogonal Frequency Division Multiplexing 
OLT Optical Line Terminal 

VI 



ONU Optical Network Unit 
OOFDM Optical OFDM 
OOK On-Off Keying 
OPEX Operational Expenditure 

OSI Open System Interconnect 

OSNR Optical Signal-to-Noise Ratio 
OSRNR Optical Signal to RB Noise Ratio 

P2MP Point-to-Multi-Point 

P2P Point-to-Point 

PAPR Peak-to-Average Power Ratio 

PLOAM Physical Layer Operation, Administration and Maintenance 

PMD Polarization Mode Dispersion 
POF Plastic Optical Fibre 

PON Passive Optical Network 

POTS Plain Old Telephone Service 

PS Power Splitter 
PSK Phase Shift Keying 
PTP Peak-to-Peak 

QAM Quadrature Amplitude Modulation 
QPSK Quadrature PSK 

RB Rayleigh Backscattering 
RF Radio Frequency 

RoF Radio over Fibre 

RSOA Reflective Semiconductor Optical Amplifier 

SBS Stimulated Brillouin Scattering 
SCM Subcarrier Modulation 
SCO Symbol Clock Offset 

SLM Single Longitudinal Mode 
SNR Signal-to-Noise Ratio 
SOA Semiconductor Optical Amplifier 

VII 



SPM Self-phase Modulation 
SRS Stimulated Raman Scattering 

SSB Single Sideband 
SMF Single-Mode Fibre 

STO Symbol Timing Offset 

TDM Time Division Multiplexing 

VCSEL Vertical Cavity Surface Emitting Laser 

VDSL Very fast data rate Digital Subscriber Line 

VOA Variable Optical Attenuator 

Vol) Video-on-Demand 

VoIP Voice over IP 

WDM Wavelength Division Multiplexing 

XPM Cross-phase Modulation 

VIII 



Contents 

Abstract ................................................................................................................................. I 

Acknowledgements ............................................................................................................ III 

Ab breviations .................................................................................................................... 1V 

1 Introduction .................................................................................................................... 1 

1.1 Major Achievements in this Dissertation .................................................................... .. 5 

1.2 Thesis Structure ........................................................................................................... .. 9 

2 Principles of Optical OFDM ....................................................................................... 16 

2.1 Introduction ................................................................................................................. 17 

2.2 History of OFDM ........................................................................................................ 17 

2.3 OFDM Fundamentals .................................................................................................. 18 

2.3.1 OFDM: Special Type of FDM ........................................................................ 
18 

2.3.2 OFDM Transceivers ........................................................................................ 20 

2.3.2.1 Bit Encoding ............................................................................................ 21 

2.3.2.2 IFFT/FFT ................................................................................................. 21 

2.3.2.3 Cyclic Prefix ............................................................................................ 25 

2.3.2.4 Serialization 
............................................................................................. 

26 

2.3.2.5 DAC/ADC 
................................................................................................ 

26 

2.3.2.6 Pilot-Assisted Channel Estimation and Equalization ............................... 
28 

2.3.2.7 Synchronization ....................................................................................... 
29 

2.4 Principles of Optical OFDM ....................................................................................... 
30 

2.4.1 Optical Fibres .................................................................................................. 
31 

2.4.1.1 Linear Fibre Effects ................................................................................. 
31 

2.4.1.1.1 Fibre Loss 
........................................................................................... 

31 

2.4.1.1.2 Rayleigh Scattering ............................................................................ 
32 

2.4.1.1.3 Chromatic Dispersion ........................................................................ 
34 

2.4.1.1.4 Polarization Mode Dispersion ............................................................ 
36 

2.4.1.2 Fibre Nonlinearities 
.................................................................................. 

37 

2.4.1.2.1 SPM, XPM and FWM ........................................................................ 
37 

2.4.1.2.2 SRS and SBS ...................................................................................... 39 
2.4.2 Coherent Optical OFDM (CO-OFDM) ........................................................... 40 
2.4.3 Intensity Modulation and Direct Detection Optical OFDM ........................... 

43 

IX 



2.4.4 Comparison between CO-OFDM and IMDD OOFDM ................................. 
48 

2.4.5 Adaptively Modulated OOFDM ..................................................................... 
50 

2.5 Conclusion .................................................................................................................. 
52 

3 I'ON Fundamentals ...................................................................................................... 
57 

3.1 Introduction ................................................................................................................. 
58 

3.2 Access Network Architectures .................................................................................... 
58 

3.2.1 Digital Subscriber Line (DSL) ........................................................................ 
59 

3.2.2 Hybrid Fibre Coaxial (HFC) ........................................................................... 
60 

3.2.3 Passive Optical Networks (PONs) .................................................................. 
61 

3.3 PON Evolution ............................................................................................................ 
63 

3.3.1 ITU-T BPON and GPON ................................................................................ 
64 

3.3.1.1 APON/BPON and ITU-T G. 983 .............................................................. 
64 

3.3.1.2 GPON and ITU-T G. 984 .......................................................................... 
65 

3.3.2 EPON and IEEE 802.3ah ................................................................................ 
66 

3.3.3 10Gb/s NG-PONs ........................................................................................... 
67 

3.3.3.1 IEEE 10G-EPON ..................................................................................... 
67 

3.3.3.2 ITU-T XG-PON ....................................................................................... 
68 

3.3.4 Beyond 10G-EPON/XG-PON ........................................................................ 
70 

3.4 Promising Technologies for NG-PONs ...................................................................... 
70 

3.4.1 WDM-PON ..................................................................................................... 
70 

3.4.2 Hybrid WDM/TDM-PON ............................................................................... 
72 

3.4.3 OOFDM PON ................................................................................................. 
73 

3.5 Electro-optic Convertors for PONs ............................................................................. 
74 

3.5.1 Directly Modulated Laser ............................................................................... 
76 

3.5.1.1 Fabry-Perot Laser ..................................................................................... 
76 

3.5.1.2 Distributed Feedback (DFB) laser ........................................................... 
77 

3.5.1.3 VCSEL ..................................................................................................... 
77 

3.5.2 External Modulator ........................................................................................ . 78 

3.5.2.1 RSOA/SOA Modulator ........................................................................... . 79 

3.5.2.2 Electro-Absorption Modulators (EAMs) ................................................ . 80 

3.6 Conclusion ................................................................................................................. . 80 

4 7dB Improvements in Optical Power Budgets of 11.25Gb/s I)ML-Modulated 

Op tical OFDM PON Systems ........................................................................................... . 86 

4.1 Introduction ................................................................................................................ . 87 

X 



4.2 Theoretical OOFDM System Model ........................................................................... 
88 

4.2.1 OOFDM Transceivers ..................................................................................... 
89 

4.2.2 DML ................................................................................................................ 
89 

4.2.3 SMF, PIN detectors and LPF .......................................................................... 
90 

4.2.4 Simulation Parameters .................................................................................... 
90 

4.3 Result Comparisons and Key Limiting Factor Identification ..................................... 
91 

4.3.1 Theoretical and Experimental Result Comparisons ........................................ 91 

4.3.2 Key Limiting Factors Identification ................................................................ 
94 

4.4 Tunable Narrowband OBPF-enabled Performance Improvement .............................. 99 

4.5 Conclusion ................................................................................................................ 
101 

5 DML-Modulated Carrier Suppressed Single Sideband OOFDM Signal 

Transmission over IMDD SMF Systems for NG-PONs ............................................... 104 

5.1 Introduction ............................................................................................................... 
105 

5.2 Description of the Transmission System Model ....................................................... 
107 

5.2.1 Carrier Suppressed SSB IMDD OOFDM Model ......................................... 
107 

5.2.2 Models for DMLs, SMFs, EDFAs and PIN Detectors ................................. 
108 

5.2.3 Simulation Parameters 
.................................................................................. 

109 

5.3 The Dependence of Optimum Carrier Suppression Ratio on DML Operating 

Conditions .......................................................................................................................... 
109 

5.4 The Transmission Performance of Carrier Suppressed SSB IMDD AMOOFDM 

Signals in Optimum DML-Based SMF Systems without In-line Optical Amplification.. 113 

5.5 Carrier Suppressed SSB IMDD OOFDM Signal Transmission in Optimum DML- 

Based SMF Systems Incorporating In-line Optical Amplifiers ......................................... 
116 

5.6 Conclusions ............................................................................................................... 
118 

6 SOA-Enabled Intensity Modulation of AMOOFI)M Signals in SMF-based IMDI) 

Systems for VVDM-PONs ................................................................................................. 
121 

6.1 Introduction ............................................................................................................... 
122 

6.2 Transmission System Models ................................................................................... 
124 

6.2.1 Transmission System and AMOOFDM Models ........................................... 
124 

6.2.2 SOA-based Intensity Modulator Model ........................................................ 
124 

6.2.3 Models for SMF and PIN Detector ............................................................... 
127 

6.2.4 Simulation Parameters 
.................................................................................. 

127 

6.3 Simulated Transmission Performance ...................................................................... 
128 

6.3.1 SOA Gain Saturation Characteristics ............................................................ 
128 

XI 



6.3.2 Impact of SOA Bias Current and Optical Input Power ................................. 130 

6.3.3 Impact of PTPs of Driving Currents ............................................................. 133 
6.3.4 Optimized AMOOFDM Transmission Performance and its Physical 
Limitations .......................... .. . 134 . ...... ............................................................................ 

6.4 Performance Robustness ........................................................................................... 138 
6.4.1 Robustness to SOA Saturation Energy ......................................................... 

138 

6.4.2 Robustness to Cavity Length ........................................................................ 139 

6.5 Conclusions ............. . 140 . ................................................................................................ 
7 Colourless AMOOFDM Transmitters for WDM-PONs using SOAs as Intensity 

Modulators ................. 144 ....................................................................................................... 
7.1 Introduction ....... 145 ........................................................................................................ 
7.2 Transmission System Models ................................................................................... 146 

7.2.1 Transmission System and AMOOFDM Models ........................................... 146 

7.2.2 SOA Intensity Modulator Model .................................................................. 
147 

7.2.3 Models for SMF and PIN Detector .......................................... . 150 
................... . 

7.2.4 Simulation Parameters ............................ 
151 

...................................................... 
7.3 SOA Characteristics 151 

.................................................................................................. 
7.4 Transmission Performance of SOA Modulated AMOOFDM Signals ..................... 153 

7.4.1 Wavelength Dependent Transmission Performance .................................. 
153 

... 
7.4.2 Optimum SOA Operating Conditions for Different Wavelengths ................ 

156 

7.4.3 Capacity versus Reach Performance under Optimum SOA Operating 

.... Conditions 159 ............................................................................................................. 
7.5 Conclusions . .. 159 

............................................................................................................ 
8 AMOOFDM Modems Incorporating RSOAs as Intensity Modulators for WDM- 

PO Ns .............. . . 162 . ................................................................................................................. 
8.1 Introduction 163 ............................................................................................................... 
8 2 T i i S t M d l . ransm ss on ys em o e s ............................. 

8.2.1 Transmission System and AMOOFDM Modems .. ........... ............. 
165 

.............. . 
8.2.2 RSOA Intensity Modulator Models 166 .............................................................. 
8.2.3 SMF and PIN Models . 169 

.................................................................................. 
8.2.4 Simulation Parameters ... 169 

............................................................................... 
8.3 Optical Gain Characteristics of RSOAs ............... .... 

170 
................................................. 

8.4 Optimization of RSOA Operating Conditions .......... ..... .... 
172 

. ...................................... 
8.4.1 Optical Input Power and Bias Current Optimization 172 

.................................... 

XII 



8.4.2 Optimization of Driving Currcnt PT1' ........................................................... 
174 

8.4.3 Capacity versus Reach Performance 
............................................................. 

175 

8.5 Transmission Performance under Low-cost Optical Component-Enabled Practical 
Operating Conditions ......................................................................................................... 176 

8.5.1 Verification of the RSOA Intensity Modulator Model ................................. 
177 

8.5.2 Optical Input Power and Rear-facet Reflectivity Dependent Transmission 

Performance .............................................................................................................. 179 

8.5.3 Capacity versus Reach Performance ............................................................. 
181 

8.5.4 Impact of Negative Frequency Chirp ............................................................ 
182 

8.6 Conclusions ............................................................................................................... 
183 

9 Wavelength Reused Bidirectional Transmission of AMOOFDM Signals in 

Colourless WDM-PONS Incorporating SOA and RSOA Intensity Modulators........ 186 

9.1 Introduction 
............................................................................................................... 

187 

9.2 Theoretical Models ................................................................................................... 
188 

9.2.1 Wavelength-reused Bidirectional Transmission WDM-PON Architecture and 

AMOOFDM Modems Incorporating SOA and RSOA Intensity Modulators .......... 188 

9.2.2 SOA/RSOA Intensity Modulators 
................................................................ 

190 

9.2.3 RB Noise ....................................................................................................... 
190 

9.2.4 SMF and PIN Detector Models ..................................................................... 
193 

9.2.5 Simulation Parameters .................................................................................. 
193 

9.3 Transmission Performance 
........................................................................................ 

194 

9.3.1 Verification of the RB Models ...................................................................... 
194 

9.3.2 Downstream AMOOFDM Transmission Performance ................................ 
195 

9.3.3 Upstream AMOOFDM Transmission Performance and Optimization of 
RSOA Intensity Modulator Operating Conditions .................................................... 

196 

9.4 SSI3-SCM for Improving the Downstream and Upstream Transmission Performance 

200 

9.5 Conclusions ............................................................................................................... 
203 

10 Conclusions and Future Work .................................................................................. 
206 

10.1 Conclusions ............................................................................................................... 206 

10.2 Future Work .............................................................................................................. 209 

APPENDIX -----------------------------------------------------------------------------------------------------------------------213 
I. CONTRIBUTIONS TO PATENTS ............................................................................... 

213 

II. LIST OF PUBLICATIONS 
........................................................................................... 

213 

XIII 



II. 1. Journal Publications ......................................................................................... 213 
II-2. Conference Contributions ................................................................................. 215 

XIV 



CIIA/'TER 1. INTRODUCTION 

1 Introduction 
Communications have been steadily and deeply changing every aspect of our daily lives. 

Now, most people are directly dependent on one or more of its many facets for the efficient 

execution of their work, at home and in leisure. From a simple call to family, an e-mail 

connection with partners, to a more sophisticated on-line video chat with friends, it comes 

easier and easier to obtain more information from every comer of the world anytime thanks 

to the emergence of various communication technologies over the past few hundred years, 

and especially over the last decade. 

The evolution of communications exhibits endless pursuit of larger bandwidths, longer 

distances and better quality of services. Nowadays, the high bandwidth demand arises from 

the rapid increase in Internet Protocol (IP) traffic and newly emerging applications such as 

IP Television (IPTV), Video-on-Demand (Vol)) and video surveillance. Such a continuous 

growth of bandwidth demand places great pressures on the network infrastructures at every 

scale, from core to metro, access networks and even in-building networks. Present core 

networks have an amazing transmission capacity of 100 Pbit/s-km, which is equivalent to 

400 DVDs per second over 7000km transoceanic cable according to Alcatel-Lucent Bell 

Labs, Sep. 2009 [1.1]. For such application scenarios, sophisticated and expensive 

solutions are often employed to ensure the capacity, quality and resilience needed for the 

networks. 

In access networks, however, the presence of legacy copper pairs/cables in the home forces 

operators to improve their capacities by using advanced techniques such as Digital 

Subscriber Line (DSL) and Hybrid Fibre Coaxial (HFC). The best achievable DSL 

performance is symmetric 10OMbit/s transmission over 300m copper cable by using the 

Very fast data rate DSL2 (VDSL2: G. 933.2) technique. Nevertheless, the copper cable is 

approaching its fundamental physical limits. This imposes a bottleneck between the end 

user and core network, thus limits the end users' ability to make full use of the huge 

capacity available in the core networks. Not surprisingly, the penetration of optical fibre 

directly to the home, referred to as Fibre to the Home (FTTII) or more generally FTTx (x 

can be H for home, B for building, and C for curb), has undergone a rapid mass 
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deployment to offer "future-proof' cost-effective solutions for access networks. This is 

because optical fibre offers potentially high and upgradablc bandwidth. 

Today, FTTx is in its adolescence. According to the IDATE report [1.2], in the middle of 

2009 the number of FTTx subscribers around the world had reached over 54.3 million, 

with Asia leading the way (43.19 million representing 77.5% of global FTTx subscribers). 

North America and Europe came second and third (6.39 million and 4.7million subscribers, 

respectively). On the business side of the equation, Asian carriers have been the most 

active in terms of rolling out and marketing very high-speed offers, with NTT (Japan), 

China Telecom and KT (South Korea) being in the top 3 ranking. Moreover, the top 

ranking FTTx vendors are mostly from Asia with Chinese vendors ZTE and Huawei 

leading the global market. The strong growth momentum in Asia is remarkably 

accelerating the global FTTx market. It was predicted that the number of global FTTx 

subscribers will reach 114.4 million in 2014 with a steady average annual increase of 21% 

to 23%, showing a huge potential for FTTx market. 

The Passive Optical Network (PON) is an attractive technology for realizing FTTx, as no 

active components are involved in the outside fibre plants. Currently, there are two main 

variants of PON technologies: Ethernet PON (EPON: IEEE standard 802.3ah) and Gigabit 

PON (GPON: ITU standard G. 984 series). EPON is by far the most popular FTTx 

technology (representing 60% of the global market in 2008) and is used almost exclusively 

in Asia Pacific countries including Japan, South Korea and China due to its lower cost and 

high volume compared to GPON. While GPON is gaining momentum mainly in North 

America and Europe. EPON supports a symmetric bit rate of 1.25Gb/s while GPON 

provides 2.5Gb/s downstream and 1.25Gb/s upstream. Such bandwidths are usually shared 

by 32 (64 for GPON) subscribers. Consequently, a maximum downstream speed of 

-30Mb/s is available for each subscriber. This speed, however, will soon reach its limit 

with the continuing increase in bandwidth requirement from individual and business users. 
Therefore, further upgrading of the current PONs has to be considered. 

Indeed, IEEE and Full Service Access Networks (FSAN)/ITU-T have started the 

standardization work of Next Generation PON (NG-PON) targeting 10Gb/s. The IEEE 

10G-EPON standard (802.3av) had already been completed in September 2009, which 

provides two solutions: asymmetric 1 OG/IG for co-existence with current 1 G-EPONs and 

symmetric IOG/IOG. The FSAN/ITU-T 1OG-PON standard (G. 987) is still under 
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discussion, offering mid-term solutions of 10G/2.5G and 10G/10G and even higher data 

rate for long-term solutions. The long-term solution allows the consideration of a number 

of emergent candidate technologies such as Wavelength Division Multiplexing (WDM) 

and Orthogonal Frequency Division Multiplexing (OFDM). 

From the operator's point of view, cost-effectiveness is the highest priority for the 

deployment of NG-PONs in future, i. e., keeping the cost per bit as low as possible. 

Generally, the main costs involved in PONs are the costs of the electro-optic converters 

and other specific components. It is also greatly beneficial if the cost can be shared 

between as many subscribers as possible. Therefore, potential candidate technologies for 

NG-PONs need to have several critical features: 

  Tolerance of low-cost optoelectronic components. 

  Higher spectral efficiency and better tolerance to fibre dispersion, in comparison 

with conventional techniques used in current EPON/GPON networks. 

  Improved transmission performance with an increased power split ratio and reach. 

This delivers services to more subscribers from potentially fewer Central Offices 

(COs) situated further apart geographically, leading to a reduction in power 

consumption and maintenance cost. 

  Compatibility with the already deployed PON infrastructures. NG-PONs adopting 

WDM or WDM/Time Division Multiplexing (TDM) architectures allow not only 

accommodation of more subscribers but also compatibility with the installed PONs 

without significant changes. 

Recently, as an advanced modulation technique that can fully use mature Digital Signal 

Processing (DSP), since its first proposal in 2005 [1.3], Optical OFDM (OOFDM) has 

been intensively investigated and demonstrated in optical fibre communication systems by 

industrial and academic sectors. OOFDM is also a strong candidate for NG-PONS for 

increasing the transmission capacity and reach without requiring high quality expensive 

optoelectronic components [1.4]. This is because OOFDM inherently has strong dispersion 

tolerance and significant system robustness, and is capable of offering, hybrid (in both the 

frequency and time domains) dynamic allocation of broad bandwidth among various end- 

users [1.4]. Moreover, OOFDM also offers the functionality of adaptive data rate to adapt 

the channel conditions via adjusting the modulation format taken on each individual 

subcarrier. This is referred to as Adaptively Modulated OOFDM (AMOOFDM) [1.5]. 
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Such ability significantly enhances not only the networks' flexibility but also their 

compatibility with existing PONs, allowing transparent support for legacy services. 

Generally speaking, OOFDM falls into two categories: Coherent Optical OFDM (CO- 

OFDM) [1.6,1.7] and Intensity Modulation and Direct-Detection OOFDM (IMDD 

OOFDM). Recently, 1-Tb/s CO-OFDM with a spectral efficiency of 3.3 bit/s/lIz has 

successfully been demonstrated over 600-km Standard Single-Mode Fibres (SSMFs) 

without Raman amplification or dispersion compensation [1.7]. However, CO-OFDM 

requires very expensive, complex and bulky equipment for signal generation and detection 

[1.4], thus this limits the CO-OFDM applications to long-haul transmission systems. In 

contrast, IMDD OOFDM uses simple signal generation and detection techniques, thus 

largely reduces the system complexity and subsequently improves the system cost- 

effectiveness. Therefore, IMDD OOFDM is more preferable to CO-OFDM for cost- 

sensitive application scenarios such as Multi-Mode Fibre (MMF)-based Local Area 

Networks (LANs) [1.3], SMF-based access networks [1.4,1.5,1.8-1.13], and Metropolitan 

Area Networks (MANs) [1.4,1.14,1.15]. Using low-cost, off-the-shelf optoelectronie 

components, the world first real-time end-to-end OOFDM transceivers over IMDD MMF 

systems had been successfully demonstrated by 2009 [1.16], and the highest ever 11.25 

Gb/s over 25km SMF real-time end-to-end transmission performance had also been 

achieved [1.17], indicating great potential of OOFDM for the practical applications in 

PONs. 

As the commercially deployed FTTx networks are overwhelmingly based on IMDD SMF 

links, IMDD OOFDM is therefore a natural choice for NG-PONs. In IMDD OOFDM NG- 

PONs, intensity modulators play critical roles in determining the system performance and 

cost. In addition, for WDM-PONs, to achieve cost-effectiveness, colourless (wavelength 

insensitive) intensity modulators are preferred. However, conventional intensity 

modulators have relatively strong nonlinear effects which lead to distortions on the 

modulated OOFDM signals. Therefore, investigations of low-cost intensity modulators 

with improved performance are important for maximizing the system performance. 

The widely used optical intensity modulators for PONs include Directly Modulated DFB 

Lasers (DMLs) [1.5,1.18], Semiconductor Optical Amplifiers (SOAs)/Reflective SOAs 

(RSOAs) [1.8-1.13,1.19,1.20], injection-locked Fabry-Perot Laser Diodes (F-P LDs) [1.21], 

reflective Electro-Absorption Modulators (EAMs) integrated with SOAs [1.22], and 
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Vertical Cavity Surface Emitting Lasers (VCSELs) [1.23]. Among these modulators, 
DMLs and SOAs/RSOAs are, respectively, the most widely implemented components for 

EPONs/GPONs currently deployed and for WDM-PONs, as DMLs eliminate the need for 

an external light source thus offering highly cost-effective solutions. On the other hand, 

SOAs/RSOAs have strong capability of monolithic integration with electrical components 

and wide wavelength coverage of typically > 100nm which enables colourless transmitters 

for WDM-PONs. 

IMDD OOFDM systems using DMLs and SOAs/RSOAs as intensity modulators provide 

promising solutions for NG"PONs. In the meantime, these proposed solutions also bring 

about a number of challenges including: 1) accurate theoretical component and system 

models to describe accurately the generation, detection, and recovery of the DML- and 

SOA/RSOA-intensity modulated OOFDM signals; 2) identification of underlying physical 

mechanisms limiting the system data rate, transmission distance and optical power budgets 

of DML-modulated OOFDM PONs; and the proposal of effective approaches for 

alleviating these effects; 3) predictions of maximum transmission performances of 

SOA/RSOA-modulated OOFDM WDM-PONs and the major physical limiting factors; 4) 

the feasibility of achieving colourless OOFDM signal transmissions using SOA/RSOA 

intensity modulators; 5) comparisons between SOAs and RSOAs to identify a great 

diversity of RSOA and/or SOA intensity modulators in AMOOFDM WDM-PONs; and 6) 

the feasibility of full use of SOA and RSOA intensity modulators to realize wavelength 

reused bidirectional AMOOFDM signal transmission in colourless WDM-PONs, with 

improved cost-effectiveness and wavelength control functionality. 

The research work reported in this thesis addresses the abovementioned issues. 

1.1 Major Achievements in this Dissertation 

To deal with the challenges outlined above, the dissertation research work has been carried 

out to investigate the transmission performance of OOFDM signals over IMDD SMF 

systems using both DMLs and SOAs/RSOAs as intensity modulators. The major 

achievements of the research work are summarized as follows: 

5 



CHAPTER 1. INTRO! )UCTIONV 

  7d13 optical power budget improvements in 11.25Gb/s I)ML-modulated 

OOFDM I'ON systems [1.24,1.25]. 

A comprehensive DML-modulated OOFDM IMDD SMF system model is 

developed and rigorously verified by comparisons between simulations and 
11.25Gb/s real-time OOFDM transceiver measurements. Based on the model, 
detailed explorations are undertaken of the various physical factors on the OOFDM 

system performance. The low Extinction Ratio (ER) of the DML modulated 
OOFDM signal is identified to be the predominant factor limiting the maximum 

achievable optical power budget, and the subcarrier intermixing effect upon square- 
law photon detection in the receiver reduces the optical power budget by at least 

1dB. The use of a 0.02nm bandwidth optical Gaussian bandpass filter in the 

transmitter with a 0.01nm wavelength offset with respect to the optical carrier 

wavelength can enhance the OOFDM signal ER by approximately 1.24dß, thus 

resulting in a 7dB optical power budget improvement at a total channel BER of 
1x 10'3. This work is detailed in Chapter 4. 

  DML-modulated carrier suppressed Single Sideband (SSB) OOFDM system 
for NG-PONs with extended reach [1.15]. 

A DML-modulated carrier suppressed SSB OOFDM IMDD SMF system is 

proposed to mitigate the subcarrier intermixing upon square-law detection for NG- 

PONs. The carrier suppression is optimized under various DML operating 

conditions, based on which 30Gb/s carrier suppressed SSB OOFDM signal 
transmission over 80km SMF without in-line optical amplification and dispersion 

compensation is achievable, which doubles the performance corresponding to the 

Double Sideband (DSB) OOFDM signals without carrier suppression. In addition, 
10Gb/s over 1200km SMF incorporating in-line Erbium Doped Fibre Amplifiers 

(EDFAs) is also feasible, which is robust to variations in DML operating condition 

and optical input power. This work is detailed in Chapter 5. 

  30Gb/s over 80km SMF transmission of AMOOFDM signals by using SOA 

intensity modulators [1.8]. 
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A theoretical model describing the characteristics of a SOA intensity modulator is 

developed, based on which optimum SOA operating conditions are identified. 

Results show that the optimized SOA-based intensity modulators can support 
30Gb/s AMOOFDM signal transmission over a 80km SMF, which doubles the 

transmission performance obtained using DMLs. In addition, excellent robustness 

of the optimum operating conditions and the transmission performance to variations 
in SOA parameters is also obtained. This work is detailed in Chapter 6. 

  SOA-enabled 30Gb/s colourless AMOOFDM signal transmissions over 60km 

SMF within a wavelength range of 1510nm"1590nm for WDM-PONs [1.9,1.10]. 

A theoretical model describing both optical gain saturation and gain spectral 

characteristics of SOA intensity modulators is developed, based on which optimum 
SOA operating conditions are identified for various wavelengths within a broad 

range of ISIOnm-1590nm. It is shown that SOA intensity modulators operating at 
the identified optimum operating conditions are capable of achieving colourless 
AMOOFDM transmission. In addition, results also indicate that it is feasible to 

transmit >30Gb/s AMOOFDM signals over 60km SMFs within the aforementioned 

wavelength window. This work is detailed in Chapter 7. 

  AMOOFDM modems incorporating RSOAs as intensity modulators for 

WDM-PONs [ 1.11,1.17,1.19,1.20]. 

A comprehensive theoretical model describing the dynamic characteristics of 
RSOA intensity modulators is developed, taking into account counter-propagation 
of the forward and backward optical signals and the rear-facet reflectivity in the 

waveguide. Special attention is also given to performance comparisons between 

RSOA and SOA intensity modulators. Optimum RSOA operating conditions are 
identified, which are independent of RSOA rear-facet reflectivity and support 
30Gb/s over 60km SMF transmission. This optimum performance is similar to 

those corresponding to SOAs. Whilst under low-cost optical component-enabled 
practical operating conditions, RSOA intensity modulators considerably outperform 
SOA intensity modulators in transmission performance, which decreases 

significantly with reducing RSOA rear-facet reflectivity and optical input power. In 

addition, for low optical input powers, it is shown that use can be made of the 
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RSOA/SOA intensity modulation-induced negative frequency chirp to improve the 

AMOOFDM transmission performance in IMDD SMF systems. This work is 

detailed in Chapter 8. 

  Wavelength reused bidirectional transmission of AMOOFDM signals in 

WDM-PONs incorporating SOA and RSOA intensity modulators 

[1.12,1.26,1.27]. 

A comprehensive theoretical model describing the performance of a wavelength 

reused bidirectional AMOOFDM WDM-PON network architecture is developed, 

taking into account the dynamic optical characteristics of the SOA and RSOA 

intensity modulators as well as the effects of Raleigh Backscattering (RB) noise 

and crosstalk. It is shown that the RB noise effect and the residual downstream 

optical signal-induced crosstalk are the dominant factors limiting the maximum 

achievable downstream and upstream transmission performances. Under optimum 

SOA and RSOA operating conditions as well as practical downstream and 

upstream optical launch powers, 10Gb/s downstream and 6Gb/s upstream over 

40km SMF transmission of conventional DSB AMOOFDM signals are feasible. In 

particular, the aforementioned transmission performances can be improved to 

23Gb/s downstream and 8Gb/s upstream over 40 km SMF when SSB-Subcarrier 

Modulation (SSB-SCM) is introduced in the downstream systems. This work is 

detailed in Chapter 9. 

The above-mentioned work has resulted in the publication of 6 papers in world-leading 

journals [1.8,1.9,1.11,1.12,1.15,1.24] and 7 papers in national/international conferences 

[1.10,1.19,1.25-1.29] including the world-leading conferences such as OFC and ECOC. 

These papers have been completed by the author of this thesis and form the major contents 

of this dissertation work. Apart from that, the author also contributed to other 7 journal 

papers and 7 conference papers that have been published by other people in the same 

research group in Bangor University (see Appendix: II. List of Publications). Even these 

co-authored papers are tightly related to this thesis [1.17,1.20,1.30-1.32], they are, however, 

not discussed in detail in the thesis. 

It should also be noted that the author of this thesis involved in Bangor University's 

experimental demonstration of end-to-end real-time OOFDM systems 
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[1.17,1.20,1.30,1.32] in terms of the following aspects: a) the provision of an in-depth 

understanding of various physical mechanisms limiting the maximum achievable system 

performance. Such understanding is critical for system optimization in the optical domain 

in experiment; b) direct involvements of a number of experimental activities. The outputs 

of those activities have been published [1.17,1.20,1.30,1.32], but they are not reported in 

this thesis; c) After the PhD dissertation research, the author will be undertaking 

experimental research to verify the feasibility of using the novel techniques proposed in the 

thesis in practical systems. 

1.2 Thesis Structure 

The thesis comprises 10 chapters. Chapter 2 and 3 presents review work and Chapter 4 to 9 

detail research results. These chapters are outlined as followings. 

Chapter 1: This chapter provides a brief introduction of the research work and its major 

achievements. 

Chapter 2: To gain a better understanding of OOFDM, this chapter deals with the 

principles of OFDM and OOFDM. The history of OFDM and the fundamentals of key 

components involved in a general OFDM system are described. SMF together with its 

linear and nonlinear effects is also presented, followed by discussions on two main variants 

of OOFDM including CO-OFDM and IMDD OOFDM, whose advantages and drawbacks 

are also discussed. In addition, this chapter also details AMOOFDM systems. 

Chapter 3: This chapter presents fundamental principles and evolution of PONs. Various 

access network architectures are first ovcrviewcd. As promising access network 

technologies, IEEE EPON and ITU BPON/GPON together with the corresponding 

standards (802.3ah and G. 983/G. 984) are discussed, followed by the review of I OG-EPON 

standard 802.3av and the current status of ITU XPON and NG-PON2 standard draft G. 987. 

Various promising architectures for NG-PON2 such as WDM-PON, hybrid WDM/TDM 

PON, and OOFDM PON are discussed in terms of their principles as well as strengthens 
and limitations. The chapter finally examines the figure of merits and defects of various 

optical modulators employed in current PONs. 
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Chapter 4: By using DML modulators in OOFDM PON systems as described in previous 

chapters, 11.25Gb/s over 25km SMF has been successfully demonstrated using real-time 

OOFDM transceiver [1.17]. However, the optical power budgets of -20dß obtained in the 

real-time OOFDM systems may not satisfy the requirements for NG-PONs. To address this 

challenge, this chapter explores the fundamental physical mechanisms that affect the 

achievable optical power budget of such systems. It is identified that the low Extinction 

Ratio (ER) of the DML-modulated OOFDM signal is the predominant factor limiting the 

achievable optical power budget. The use of a wavelength-offset narrowband optical 

bandpass filter in the transmitter is proposed to improve the OOFDM signal ER by 1.24dß 

and thus system optical power budget by 7dB. 

Chapter 5: Base on the analyses in Chapter 4, this chapter proposes a carrier suppressed 

Single Sideband (SSB) technique to realize DML-modulated (AM)OOFDM PONS with 

extended reach. This chapter answers three major questions regarding this novel technique: 

1) what are the influences of DML operating conditions and fibre optical input powers on 

the optimum carrier suppression ratio; 2) what are the advantages of this technique 

compared to DSB AMOOFDM signal system without carrier suppression; and 3) what is 

the maximum achievable transmission distance for the proposed optimally carrier 

suppressed SSB OOFDM signal transmission over SMF links involving in-line EDFAs. 

Chapter 6: Having explored DML-modulated OOFDM PON systems in Chapters 4-5, this 

chapter investigates the feasibility of using SOAs as intensity modulators in IMDD 

AMOOFDM SMF WDM-PON systems. This chapter covers the development of a 

theoretical model for describing the characteristics of the SOA intensity modulators, 

optimisation of the SOA operating conditions, identification of the key physical 

mechanisms determining the achievable transmission performance, and examination of the 

system robustness on the variation of SOA parameters. 

Chapter 7: As the performance of SOA-modulated AMOOFDM WDM-PON systems at a 

fixed wavelength of 1550nm is explored in Chapter 6, Chapter 7 extends the topic by 

investigating the wavelength dependent transmission performance of SOA intensity- 

modulated AMOOFDM signals within a broad wavelength range of 1510nm-1590nm. 

Results show that, under identical SOA operating conditions, the system performance is 

highly dependent on the wavelength and optical input power; however, by optimizing 
SOA operating conditions for various wavelengths in the above-mentioned wavelength 
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range, colourless >30Gb/s AMOOFDM signal transmissions over 60km SMF without 

optical amplification and dispersion compensation are feasible within the aforementioned 
wavelength window. 

Chapter 8: As a typical type of SOAs, RSOA is also a promising candidate for 

AMOOFDM WDM-PONs. Experimental demonstrations of the transmission performances 

of RSOA intensity-modulated AMOOFDM signals for WDM-PONs have been reported 
[1.13,1.20]. However, several issues have not been resolved, which include: 1) The 

dependence of the system performance on the RSOA rear-facet reflectivity; 2) 

Identification of RSOA intensity modulator-associated physical mechanisms affecting 

significantly the system transmission performance and optimization of RSOA operating 

conditions; 3) Performance comparisons between RSOA and SOA intensity modulators; 

and 4) the feasibility of using the RSOA/SOA intensity modulation-induced frequency 

chirp to compensate for the chromatic dispersion of SMFs. Solving these issues forms the 

main task of this chapter. 

Chapter 9: After thoroughly investigating the performances of RSOA/SOA intensity 

modulated AMOOFDM signal transmissions in WDM-PONs in Chapters 6-8, attention in 

Chapter 9 is dedicated to consider the network issues related to the transmission of 

AMOOFDM signals in the downstream and upstream. From the cost-effectiveness point of 

view, it is greatly beneficial if use is made of AMOOFDM in wavelength reused 
bidirectional transmission over one single single-mode fibre (SMF) for WDM-PONs. This 

chapter therefore thoroughly investigates such AMOOFDM WDM-PONs using SOA 

(RSOA) intensity modulators in the downstream (upstream) transmitter, where the effects 

of Rayleigh Backscattering (RB) and residual downstream signal-induced crosstalk arc 

also included. The major physical factors limiting the achievable downstream/upstream 

performances are identified and approaches are proposed to alleviate such effects. 

Finally, Chapter 10 summarizes the thesis and suggests future research work. 
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CIIAPTER 2. PRINCIPLES OF OPTICAL OFDh1t 

2.1 Introduction 

This chapter provides an introduction to the fundamentals of OFDM and OOFDM, which 
forms the foundation of the work presented in the remainder of this thesis. 

The OFDM technique has been intensively investigated in radio frequency wireless 

communications for the past 20 years. Its emergence in optical communications occurred 

relatively late. This chapter starts with a brief summary of the history of OFDM and its 

applications, then detailed discussions are made of the principles of each individual 

building block that forms a representative OFDM system. 

An understanding of OFDM in optical fibre communications requires a good knowledge of 

the fibre channel characteristics. Thus both linear and nonlinear fibre effects are also 

discussed in this chapter, together with their impairments on today's FTTx networks. This 

chapter presents intensive discussions of two major variants of OOFDM namely CO- 

OFDM and IMDD OOFDM, whose strengths and drawbacks are also addressed. Finally, 

the principles of Adaptively Modulated OOFDM (AMOOFDM) systems are presented. 

2.2 History of OFDM 

The idea of OFDM was proposed and patented by Chang in the 1960's [2.1]. Later, the 

generation of OFDM signals using the Discrete Fourier Transform (DFT) algorithm was 

proposed in 1971 [2.2]. Signal modulation and multiplexing are achieved digitally using 

Inverse DFT (IDFT) in the OFDM transmitter and dc-modulation and de-multiplexing 

using DFT in the OFDM receiver. To further improve the effectiveness of mitigating Inter- 

Symbol Interference (ISI), the use of Cyclic Prefix (CP) in an OFDM signal was presented 
in 1980 [2.3]. These three aspects form the core concepts of a general OFDM system. In 

1995, Telatar reported Multi-Input-Multiple-Output (MIMO) OFDM systems [2.4], which 
has fuelled a new research era on OFDM. In 2001, another research wave on OFDM for 

optical wireless [2.5] started beginning the merging of optical and wireless access 

networks. 
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In parallel to the intensive research on OFDM, from the mid-1980s, the practical 

applications of OFDM also started in mobile communication systems [2.6], where the use 

of Forward Error Correction (FEC) was proposed and combined with OFDM. Owing to 

this reason, OFDM is also referred to as coded OFDM. To date, there has been a 

tremendous number of wireless standards incorporating OFDM as a modulation technique, 

such as wireless LANs (WiFi; IEEE 802.11a/g), wireless MANs (WiMAX; 802.16e), and 
Long-Term Evolution (LTE) - the 4G mobile communication technology [2.7]. OFDM has 

also been implemented in standards of cable-based transmission systems such as 
Asymmetric Digital Subscriber Loop (ADSL; ITU G. 992.1), Digital Audio Broadcasting 

(DAB) [European Telecommunications Standards Institute (ETSI): DAB Eureka 147] [2.8] 

and Digital Video Broadcasting (DVB) (ETSI: DVB-T, DVB-I1) [2.9]. 

The application of OFDM in optical communications occurred much later compared to its 

Radio Frequency (RF) counterpart. Since the first proposal of OOFDM in 2005 [2.10], it 

has fuelled an explosive increase of interest in simulations and experimental 
demonstrations of OOFDM systems. Various OOFDM systems have been explored 
including OOFDM in Radio over Fibre (RoF) [2.5,2.11,2.12], OOFDM over Plastic 

Optical Fibre (POF) systems [2.13], OOFDM for MMF-based LANs [2.6,2.14], and 

OOFDM for access networks and MANs using SMFs [2.15-2.17], as well as long-haul 

transmission systems [2.17-2.21]. It is envisioned that the standardizations of OOFDM 

transport at 100Gb Ethernet (100GbE) and beyond would be available in the near future 

due to its profound impact on optical networks [2.22]. 

2.3 OFDM Fundamentals 

2.3.1 OFDM: Special Type of FDM 

As OFDM is a special type of Frequency-Division Multiplexing (FDM) technique, 

descriptions are, therefore, first made of FDM. The basic idea of FDM is to transmit 

multiple signals simultaneously over a wideband channel by modulating the signals onto 

several subcarriers and multiplexing the modulated different subcarriers [2.23], as shown 
in Fig. 2.1. The FDM transmitter uses an oscillator array operating at different frequencies 

with a sufficiently wide inter-channel guard between two adjacent subcarrier frequencies, 

which is illustrated in Fig. 2.2(a). Each subcanrier is modulated separately by a classical 
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modulation format such as M-ary Quadrature Amplitude Modulation (QAM) or ('hast 

Shift Keying (PSK). In the receiver end. ditlerrnt suhcarricr signals are filtered by 

Bandpass Filters (1311's) and demodulated by oscillators in the receiver. 

e' Z'f'` T/'' 

.t 
(/) Channel 

ej 
2RJZr /242 

e 

BPF: Bandpass Filter 
S (o ca(l) 

N 

ell' e /271ýr 

Fig. 2.1 Dingrum for a generic FDA! syslem. 

Fig. 2.2 Spectra of (a)fI'Dit1. uni! (h) QH)A1. 

Compared to F DM, OFDM precisely chooses the inter-suhcarrier frequency spacing toi 

ensure orthogonality between subcarriers, as shown in fig. 2.2(h), so that the demodulator 

for one suhcarrier is independent on others even though spectral overlap occurs between 

suhcarriers. Clearly. OFDM offers significant enhancement in spectral efficiency (at least 

50%) compared to FUM. On the other hand, thanks to the advances of I)SP technologies. 

the modulation/multiplexing and dc-modulation/de-multiplexing in the OF DM system can 

he realized by efficient Inverse Fast Fourier Iranstorni (IFFI) and FFl', respectively. 
Therefore, in comparison with FDM, the OF! )M systems are relativcIN, simple, as a large 

r 

number of modulators, receiver filters and demodulators required in the 1 l)M sy'stcm are 
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not necessary. Moreover, OFDM also has an advantage of combating Frequency-selective 

fading effect caused by wireline or wireless channels. 

2.3.2 OFDM Transceivers 

A general OFDM system is composed of a transmitter, a transmission link, and a receiver, 

which is depicted in Fig. 2.3. The DSP in the OFDM transmitter consists of hit encoding, 

IFFT, Cyclic Prefix (CP) insertion, and data serialization. The generated digital signal is 

converted to the analog signal in a Digital-to-Analog Converter (DAC). 

---------- 

decodin : quanze rr i CP 
9 

Synchronization 

--------------------------------------------------------------------- 
(l)FFT: (Inverse) Fast Fourier Transform P/S: Parallel to Serial Conversion 

CP: Cyclic Prefix DAC: Digital to Analog Convertor LO: Local oscillator 

Fig. 2.3 Conceptual diagram, f r the OFDM trun. timittcr and receiver as well as 

Iransmis. tiion channel 

The electrical analog OFDM signal is then up-converted and transmitted through the 

transmission channel. The received OFDM signal is down-converted, synchronized, and 

then processed by the OFDM receiver signal processing procedure, which is the inverse of 

the transmitter as discussed above. In addition, channel estimation and equalization are 

performed after FF'I' and prior to bit decoding in the receiver. 

Detailed discussions of the above-mentioned key procedures are presented in the Ii6lloWing 

sections. 
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2.3.2.1 Bit Encoding 

I'hc hit encoding process is to map inllormation hits into signal constellation points, as 

illustrated in Fig. 2.4. A serial hit stream is first converted into parallel hits corresponding 

to each suhcarrier, and then encoded to complex numbers using a specific signal 

modulation format. Fig. 2.4 (b) shows two examples of multi-level modulation formats 

namely Quadrature PSK (QPSK) and 16-QAM. In QPSK the signal phase is keyed 

between four possible values (45", 135", 225" and 315") to represent the four possible 

variations of a two-hit set. Whilst in 16-QAM both the signal amplitude and phase are 

keyed to represent the 16 possible variations of a4( loge 16)-bit set. 

It should be noted that the information bits on different suhcarricrs may convey 

information from different sources. thus OFDM can deliver heterogeneous services for 

different users. Also, the modulation formats taken on different suhcarriers can he different, 

which improves the OFDM system scalahility and flexibility. 

Parallel bits Parallel 

10 complex 
Xo 

Serial bits 11 
SIP M-ary X, 

1011... 01 PSK/QAM, 
01-. Xv , 

0 T. 2T. 0 T. =NT. 

(a) 

Q 
000 0100 1100 1000 0 

00 
0^001 

l 

0^101 1/10ý1 

J 

1001 

0011 0111 1111 1011 

10 

0010 0110 1110 1010 

QPSK 16-QAM 

(h) 

Fig. 2.4 (u) Block diagram of hi! encoding process, and (h) ('onslc'llalion e. va,? l/)les. 

2.3.2.2 IFFT/FFT 

The encoded complex number via hit encoding needs to he up-converted to a RI suhcarricr 

frequency and then multiplexed with other suhcarriers. As mentioned in subsection 2.2. 

IDl''l' (1)FT) is the core component in the transmitter (receiver) to perfiOrm the 

functionalities of modulation (demodulation) and multiplexing (dc-multiplexing). The 

IDFT is defined by [2.241 
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X(k)e/2Ak 
N 

(E 2.1 ) 
'V k=O 

According to the discussions made in subsection 2.3.2.1, the encoded complex number of 

the k-th subcarrier in the n-th OFDM symbol Xk� can be written as 

Iera X*, � = fik. nC 
(2.2) 

where A,,,, and gk), are the amplitude and phase of the signal constellation points. X,, 

may not necessarily to be user information, it can also represent pilot and training signals. 

The k-th subcarrier waveform can be modulated independently with data X, 
,,. 

The k-th 

subcarrier waveform within the n-th symbol period can be expressed as 

Xk, n(t) = Xk, 
ffI(t -11Ts)el2 

i&t 
, k=0,1,2,..., NJ-1 (2.3) 

11 (t) = 
1, tE [0'T'] 

(2.4) 
0, t e[0, T$] 

where N3 is the number of subcarriers, fk is the k-th RF subcarrier frequency, T, is the 
OFDM symbol period, and 11(t) has a rectangular pulse shape of unity magnitude over the 

time duration of T, . Therefore, each subcarrier spectrum has a sinc form (Fig. 2.5). When 

Xk� is treated as unit for simplicity, the correlation between any two subcarriers in the n- 

th symbol period is given by 

1 nT, 
- 

fxk.,, (t)x'.. (t)dt 
= ei2(tR-! l) sin(ýr(. % -. 1i)Ts) 

(2.5) TS 
(n-1)T, ;r (fik 

- 
fl) Tt 

When the subcarrier frequency spacing satisfies 

Af_ fk -. it-I =1, k =1,2, (2.6) Ts 

Eq. (2.5) can be further expressed as 
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I �r f 0, kl JxAfl(f)xifl(t1t 
=e'z, r(k-ýºir, sin(ý(k -I)) -- ý2.7) l, k=l 

S (� ººý 7r(k - 

Eq. (2.7) shows that mutual orthogonality betwccn suhcarricrs is achieved. when suhcarrier 

frequency spacing and symbol period satisfy F. q. (2.6). By combining F, qs. (2.3)-(2.4) and 

[q. (2.6), the expression of OF[)M signal associated with the k-th suhcarricr within the 

time duration of [(n -1)T, , nT, ] is given by 

j2; r- r 

xk,, (t)=Xk., 
le 

(2.8) 

lt shows in Eq. (2.8) that each suhcarrier waveform has an integer number of' cycles within 

one OFDM symbol period T, , and the number of cycles grows with the suhcarricr index. 

Fig. 2.5(a) gives an example of the time-domain waveforms containing four suhcarricrs. 

Meanwhile. due to the rectangular pulse shape of' the encoded suhcarrier data, XA 
,,. 

the 

corresponding subcarrier spectra are sine functions with a spacing of' Al, as shown in Fig. 

2.5(b). Orthogonality is also maintained in the frequency domain by the way that the . nine 

function for one subcarrier has a zero at the centre of' others. Thus no Inter-Carrier 

Interference (ICI) occurs between different suhcarriers even when their spectra are 

overlapped. 

0.5 

WO6 

0 

-0.5 

0 0. 
Time normalized to Ts 

05 

c0 

-0.5 

_, 
0 0.2 0.4 0.6 0.8 

Time normalized to To 

(a) 

Af 
. -40, 

(n) 

Fig. 2.5 The (a) OFDMsuhrarrier ºi'ul'efinrms and (h) S pCrlrum. 
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The resulting time-domain OFDM signal waveform within the time range [(n -1)T,, n7 ] 

can be written by 

xn (t` 
_1 rNs 

N. -1 f2xi t 

Xk,, e 
k=O 

(2.9) 

When the OFDM signal given in Eq. (2.9) is sampled at a speed of f, = N, IT, , the 

resulting sample at the time t= IT, /N,, I=0,1,2,..., N, -1, can be expressed as 

N*-1 j2, * N 
1j 

XI. n = VN5 Xk, 
ne k =O 

(2. l o) 

By comparing Eq. (2.10) and Eq. (2.1), it is very interesting to note that Eq. (2.10) is 

equivalent to x,,,, = IDFT(Xk 
�), which means the modulation and multiplexing of a large 

number of OFDM subcarriers can be achieved by using IDFT. In practice the IDFT is 

implemented as an IFFT, an equivalent, fast method of calculating the IDFT. 

When the impulse response of the transmission channel is h(t), the received signal at the 

receiver end is given by 

y(t) = x(t) 0 li(t) + 1v(t) (2.11) 

where w(t) is the channel noise and "0" represents continuous convolution operation. In 

the receiver, after synchronization followed by necessary signal processing, when the FFT 

input sample of the n-th received OFDM symbol is y,. �, the FFT output is expressed as 

N, -1 -12 
Yk, 

n = 
. 
yl, n 

(t)c 
k=0 

For an ideal OFDM system, Yk, 
� 

is identical to the original data Xkr, . In a real transmission 

channel, a simple one-tap equalizer is usually adopted in the OFDM receiver to recover the 

transmitted signals, as indicated in Fig 2.3. The detailed descriptions of channel 

equalization are presented in Section 2.3.2.6. 
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2.3.2.3 Cyclic Prefix 

In order to improve the resilience of OFDM signals to adverse effects such as multi-path 

propagation and fibre Chromatic Dispersion (Cl)). a Cyclic Prefix (CP) is added to the 

front of each OFDM symbol. The CP is a copy of the last fraction of each OFDM symbol. 

as shown in Fig. 2.6. After inserting the CP, the resulting samples for the n-th OFDM 

symbol is expressed as 

xn = [x; 
ti' -; ti'.. nýx; V 1' +I. ný... ý 

Xý' 
-I ný 

x0. 
ný 

xl�tý... 
ý 

xý 
Im 

l 
(2.13 

where N, is the number of samples of CP. The new OFDM symbol has N, + N. samples. 

When the time duration corresponding to the CP is iii,, 
, and the new symbol period is 7, 

the real information occupies a time period of T, - 71, in each OFl)M symbol. It should be 

pointed out that CP does not carry any useful information for a fixed channel bandwidth, 

thus it reduces the overall data rate. Throughout the thesis, the CP parameter is defined as 

Tr 

0.4 

0.27 

x 
FU 0 

-Ui 

Fig. 2.6 Samples of OOFl)Al sp mho/s wi//i ('11 . 

(2.14) 

According to the above definition, ('P quantifies the rate of' the prefix duration to the 

duration of information-bearing part of each symbol. The C'P produces a quasi-periodically 

extended time domain OFDM symbol, leading to the maintenance of' the orthogonality 
between subcarriers within the symbol, as E: q. (2.7) still holds well. More importantly, due 
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to the CP insertion, the channel dispersive effect becomes equivalent to a cyclic 

convolution. If the CP length is larger than the expected maximum delay spread (the delay 

spread between the subcarrier with the fastest delay and the subcarricr with slowest delay 

[2.22]) to be encountered, after transmitting through the channel, the dispersive effect is 

localized within the CP region only. Prior to performing the FFT in the receiver, the 

distorted CP is removed, thus the OFDM symbol carrying useful information can be 

recovered without interference between different symbols. As the CP duration can be 

chosen by design, in principle, OFDM can be made free from any arbitrary delay spread. 

From the above description, it is clear that, if a CP time duration is smaller than the 

maximum delay spread associated with the transmission link, the imperfectly compensated 

disperse effect limits considerably the maximum achievable transmission performance of 

the OFDM signals. In addition, a small CP may also affect the subcarrier orthogonality, 

resulting in a significant increase in the minimum required Signal-to-Noise Ratio (SNR) 

for a specific signal modulation format being taken on a subcarrier [2.24]. On the other 

hand, if the CP is longer than the maximum delay spread of the transmission link, for a 

fixed signal sampling speed, the CP wastes a large percentage of the transmitted signal 

power, giving rise to a degraded effective signal SNR. Furthermore, an excessive length of 

CP also prevents us from making full use of the available link bandwidth. Adaptive CPs 

[2.25] can be used to maximize the OFDM system performance. 

2.3.2.4 Serialization 

After inserting CP into each OFDM symbol, the OFDM signal is serialized through a 

parallel to serial convertor. On serialization, a number of low-speed parallel subcarrier 

signals are converted into a high-speed serial signal. This process is the inverse of the 

serial to parallel conversion in the OFDM receiver. 

2.3.2.5 DAC/ADC 

After serialization, the generated OFDM signal is fed into a DAC in the transmitter. 

Correspondingly, an ADC is employed in the receiver. As the processes of DAC and ADC 

are similar, here, only the signal processing of an ADC is discussed. 

In OFDM systems, a gain-control unit that precedes the A/D stage of an ADC sets a finite 

dynamic amplitude range, beyond which the OFDM signal amplitudes will be clipped. 
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This leads to a reduction in OFDM signal Peak-to-Average Power Ratio ( PAPP ). For a 

given clipping level of 5, also referred to as clipping ratio throughout the thesis, the 

clipped signal is given by 

A(r), A(r) ý< A 
Arr,,, (t) 

A(l) 1> A 
(ý. 15) 

where the amplitude threshold A is defined as A= SP,,. with /',,, being the average 

OFDM signal power. Fig. 2.7 shows clearly the OFDM signals prior to and after clipping. 

Clipping allows higher average signal powers to he transmitted thus improves the SNR at 

the receiver. However, clipping also introduces waveform distortions. 

A 
x 
R 

_I 

i ime 

Fig. 2.7 OFDM signals he jbrc' and a/icr clipping 

The clipped OFDM signal is sampled in the ADC resulting in a discrete signal with 

continuous-valued amplitudes. The ADC linear yuantizcr duantizes the sampled 

continuous-valued amplitude into discrete amplitude taken from a finite set of' possible 

levels, which span the entire dynamic range of' I-A, A I. The quantization process can he 

expressed as 

A+A_ 
Q(A, )= 12 Ilg(A,, A,, A, 

-, 
) (?. 16) 
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where A, and A, , represent the i-th and (i-I )-th quantization threshold value. L is the 

quantization levels given by L=2h where h is the quantization hits. g is the rectangular 

function defined as 

1, x, <x<x-, 

0, otherwise 
(2.17) 

Based on the above analyses, it can be seen that the system cffccts associated with 

DAC/ADC stem from two aspects: 1) Quantization error duc to the finite step size of 

2A/L for input-signal values within the dynamic range of' I -A. AJ and 2) Amplitude 

clipping for input-signal values outside that range. 

2.3.2.6 Pilot-Assisted Channel Estimation and Equalization 

X, x 

Channel frequoncy 
iesponse H. MOH 

N, HýN 
ll, 

X, X) 1H 
ýI 

Fig. 2.8 Channel frequency response and channel fizding affect on OFDI%1. cuhcurriers 

(from [2.26]). 

In OFDM systems, channel estimation can be achieved by transmitting known pilot signals 

that are interspersed with the user data. In the receiver, the system frequency response is 

estimated by extracting the pilot signals frone the received signals, and is used fier 

subsequent channel equalization so that the distortive effects can be removed and the 

transmitted signal can be restored prior to hit decoding. 

When the k-th subcarrier channel impulse response is hA (1) and corresponding noise is 

wk (t). the received OFDM signal for the k-th suhcarrier is 

yA(t)=xk(1)©hk(t)+1i'4(1) (2.19) 
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where xk (t) is the transmitted OFDM signal for the k-th subcarrier. The time domain 

convolution between the transmitted OFDM signal and the channel response is equivalent 

to the multiplication of the OFDM signal spectrum with the channel frequency response, as 

shown in Fig. 2.8. Assuming ideal synchronization in the receiver, after performing FFT 

on the received signal, we have the FFT output corresponding to the k-th subcarrier 

Yk =XkHk+Wk (2.19) 

The estimated system frequency response of the k-th subcarrier can be obtained by channel 

estimation based on pilot signals 

p. k pik 
Hk =Y IX (2.20) 

where XP k and YP k are the transmitted and received pilot signals of the k-th subcarrier. 

The OFDM receiver restores the transmitted signal by multiplying the received signal with 

the inverse of the estimated subcarrier channel response Jf 

A 
k =YkHk =Xk+WkIHk (2.21) 

This approach is a simple one-tap equalization. The disadvantage of the one-tap equalizer 
is that the channel noise can not be removed. For a channel that has strong attenuation, the 

noise effect imposed on the received signal is increased upon the equalizer. Practically, 

such an issue can be resolved efficiently by averaging the subcarrier channel frequency 

response estimations over a long time duration. 

2.3.2.7 Synchronization 

The discussions in all the above subsections are based on an assumption that ideal OFDM 

symbol synchronization is performed in the receiver. In practical OFDM systems, however, 

synchronisation errors may occur because of the following physical effects [2.27]: 

  Symbol Timing Offset (STO) induced by the time delay of a transmission link. 

  Sampling Clock Offset (SCO) induced by the clock mismatch between the 

transmitter and the receiver. 
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  Carrier Frequency Offset (CFO) induced by the frequency mismatch between the 

oscillators involved in the transmitter and receiver. 
  Carrier Phase Error (CPE) induced by the constant phase shift between the 

transmitter and the receiver, or by the random phase noise in the local oscillators 

and other components. 

All these synchronization errors will degrade system performance. STO-induced 

synchronization errors may cause a fraction of a FFT window for an OFDM symbol to 

occur in an extended region of an adjacent symbol, leading to system performance 

degradation due to the effects of ISI and ICI. SCO brings about the significant ICI effect, 

as the sampled values do not correspond to the peaks of the sine [sin(x)/x] waveforms after 

the FFT in the receiver. CFO also introduces ICI and destroys the orthogonality of OFDM 

subcarriers. The influence of CPE is less important compared to the impacts of other three 

synchronization errors, as CPE-induced constant phase shift or phase noise can be 

compensated by channel estimation and equalization. 

In OFDM transmission systems, there are usually two solutions for synchronization: the 

first is to use so-called blind approaches [2.16,2.28], which make use of the features of the 

repeated OFDM symbol pattern with a predetermined time period; the second are non- 

blind approaches [2.18,2.29] which take advantage of the features of training symbols or 

pilots that are interspersed with the transmitted user data. For both the abovementioned 

approaches, correlation calculations of incoming signals are usually performed, i. e., a 

sequence of samples is multiplied by a time-shifted copy of the same sequence to produce 

a time-dependent autocorrelation profile, which is then employed for synchronization. 

2.4 Principles of Optical OFDM 

In previous sections, we have discussed various key building blocks involved in OFDM 

transceivers. In this section, we discuss the application of OFDM in optical fibre 

communications. 

Optical OFDM (OOFDM) can not be viewed as a simple one-to-one translation from the 

wireless domain into the optical domain. This is because, compared to wireless OFDM, 

OOFDM exhibits significant differences in several aspects: Firstly, OOFDM signals 
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transmit at high speed; Secondly, ()()I-'UM signals are up-converted into high optical 

frequencies (-200Tl lz) by using electro-optic convertors which introduce nonlinear effects 

to the modulated OOFDM signals; Finally, an optical channel is typically relatively stable 

over time, but has nonlinearity. 

2.4.1 Optical Fibres 

Optical fibres can be classified as Single-Mode Fibre (SMF) or Multi-Mode Fibre (MMF) 

SMFs have small core diameters and light can only propagate in one mode. MMFs have 

large core diameters and light can propagate in multiple modes. 

In MMFs, different modes propagate at different speeds and result in mode delay. This 

limits link bandwidth and system performance. "Therefore. MMI's are mostly installed in 

LANs. Compared to MMFs, SMFs support much better transmission performance thus 

have been used for long-haul transmissions, MANs and access networks. In this thesis. 

only SMF is considered. 

2.4.1.1 Linear Fibre Effects 

2.4.1.1.1 Fibre Loss 

10 

El 
m 

N 

J 
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io 1.2 14 16 18 
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Fig. 2.9 Loss in optical. fibre at different wavelengths. 

In practice. fibre loss, a, is measured in dR/km and is defined by 

a=- lo910 
J; 

(2.22) 
z 
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where P, � 
is the optical power injected into the fibre, and P, is the optical power at a fibre 

distance of z. Fig. 2.9 shows the loss spectrum of a silica fibre. In the short wavelength 

range, wavelength dependent fibre loss is dominated by Rayleigh scattering, which will be 

discussed in the following section; whereas in the long wavelength range, optical scattering 

due to lattice vibrations is the main factor attributing to fibre loss. The attenuation peak 

around 1.38µm shown in Fig. 2.9 is due to absorption by 011' impurities left upon fibre 

manufacturing. 

As shown in Fig. 2.9, the minimum fibre loss occurs in the C-band (Conventional band: 

1.53µm-1.5651im), where, optical amplification can be easily achieved with Erbium Doped 

Fibre Amplifiers (EDFAs). Thus it is the most popular wavelength band for long-haul 

WDM transmission and for analogue Cable TV (CATV) transmission where a high optical 

power is required. Other wavelength bands shown in Fig. 2.9 are O-band (Original band: 

1.26µm-1.36µm), E-band (Extended band: 1.361tm-1.46µm), S-band (Short wavelength 

band: 1.46µm-1.53µm) and L-band (Long wavelength band: 1.565µm-1.6251tm). Current 

PON systems mostly use 1.3µm (0-band) for upstream signal transmission, 1.49µm (S- 

band) for downstream transmission and 1.551im for an optional analogue CATV signal 

overlay. 

2.4.1.1.2 Rayleigh Scattering 

Rayleigh scattering is the major cause of fibre loss for short wavelengths. It arises from the 

inhomogeneities of silica in manufacturing which leads to local fluctuations in the 

refractive index scattering light in all directions. Rayleigh scattering is an elastic process: 

the resulting scattered light has the same frequency as the incident light. A portion of the 

scattered light is recaptured in the fibre, of which half propagates in the forward direction 

and half in the backward direction. The latter is referred to as Rayleigh Backscatterinb 

(RB). 

RB introduces interferometric noise fluctuations at the input facet of optical fibre. For an 

optical signal power launched into a SMF, P,. , it generates RB noise propagating at 

opposite direction. The RB noise power, P,,,, is given by [2.30] 

pRB =I B(1- e-2') (2.23) 
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where B= Sa, /21i with a,. Ikm-1] being the fibre scattering coefficient.. ' being the fibre 

recapture coefficient, and lt [knm-1I being the SMF attenuation coefficient with 

,u= 
20 

a where a is defined in Eq. (2.22). z is the fibre length. Depending upon the 
In10 

type of fibre and the selected wavelengths, fier fibre links longer than 20knm, 

ý= B(1- e-`'`) converges towards an almost constant value 12.311. 

According to the above descriptions, 
,' represents the backscattcrcd power normalized to 

the fibre launch power. To measure ti for SMI's at 1550nm, we used an experimental setup 

illustrated in Fig. 2.10(a). The measured backscattcrcd optical power and the 

corresponding normalized backscattered power as a function of C'W launch power are 

plotted in Fig. 2.10(b) for different standard SMF lengths ranging from 25km to 125km. It 

can be seen from Fig. 2.10(b) that, for optical launch powers of approximately 7c111m. 

regardless of fibre length, 1 can be taken to be -34M. Whilst when CW launch powers 

exceed 7dBm, which is the threshold of the Stimulated Brillouin Scattering (SBS). S13S 

occurs and plays a dominant role in determining the backscattered optical power. SUS will 

be discussion later. 

VAHAme 

F. DFA OPI. All. 
PSI LD r( 

i"IýVlwi 1ý Splitlrr S%IF 

(IptirAAker ('h,, 6,, 
14Aeml 

I'(': PdsritsiMnrtrder 1'\I 
I. II: I. wer 6 dr I'AI: Po"er crier 
F: DF. \: Erbüm dýý fiber amplifier (( -1mal) 

(a) 

0 SMF 25km 0 
SMF SOkm 

-10 
SMF 75km % 
SMF 100km 
SMF 125k 

-5 

m -10 
-20 -15 

-30 -20 

-4p 
25 

30 
-50 

60 -40 
-18 -15 -12 -9 -6 -3 0369 12 

CW launch power (dBm) 

(h) 

Fig. 2.10 (a) Experimental setup; and (b) Measured hick cafferecl optical power and 

versus Optical launch power fier il//c! rcnl . S'AIE lengths. 

RB is intrinsic for fibre and its cffect on the single fibre bidirectional transmission P()Ns is 

unavoidable. In such a PON system, the RB noise generated by the downstream signal 
joins the upstream signal, leading to the upstream performance degradation, and vice versa. 
This issue is discussed in detail in Chapter 9. 
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2.4.1.1.3 Chromatic Dispersion 

Chromatic Dispersion (CD) is caused by the frequency dependence of the refractive index 

n (ct) of optical fibre. As a result, light signals with different frequencies propagate in the 

fibre with different speeds. As signals occupy finite frequency spans, CD broadens optical 

signal pulses as they propagate through optical fibres, which imposes the ISI effect onto 

the propagating signals. For an electromagnetic waveform propagating in the z direction, 

the optical signal field at a distance zo can be expressed as 

E(zo, w) = E(O, a) " exp[jß(w)zoI (2.24) 

where co is the angular frequency and f(w) is the propagation constant. Mathematically, 

the fiber CD effects is accounted for by expanding the mode-propagation constant in a 

Taylor series with respect to the central frequency % [2.32] 

/3(a)) = n(co) 
w 

(2.25) 
= ß0 +((A -C)0)ß1 +2 (0 -a)0)2/32 f6 (Cd -(v0)3ß3 +... 

where 

d"'Q Pm 
_'dom 

)wwwo 
for m=0,1,2,3,... (2.26) 

The group velocity ß, =c/ ng is the speed that the optical waveform travels in the fibre, 

with c being the light speed in vacuum. The parameter ß2 represents Group-Velocity 

Dispersion (GVD). /33 represents the third-order dispersion. In practice, CD is 

characterized by the dispersion parameter D, which is defined as D= dß, I dA " By 

introducing this definition into to Eq. (2.26) for m=2 

D=-2Q 
Aý 2 (2.27) 

The CD parameter is wavelength dependent. Fig. 2.11 shows the dispersion coefficient as a 
function of optical wavelength for various types of optical fibre. Standard SMF has zero 
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dispersion around the 1.3µm region and 17ps/nm/km at 1.55µm, the wavelength of which a 

conventional EDFA works the best. 
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standard single-mode fiber or ITU-T G. 852 fiber 

(-D) NZ-DSF negative non-zero dispersion shifted fiber 
(+D) NZ-DSF: positive non-zero dispersion shifted fiber 
DSF: dispersion shifted fiber with nearly zero dispersion in C-band 

Fig. 2.11 Dispersion coefficient as u. /unction as wcmric'ngth / or various /ihrc'. c. 

The CD induced broadening of an arbitrary optical pulse propagating through SMFs is 

given by AT =D- (5/1 "z, with (>A being the signal bandwidth in inn and : being the 

transmission distance in kn1. Such pulse broadening brings about ISI in the received signal 

and thus imposes limitations for maximum achievable performance of optical 

communication systems. For conventional Non Return to Zero (NRZ: the binary 

information digit I is represented by a rectangular pulse of'polarity A and the binary digit 0 

is represented by a rectangular pulse of' polarity -A 12.331) systems, the achievable system 

capacity and reach are constrained by [2.341 

R``= c 
4Dý;, 

(2.2S) 

where R is the signal line rate, A� is the carrier wavelength and -- 
is transmission distance. 

When an NRZ system operating at typically 1.55µm upgrades from 1(ih/s to 10(ih/s data 

rate, the achievable reach drops from 1836km to 18km, and further into (+nly 

approximately 1.14km for 40Gb/s. 'l'herelore, ('I) is one of' the key limiting factors Far 

high-speed optical communication systems. 
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2.4.1.1.4 Polarization Mode Dispersion 

Polarization Mode Dispersion (PMI)) is caused by the group velocity nmisniatch between 

the two polarization states of a propagating optical signal. An ideal optical fibre is a 

transversal isotropic waveguide so that the two orthogonal polarization modes (transversal 

electric TI; and transversal magnetic TM) are degenerate and propagate identically in the 

single polarization. However, in practical optical fibres, such mode degeneracy does not 

hold and birefringence occurs due to the small deviations from cylindrical geometry as a 

result of random variations in the core shape or stress along the fibre length. Consequently, 

the propagation constant fl is slightly different for the two polarizations. That is, one 

polarization state travels faster than the other one, as shown in Fig. 2.12. The resulting 

difference of the arriving times causes optical pulse broadening. The PMI) induced time 

delay between two polarizations can be expressed as 

d, = DI,, z (2.29) 

where DD is the PMD parameter and measured in /). v/ knr 
. 

The value of' D,, varies from 

0.1 to 1 ps / km 
. 

Fast Propagation direction 

Slow 
PMD = Time delay 
(DGD) 

Fig. 2.12 An optical pulse pro/)agulc'. c in Ihc' fibre Wilk /', 111) arise, s. 1rai» Ihc' cli//i'rc'nliul 

group delay (DGD) between the two orlhogunal polarizulion , slates. 

Compared to CD. PMD exhibits dilTerences in two main aspects: firstly. PMI) is time 

dependent thus unstable due to random changes in hirefringencc occurring along the fibre. 

Secondly, the P MD-induced pulse broadening is relatively small as the PMU parameter is 

dependent on the square root of the distance. 'I'herefOre, fier F I'I'x networks. PMI) is not an 

important issue as the transmission distance is usually limited to less than I00km. 
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2.4.1.2 Fibre Nonlinearities 

The optical fibre's response to light becomes nonlinear for intense electromagnetic rclds. 

This property makes fibre channels different from wireless channels where nonlinearity 
does not exist. The fibre nonlinear effects induce changes in both the phase and power of a 

propagating light. 

There are two major categories of optical fibre nonlinear effects. The first type of nonlinear 

effects arises due to the dependence of refractive index on intensity of the propagating 

signal. The most important nonlinear effects in this category are Self-phase Modulation 

(SPM), Cross-phase Modulation (XPM), and Four Wave-mixing (FWM) [2.32]. The 

second type of fibre nonlinearity exhibits energy transfer from the optical field to the 

medium via a stimulated inelastic scattering process. The nonlinear Stimulated Brillouin 

Scattering (SBS) and Stimulated Raman Scattering (SRS) phenomena fall in this category. 

2.4.1.2.1 SPM, XPM and FWM 

Self-phase Modulation 

SPM refers to the self-induced phase shift experienced by an optical field during its 

propagation in optical fibres [2.32]. Due to the optical intensity dependence of refractive 
index in optical fibre, the nonlinear phase shift &L imposed on the optical field is 

proportional to the optical intensity, which, in the absence of GVD, can be expressed as 

ýNL (z, T) = n2k0z I E(z, T) 12 (2.30) 

where n2 is the nonlinear refractive coefficient, also referred to as Kerr coefficient [2.32], 

ko = 2, r/A with .0 being carrier wavelength and z is the fibre length. 

SPM in isolation leads to spectral broadening of optical pulses while keeping the pulse 
shapes unaltered. The spectral broadening generates frequency chirp thus brings about new 
frequencies into the optical pulse. The SPM-caused frequency chirp will gradually increase 

the pulse-broadening through fibre CD, which translates the phase modulation into 

intensity modulation. 
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Crass-phase Modulation 

Compared to SPM, XPM induces nonlinear phase shift to an optical field which is 

dependent not only on the intensity of that wave but also on the intensity of a co- 

propagating field at a different wavelength. When two optical fields El and E2 at 

frequencies w, and w2 , respectively, co-propagate in optical fibre, the nonlinear phase 

shift for the field at w, is given by 

ONvc (z, T) = nzkoz(I El 12 +( E2 12) (2.31) 

It is noticeable that the XPM is always accompanied by SPM, which are represented by the 

two terms on the right hand side of Eq. (2.31), respectively. Similar to SPM, XPM also 

causes a greater temporal broadening as signal propagates along the fibre due to the effect 

of CD. 

Four-Wave Mixinji 

For multiple signals at different wavelengths propagating in the fibre, the intensity 

dependence of refractive index not only induces SPM and XPM on each signal but also 

causes that these signals interfere and generate refractive index gratings, such gratings 
interact with the signals and produce new frequencies. This nonlinear process is referred to 

as FWM. The multiple optical fields at frequencies w, , to and wk interact to produce 

signals at frequencies a= ±a t OOj ± wk . 

FWM occurs only when phase matching between propagating signals is achieved, that is, 

for energy to flow effectively from one frequency to another, the signals must remain in 

phase. Thus FWM is dependent on fibre dispersion, since the signals at different 

wavelengths travel with different group velocities which gradually destroy the phase 
matching condition and make the FWM process less efficient. 

In today's FTTx, the influences of SPM, XPM and FWM are not significant. This is 

because, for the upstream or downstream single-channel signal transmission, the 
transmission distance is normally short. On the other hand, the simultaneous transmission 

of downstream and upstream signals is achieved by Coarse WDM (CWDM), where the 

channel spacing is usually large (-I80nm). However, XPM and FWM can have strong 
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deleterious effects when Dense WDM (I)WI)M) is implemented in IIIx (2.15(, where it 

can cause crosstalk between different frequency channels, and/or an imbalance of channel 

powers. FWM is dependent on the channel spacing thus one efficient way to suppress this 

effect is to use uneven WDM channel spacing (2.35(. In practise, use is made of Non Zero- 

Dispersion Shifted Fibre (NZ-DSF) to avoid phase matching to suppress FWM effect in 

WDM optical communication systems [2.361. 

2.4.1.2.2 SRS and SBS 

Stimulated Raman Scattering 

SRS is an inelastic process when light is scattered by material scattering centres. which 

causes vibrational excitation of the molecules. SRS converts a small traction of' the 

incident power from an optical beam to another optical beam at a downshifted frequency 

which is determined by vibrational modes of the medium. SRS can occur either in the 

forward or backward directions. 
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(from f 2.3 71). 

SRS has an important application in WDM systems as it enables relatively high optical 

amplification within the transmission fibre. SRS exists at all optical frequencies and the 

amplification range using a single pump wavelength is as wide as IOTl I. which is shown 

in Fig. 2.13, in which the Raman gain spectral for ditlcrcnt fibre types is measured using a 

1460-nni pump [2.37]. SRS can he detrimental as it can couple different channels in a 

WDM system and produce considerable inter-channel crosstalk. 
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Stimulated Brillouin Scattering 

SI3S also occurs at high optical input intensities in optical fibres but much lower than those 

needed for SRS. SI3S manifests through reflections of' the incident light wave with a 

downward Doppler shift caused by a travelling index grating which is generated by a 

sound-wave due to electrostriction. Compared to SRS. the frequency downshift in SI3S is 

-10GIlz which is much smaller than that in SRS, and the generated optical beam 

propagates backward only. The effect of'SE3S is negligible at a lower launched power level. 

but becomes significant when the input power increases. Unlike SRS. the SRS strength 

depends only on the bandwidth and power of the incident light and is independent of the 

incident light frequency. 

For today's FTTx systems normally using single fibre architecture. SI3S may he 

detrimental under high launch powers (>7dBm as was seen in Fig. 2.10). as the SI3S is 

strongest for narrow-hand signals. SRS is not a major concern in FT Tx since fror a given 

incident power level, the Raman effect is three orders of magnitude weaker than the 

Brillouin effect. 

2.4.2 Coherent Optical OFDM (CO-OF DM) 

Having discussed the linear and nonlinear fibre efi cts. this section discusses the 

fundamentals of a CO-OFDM system. 

OFDM modem 

01 
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data I I)I 

MzM 
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SMF Fibre spans SMF 

1 D2 

Optical 
Amplifier 

D/A: Digital to Analog convertor 
LD: Laser diode 
MZM: Mach-Zohnder modulator 
PD: Photon detector 
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N. -1 Na-1 
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OFDM modem 

Fig. 2.14 Block diagram of ('O-O/ UýII trU11. ý'I)Jl. 1sion . 1'º slýým. ý 

A typical CO-OFDM transmission system is illustrated in Fig. 2.14. which consists 01' a 
transmitter. a receiver and an optical fibre link. The transmitter is composed o1' an OFDM 
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modem which is similar to that shown in Fig. 2.3 and an optical Imaginary/Quadrature 

(I/Q) modulator. It should be pointed out that two DACs are used in the OFDM modem in 

transmitter to convert the real and imaginary part of the digital signal, respectively, into an 

analog signal. The OFDM modem generates electrical complex OFDM signal via a DSP 

procedure identical to that described in Section 2.3. The optical I/Q modulator comprising 

two Mach-Zehnder Modulators (MZMs) up-converts the real/imaginary parts of the 

complex OFDM signal from the electrical domain to the optical domain. Each MZM is 

respectively driven by the real or the imaginary parts of the electrical OFDM signal. It is 

well know that by biasing the MZMs at null point (bias voltage equals to the half-wave 

switching voltage of MZM), a linear conversion between the electrical OFDM signal and 

the optical field signal can be achieved [2.19,2.22]. The modulated signal can be expressed 

as 

E(t) = x(t)exp( ja)LDIt+OLDI) (2.32) 

where x(t) is the electrical baseband OFDM signal. w, D� and uj are the angular 
frequency and phase of the CW signal emitted from the Laser Diode (LD) in the 

transmitter, respectively. 

After transmitting through the SMF link, the received optical signal is given by 

E, (t) = E(t) 0 h(t) + w(t) (2.33) 

where h(t) and w(t) represent the channel impulse response and channel noise. The 

receiver uses two pairs of balanced receivers and an optical 90° hybrid to perform IIQ 

detection. Ignoring the imbalance and loss of the optical hybrid, the four output ports of the 

90° optical hybrid E,, E2 , E3 , and E, can be expressed as 

EI 

ýý1 
[Er `i' ELD2 19 

vG 

1 E3=*[E. -. lELD219 

E2 =1 [Er - ELD2 

E4 =1 [E. +. 1ELD21 
(2.34) 
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where EL02 is the signal of LD2 in the receiver as shown in rig. 2.14. The I component is 

obtained by using a pair of the plhoto"detectors, PDl and PD2 in rib. 2.14, whose 

photocurrent 1i and 12 can be described as 

1t =ý EI 12 =1 [1 E, 12 +I ELD2 12 +2 Re(E, ELD2 )J (2.35) 
2 

I2 =I E212 =1 [I Er 12 +I ELD2 I2 -2 Re(ErELD2 )] (2.36) 
2 

where "Re" or "Im" denotes the real or imaginary part of a complex signal. Because of the 

balanced detection, the I component of the photocurrent becomes 

1, (t) =1I -12 =2 Re(E, ED2) (2.37) 

From Eq. (2.33), we know that I E, 12= E(t) 0 h(t) I2 + ti '(t) j2 +2 Rc{ [E(t) ®h(t)]w (t)} 

contains three noise terms, which are suppressed upon balanced detection shown in Eq. 

(2.37). This is the advantage of balanced detection. Similarly, the Q component from the 

other pair of balanced detectors can be derived as 

IQ (t) = I3 -14 = 2Im(ErELD2) (2.38) 

Therefore, the complex photocurrent 1(t) that consists of both I and Q components becomes 

1(t) =1, + jJQ = 2ErELD2 (2.39) 

By combining Eqs. (2.32)-(2.33) and Eq. (2.39), the detected electrical OFDM signal 

which is given by 

y(t) = I(t) = x(t)exp(j0ü)t + 00) 0 h(t) + iv(t) 
(2.40) LW _- VJLDI - Ü)LD2 94= 

OLD1 
- OLD2 

where Ow and Ao are, respectively, the angular frequency difference and phase 

difference between the lasers in the transmitter and the receiver (LD I and LD2 in Fig. 2.20). 
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It is clear that the detected OOFDM signal is a linear replica of the received complex 
OOFDM signal. 

The detected electrical OFDM signal is first sampled with ADCs. Then the sampled signal 

needs to go through sophisticated synchronization and channel estimation before decoding 

can be made. The synchronization includes: 1) FFT window synchronization where the 

OFDM symbol is properly delineated to avoid ISI; 2) frequency synchronization, namely, 

the frequency offset d cv needs to be estimated and compensated [2.20]. 

From the above descriptions, CO-OFDM offers sufficient compensations for the linear 

effects from transmission system and components, leading to virtually unlimited dispersion 

tolerance. In addition, the fibre nonlinearity effects can also be compensated, to some 

extent, in CO-OFDM systems [2.21]. 10 x 111Gb/s-channel WDM transmission distances 

over 12000km with high spectral efficiency of 2bits/s/IIz has been experimentally 
demonstrated based on no-guard-interval CO-OFDM [2.38]. 

2.4.3 Intensity Modulation and Direct Detection Optical OFDM 

Compared to the CO-OFDM systems, Direct Detection (DD) OOFDM systems use simple 

optical power detection based on a single photo-detector, greatly reducing the system 

complexity. In DD OOFDM systems, the up-conversion of electrical OFDM signal to 

optical signal can be realized either by field modulation using I/Q modulators or Intensity 

Modulation (IM) using intensity modulators. The latter is referred to as IMDD OOFDM 

systems which further reduce the transmitter complexity and cost due to the availability of 

cheap directly modulated laser intensity modulators. 

Fig. 2.15 illustrates the block diagram of a typical IMDD OOFDM system. In the 

transmitter, the electrical OFDM signal generated by OFDM modem is up-converted into 

the optical domain by using an intensity modulator. This requires that the electrical OFDM 

signal has to be real-valued. Two common methods had been utilized in the OFDM 

modem to generate real-valued OFDM signals: the first one is to arrange the IFFT inputs to 
have Hermitian symmetry. The IFFT inputs can be expressed as 
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k=0 

Xk 
,,, 

k=1,2.... N, /2 -1 Xý., = (... 41) 
k=N, /2 

XN. 
-k. rr" k=N, /2+1,..., N, -I 

where X,.,, is the encoded complex data expressed in E, q. (2.2) and its conjugate is donated 

to as, Kk�. It can he seen from Eq. (2.41) that the last , V, /2 1FF I inputs have IIcrmitian 

symmetry with respect to the first N, /2 inputs. I Isually. the first suhcarrier is dropped ofT 

[2.141. By substituting in Eq. (2.10) %vith Xk., the IFF 1' outputs have zero imaginary 

parts. In this way, however, the IMI)1) OOII)M system lowers spectral efficiency 

compared to C'O-OFI)M, as half of the spectra do not carry any user data. 
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The second approach is to up-convert the real and imaginary parts of the electrical OFDM 

signal to an intermediate RF frequency and multiplex orthogonally, resulting a real-valued 

electrical OFDM signal, as shown in Fig. 2.15(h). Correspondingly, the Oil )M modem in 

the receiver performs RF down conversion after square-law detection. Compared to the 

first method, this approach uses RF oscillators thus increases the system complexity and 

makes the system vulnerable to the frequency drift and phase noise frone the Rf: oscillators. 
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Due to this reason, we only deal with the IMDD OOFDM system based on the first 

approach throughout the thesis. 

In an IMDD system, the OFDM modem-generated signal directly modulates an optical 

intensity modulator with a driving current of 

40 = Ids + X(t) (2.42) 

where Ids is the required DC bias added so that the resulting driving current i(t) is non- 

negative. Assuming an ideal intensity modulation, the optical intensity modulator generates 

an optical power p(t) = i(t). Then the optical field can be expressed as 

E(t) = p(t) = 
VId, -+x(t)cif") (2.43) 

After transmitting through SMF, the detected signal in the receiver is 

Y(t) =1 Idc + x(t)e1O(') 0 h(t) + Iv(t)12 (2.44) 

where h(t) and w(t) are the channel impulse response and channel noise. We can use 

Taylor series expansion on the square root term in Eq. (2.44). Considering x(t) is real- 

valued and ignoring channel noise, the detected signal becomes 

i 
Y(t) ""2 I( 1; + 

x(t) 
-x 

atz 
+ ... ) e'O") 0 h(t)] 

21ý,, 0.1 

x [( Ids + x(t) 
- 

x2atz +... )eJO(l) 0 h(t)]' (2.45) 
21ý, 

ý 
813c 

_1+ 
x(t)0[h(t)+h'(t)] 

_ 
x2(t)0[h(t)+h'(t)] +... `'` 2 81dc 

On the right hand side of Eq. (2.45), the first term represents the DC component; the 

second term contains the transmitted OFDM signal that needed to be recovered; and the 

third term and all the following terms stand for the unwanted intermixing products due to 

the detector nonlinearity and the fibre effects, which are responsible for OFDM 

subcarrierxsubcarrier intermixing [2.39]. 
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In the OFDM receiver, the electrical signal is decoded into the original data sequence by 

the receiver, which is the inverse of the transmitter. The information transmitted in the 

positive frequency bins is then recovered. In this case, as no local LDs are required for 

optical signal detection, synchronization only includes FFT window synchronization and 

simplifies the system as compared with the CO-OFDM cases. 

According to the above analyses, in spite of the merit on system simplicity and low cost, 
IMDD OOFDM also brings about important challenges including intensity modulation- 
induced low OOFDM signal Extinction Ratio (ER), nonlinear effects in the intensity 

modulator and direct detection-induced intermixing effects. Addressing these challenges, 
as discussed below, is the main emphasis of this thesis. 

Intensity modulation induced issues: 

1) An intensity modulated OOFDM signal contains a strong DC component [Eqs. (2.42)- 

(2.45)] which reduces the signal ER. The ER determines the effective Optical SNR 

(OSNR) of the modulated signal required to achieve a certain BER for a transmission 

system having fixed receiver sensitivity. Throughout the thesis, the OOFDM signal ER is 

defined as 

A2(i0T)I 
A'(JAT): F 

I") 

Rexf =KK, (2.46) 
A2 (SOT) 

A'(lsr)<iý 1-I 
K2 

K +K, 

A2(meT) 

K1+K2 
(2.47) 

where F is the average optical power, A(iET) (A(BET)) is the i-th (j-th) signal sample 

with its amplitude satisfying A2 
-P (A2 < P), AT is the sampling duration, KI (K2) is the 

number of samples satisfying A2 zP( A2 < p) within the entire OOFDM signal 
considered, and K1 + K2 is the total number of samples. 
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This definition considers the "noise-like" amplitude of an OOFDM waveform. Based on 

such a definition, the ER of an OOFDM signal emerging from an ideal intensity modulator 

is approximately 1.65dß; whilst in a DML-modulated OOFDM PON system, for a DML 

bias current of 36mA and a driving current Peak-to-Peak (PTP) of 8mA, the DML- 

modulated OOFDM signal has an ER as low as 0.2 dß. 

2) Optical intensity modulation of OFDM signals using practical intensity modulators is 

nonlinear, which leads to distortions of the modulated OOFDM signals. For example, 
DMLs inevitably produce frequency chirp, which interact with fibre CD and introduce 

degradations on OOFDM signals. However, the unwanted frequency chirp-induced 
Frequency Modulation (FM) can be converted into useful Amplitude Modulation (AM) to 

enhance OOFDM signal ER by using a narrowband wavelength-offset optical filter in the 

transmitter. This interesting topic is investigated in Chapters 4-5. Also, SOA/RSOA 

intensity modulators bring about OOFDM signal waveform clipping effects due to gain 

saturation and limited modulation bandwidths, which significantly affect OOFDM signal 

transmission performance. Such signal clipping effect and SOA/RSOA modulation 

bandwidths are dependent on the SOA/RSOA intensity modulators' operating conditions. 

Therefore, optimization of SOA/RSOA operating conditions is critical for maximizing the 

system performance. These issues form the major task of Chapters 6-9. 

Direct detection induced issues: 

The direct detection gives rise to strong intermixing effects. As shown in Eq. (2.45), the 

equivalent channel impulse response is given by h 
q(t) = h(t) +h'(t) . By considering fibre 

GVD shown in Eq. (2.25), the channel transfer function can be described by 

Heq (tV) =(e jAm 2ß2z/2 +e -lew=Q2zi2)/2 = COS(0002ß2Z /2) (2.48) 

where Ow =w- wo is the angular frequency with respect to the angular frequency of the 

carrier w, z is the transmission distance. It is clear from Eq. (2.48) that frequency nulls 

occur when cos(Ocv2ß2z/2) =0 is satisfied, that is, 

Ow2Q2z /2= (k + I/ 2). ir, k=O, f 11±29... (2.49) 
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Consequently, upon detection of a Double Sidehand (USI3) ( )OIA)M signal. intermixing 

between the upper sideband and the lower sideband occurs, which introduces lr«lucncy 

ripples. By combining Fq. (2.49) and F. y. (2.27), the Frequency ripples' locations are 

governed by [2.17] 

(2k+1)f 
zOf ` (2.50) 

, 1/'is the frequency difference between the optical carrier frequency, I. and the frequency 

ripple considered; 4 is the optical carrier wavelength, and U is the dispersion parameter 

defined in Eq. (2.27). As expected from Eq. (2.50), Fig. 2.16 (a) and (h) show that, 

frequency ripples occur within the DS13 OFDM signal regime and become stronger with 

increasing transmission distance. This effect contaminates the fihrc dispersion-induced 

phase shift in the electrical domain, leading to a reduced dispersion tolerance. 

Apart from the intermixing between two sidebands, subcarrier <subcarrier intermixing 

effects also occur, as shown in the third term of' the right hand side of F. q. (2.45): this 

induces interferences [2.39]. Such subcarrier intermixing effect associated with square-law 

photon detection reduces the optical power budget by at least 1dli 12.401. Therefore, to 

alleviate these intermixing effects is of great importance for IMI)I) OOFDM systems. 
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Fig. 2.16 Elc'rlrical OFDM signal spectrum in the receiver for ddi//c'rcnl S'MIý' dislcntre. c. 

2.4.4 Comparison between ('O-OF I)M and IMI)1) OOIr'I)M 

As discussed in subsections 2.4.2 and 2.4.3. ('O-Ol I)M and IMI)I) OOIFI)M each have 

their own strengths and drawbacks. Table 2.1 summarizes the dillcrences between ('O- 
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OFDM and IMDD OOFDM. Generally, CO. OFDM represents the ultimate performance in 

robustness to CD and PMD, as CD and PMD induced phase shifts can be well preserved 

upon linear coherent detection. Therefore, theoretically speaking, CO-OFDM is capable of 

offering virtually unlimited dispersion tolerance. On the other hand, for IMDD OOFDM, 

tolerance to CD and PMD is limited due to nonlinear direct detection. In addition, CO- 

OFDM also outperforms IMDD OOFDM on receiver sensitivity. 

On the other hand, due to the coherent detection with a local laser, CO-OFDM requires 
frequency offset compensation, which complicates the receiver synchronization compared 

to IMDD OOFDM where frequency offset does not occur. More importantly, the 

requirements of expensive and bulky equipments for Electrical to Optical (E/O) and 
Optical to Electrical (O/E) conversions in CO-OFDM systems limit their applications to 

long-haul transmission systems. IMDD OOFDM offers promising solutions for cost- 

sensitive application scenarios including LAN, access networks and MANs. 

Table 2.1 Comparisons between CO-OFDA1 and JMDD OOFDM 

CO-OFDM IMDD OOFDM 

Modulation Field modulation Intensity modulation 

Detection Coherent detection Square-law direct detection 

Linearity of E/O and O/E Linear Nonlinear 

Dispersion tolerance Unlimited (theoretically) Limited by direct detection 

Synchronization FFT window; and 
frequency offset 

FFT window 

Receiver sensitivity High Relatively Low 

System complexity and cost Complex, expensive Simple, cost-effective 
Applications Long-haul transmissions MANs, access networks, and LANs 
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2.4.5 Adaptively Modulated ()()F'1)M 

OFDM modem Tx 
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data' q 

IM 
DD 

ElO 

Hý °) Attenuator 
N. -1 

Negotiation between Tx and Rx 

s L 
zi 

ýc 

�C 

Rx OFDM modem 

0 Received 
user data 

Fig. 2.17 AAIQOFI)/I1 Irunsmission . system 

In an IMI)l) OOFDM system, there is a system frequency response roll-off effect induced 

by optical and electrical components involved in the transmission system. To compensate 

this roll-off effect. AMOOFDM 12.14] was proposed to adapt channel conditions via 

adjusting the modulation format taken can each suhcarrier. Fig. 2.17 depicts the 

AMOOFDM system, where the highest signal modulation format that can be used on each 

subcarrier is identified by negotiations between the transmitter and the receiver in the 

initial stage of establishing a connection over the SMF system. The modulation formats 

vary from Diftcrential Binary PSK (I)I3PSK), I)ificrential QPSK (I)QPSK), R-QAM, to 

256-QAM. Generally speaking, a high (low) modulation format is used on a given carrier 

suffering a low (high) transmission loss. An)- suhcarrier suli ring a %, cry high loss may he 

dropped completely to avoid the occurrence of a large number cif errors on the suhcarrier. 

A practical way to realize adaptive modulation is to fcedhack the suhcarricr f3l,: Rs and the 

total channel IFR to the transmitter so that the optimum modulation format for each 

suhcarrier can be determined. In an AMOOFI)M system. the total channel Bl: R. BAR, , 
is 

defined as 

1/ %I 

13ER, =ýFnA ýr1A (2.51) 
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where A f, is the number of data-carrying subcarricrs in the positive frequency bins, 

Enk is the total number of detected errors and nk is the total number of transmitted binary 

bits. Both Enk and nk are for the k-th subcarricr, whose subchannel BER, BERk is given 

by BERk = Enk /nk 
. Based on 13ERr and BERk , the maximum modulation format adopted 

on each of the subcarriers within a symbol can be identified through negotiations between 

the transmitter and the receiver. Usually, a high modulation format is always preferred if 

BERT remains at 1.0x 10.3 or better. Once the link has been established, the modulation 
format on each subcarrier remains unchanged. 

Once an optimum modulation format for each subcarrier is configured, the maximum 
signal line rate of the AMOOFDM system is obtained, which is calculated using the 

expression given below: 
Al Al 

Al Ilk Y., 
2 

Ilk 

Rsignal 2 
Sk = k=T 

2Mk r1 +l 
(2.52) 

ka2 sd\ 
ýl 

where Sk is the signal bit rate corresponding to the k-th subcarrier, nk is the total number of 
binary bits conveyed by the k-th subcarrier within one symbol period T,, which is related to 

the ADC/DAC sampling rate r, by T, = 2N, (1 + q) / rs [2.25], and q is the cyclic prefix 

parameter defined previously. It should be noted that Eqs. (2.51)-(2.52) are not only valid 
for AMOOFDM systems but also applicable for identically modulated OOFDM systems, 

where identical modulation format is adopted across all the subcarriers. 

The AMOOFDM technique has many advantages. AMOOFDM supports maximum data 

rate and improves the system flexibility. Also, compared with identical modulation, 
adaptive modulation is capable of reducing fibre nonlinearitics including FWM and XPM 

due to the reduced PAPR of the DWDM AMOOFDM signals [2.15]. Therefore, 

AMOOFDM is a cost-effective solution for the delivery of broadband services for 

subscribers. In this thesis, explorations are also undertaken of the implementation of 
AMOOFDM in NG-PONs. 

51 



CIGM l'T I? 2. PRINCIPLES OF 41'TI C, l L OIF DM11 

2.5 Conclusion 

In this chapter, we have analysed the principles of OFDM and OOFDM. The basic idea of 

OFDM is to divide the serial bit stream into a number of parallel streams and transmit 

these low-rate parallel data simultaneously by using classical modulation formats such as 

M-ary QAM and (D)PSK on each parallel subcarrier. OFDM is therefore resilient to 

channel frequency-selective fading effects. With the aid of CP, OFDM has excellent 

tolerance of the channel dispersive effects. The efficient implementation of IFFT(FFT) 

largely reduces the OFDM system complexity. The disadvantages of OFDM arc its high 

PAPR and sensitivity to time and frequency synchronization problems. 

OOFDM enables excellent robustness against the fibre linear effects such as chromatic 

dispersion and PMD. Theoretically, CO-OFDM offers virtually unlimited dispersion 

tolerance. However, CO-OFDM is sensitive to the frequency and phase noise from the LD 

upon coherent detection. Moreover, the requirement of bulky and expensive equipments 

limits its applications in long-haul transmission systems. IMDD OOFDM uses simple 

intensity modulation and direct detection thus outperforms CO-OFDM on cost-sensitive 

application scenarios such as access networks. In addition, AMOOFDM systems can 

further improve the system scalability and flexibility. In the meantime, IMDD OOFDM 

also brings about important challenges including relatively low OOFDM signal ER 

induced by intensity modulation, nonlinear effects from intensity modulators and strong 

intermixing upon direct detection. Addressing these challenges forms the main task of this 

thesis. 
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3.1 Introduction 

To gain some knowledge of PON fundamentals, this chapter first reviews various access 

network technologies including DSL, IIFC, and PON. As PONs are dominant technologies 

for today's access networks due to their mature standards and massive global deployment, 

the evolution of PON technologies and standards is also overviewed in this chapter, which 

include ITU-T B/GPON, IEEE EPON as well as NG-PON technologies such as IEEE lOG- 

EPON and ITU-T NG-PON1 (also referred to as XG-PON) and NG-PON2. ITU-T NG- 

PON2 provides a long-term solution beyond IOG-EPONIXG-PON, and allows more 

emerging technology candidates to be considered, namely WDM-PONs, hybrid 

WDM/TDM-PON and OOFDM PON, which are also discussed in this chapter. 

The FSAN/ITU-T emphasizes on keeping optoelectronic components of NG-PONs as 

common as possible in order to achieve cost-effectiveness. Considering the fact that there 

are plenty of dark fibres that have already been installed in practice, and that electro"optic 

convertors take a majority part of the cost of PON transceivers, therefore, various PON 

optical modulators are discussed in this chapter in terms of their operating principles, 

advantages and disadvantages. Among all those modulators, the widely used DMLs and 

RSOAs/SOAs have demonstrated to be cost-effective solutions for NG-PONs. 

3.2 Access Network Architectures 

A generic structure of a modem telecommunication network is shown in Fig. 3.1, which 

comprises inter-connected core networks, Metro networks and access networks. The core 

network is a central part of the network, which provides long distance and high capacity 

services via WDM to customers connected to it through Metro networks or access 

networks. Metro/regional networks lie in a city or region responsible for traffic grooming 

and multiplexing functions. While access networks distribute signals downstream to end 

subscribers and transmit the aggregated traffic upstream to the service providers' Central 

Offices (COs). 
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Fig. 3.1 Generic structure cºra modern telecommunication network (. from 

[3.1]). 

Initially, the most widely deployed transmission media in access networks are twisted-pair 

copper cables that have been used for telephone lines for more than 100 years. Over a long 

history, analogue voice services were transmitted over 4 kl Iz bandwidth. As Internet was 

first invented in 1960s. the voice grade bandwidth was also used to transmit digital Internet 

signals, however, the best data rate available was only 56kbps 13.11. In order to deal with 

the growing bandwidth requirement, solutions including new modulation techniques tier 

legacy copper cables and deployment of optical fibre were proposed. This leads to the co- 

existence of today's major wired access network technologies including I)Sl . 
Ill (', and 

PONs. 

3.2.1 Digital Subscriber Line (I)SL) 

DSI� or collectively called xI)SI� uses multi-level modulation technique such as QAM in 

twisted-pair copper cables, leading to maximized throughput. In I)SI, networks, a I)SI, 

modem is employed at the user end to connect the user to the service provider through a 

DSL Access Multiplexer (I)SLAM) located at a remote node or central office as shown in 

Fig. 3. I. The I)SL modern acts as a filter to separate the voice signals from data signals. 

The I)SI, AM provides a Point-to-Point (P2l') dedicated bandwidth between the service 

provider and each end user. 
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In DSL systems, the 0 to 4kIIz band carries the traditional Plain Old Telephone Service 

(POTS) line, and the 25kHz to 160kh z band carries the upstream (user to carrier) data and 

the 240KHz to 1.5Mliz band carries the downstream (carrier to user) data. As summarized 

in Table 3.1, different DSL techniques provide symmetric or asymmetric transmission 

bandwidths, ranging from 1Mb/s to 100 Mb/s. VDSL (VDSL2) provides the maximum 

bandwidth-distance products of roughly 50 Mb/s-km (30Mb/s-km) for downstream 

(upstream) transmission. 

Table 3.1 Summery of dj erent DSL technologies 

DSL Type 
Maximum speed Max. Trans. Number 

ITU Standard 
Downstream Upstream distance of lines 

ADSL (Asymmetric DSL) 8Mb/s 700Kb/s 5.5km 1 G. 992(1999) 

IIDSL (High data rate DSL) 1.54Mb/s 1.54Mb/s 3.65km 2 G. 991.1(1998) 

IDSL (ISDN) 144Kb/s 144Kb/s 10.7km 1 

MSDSL (Multirate Symmetric DSL) 2Mb/s 2Mb/s 8.8km 

RADSL (Rate Adaptive DSL) 7Mb/s I Mb/s 5.5km 1 

SDSL (Symmetric DSL) 2.3Mb/s 2.3Mb/s 6.7km 1 

VDSL (Very high data rate DSL) 52Mb/s 16Mb/s 1.2km 1 G. 993.1 (2004) 

VDSL2 (30-Milz) 100Mb/s 100Mb/s 300m G. 993.2(2006) 

3.2.2 Hybrid Fibre Coaxial (HFC) 

IIFC implements a hybrid optical fibre and coaxial copper cable architecture to deliver 

Cable Television (CATV), voice, and Internet services to end users and transmit 

aggregated data from users. As shown in Fig. 3.1, cable modems at individual households 

are connected to a Cable Modem Termination System (CMTS) at a headend office. 

Downstream data signals from head ends are transmitted to remote fibre node where they 

are converted back to the RF domain and broadcast to individual cable modems through 

the coaxial cable plant. Each individual cable modem recognizes its data by the Identifier 

(ID) embedded in downstream data. Customer data are multiplexed using TDM. The 

CMTS acts a Media Access Control (MAC) master which assigns upstream time slots for 

each cable modem. 

The downstream and upstream signals are transmitted simultaneously through the same 

cable between the home and the remote fibre node through FDM. The coaxial cable has a 

useable frequency range of up to 1Ghiz, which is much broader than that corresponding to 
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twisted pairs. Broadcast TV signals normally occupy a frequency hand from 50MIIi to 

500MI Iz or 750M1lz. Each ('A IV channel occupies a h-MI Ir or 8-MI Ii bandwidth. and 5 

MHz to 42 MHz are used for upstream data transmission. 

Table 3.2 Summary of DO(', SIS tuod ulalion f urmal and data rule 

DOCSIS Downstream I Ipstream 

Versions Modulation format Max. data rate Modulation format Max. data rate 

1.0 38Mb/s QPSK. 16-QAM I OMb/s 

2.0 
64 AM 256 

40Mb/s QPSK, 16-QAM, 32-QAM, 30Mb/s 

3.0 
Q , -QAM 160Mb/s 64-QAM, 128-QAM 120Mb/s 

Data over Cable Service Interface Specification (I)OCSIS) specifies the modulation 

formats for both I IFC downstream and upstream transmissions. Table 3.2 lists the available 

downstream/upstream modulation formats, and the corresponding maximum achievable 

data rate specified by the three versions of [)OCIS. I [owever, such a large bandwidth is 

shared by hundreds of households per fibre node, the per user bandwidth is only 3Mb/s to 

8 Mb/s downstream and 200kbps to 800kbps upstream. 

3.2.3 Passive Optical Networks (PONs) 

PONs arc promising solutions tier access networks. A typical l'[)M-PON system is 

illustrated in Fig. 3.2, which consists of'an Optical Line "Terminal (01 1') located in the CO. 

multiple Optical Network Units (ONUs), a fibre link and a Power Splitter (PS). The section 

between OI. 'I' and ONUs is rcierrcd to as Optical Distribution Network (UI)N). 

1.49[im 
_ý ONU 1% 

central office 1.3µm 1: 32 m m= omam Lý, 
T 

., -. OEM=I(OE 10/100BASE-T 
Backbone swrtcn Tý' 

Network or e. cross- 

connect OlT4 ==[MM AIIIý20km 
ONU 32 

ODN (PON section) 

Fig. 3.2 A typical 7' )A1-l'ON architecture (1i-om 13. //) 

Multiple OLTs in the CO are interconnected with a backbone switch or cross-eonncct, 

which provides the cross-connection and switching among diiicrcnt OL'I's, ONE Is and the 

backbone network. OLT also provides the translation between the backbone signal formats 
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(e. g. SONET/SDII, or Ethernet) and ODN signal ones [3.1]. Similar to the OLT, the ONU 

performs translation between ODN signal formats and signal formats used by the end user 

equipments. 

The PON architecture generally supports 32 ONUs with a maximum covered transmission 

distance of usually 10 to 20km. The bidirectional transmission of downstream and 

upstream signals is realized by Coarse WDM (CWDM) with 1.49µm and 1.31tm 

wavelengths being assigned to downstream and upstream, respectively. 

The PON is a shared network due to the use of the Point-to-Multi"Point (P2MP) topology. 

In downstream, the OLT broadcasts signals to all ONUs by interleaving frames destined 

for different ONUs as a continuous stream. Each ONU extracts its own frames based on its 

own ID. In upstream, since there is only one receiver in the OLT and a single feeder fibre, 

ONUs take turns to send their data in a TDM schedule. Moreover, when an ONU is not 

sending data, it has to turn off its laser to avoid interference with other ONUs' upstream 

transmission. As a result, the use of burst mode ONU transmitters and OLT receivers is 

critical in PON. 

The PON has numerous advantages which are summarized as followings: 

  PON eliminates the need for active optoelectronic and electronic devices located in 

the cabinet in the harsh outside environment. No power consumption equipment 
leads to low maintenance cost and better system performance stability. 

  The system cost including OLT devices, fibre installation and maintenance is 

shared by a number of customers. This makes PONs cost-effective. 

  PON offers topological flexibility by placing the PS anywhere along the fibre link. 

Compared to DSL and IIFC, PON eliminates the bandwidth "bottleneck" caused by legacy 

copper cables and thus offers much larger capacity and reach to each individual user. 
PONs have been deployed all over the world. In a global view, Asia Pacific gains the most 

success in PONs. Take Japan for example, the number of PON subscribers has exceeded 
that of DSL and HFC, thus PON becomes the dominant access network technology [3.2]. 

The success of PON relies on not only the strong user demand of broadband services but 

also government and regulatory support and competitive market. In Japan, the government 

set up "e-Japan" plan targeting 30 million PON subscribers by 2010. South Korea 
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government established the "e-Korea" (2002) plan and later "11-Korea" (ubiquitous 

integration) to build broadband convergence networks as core networks liºr I J-Korca. 

China also announced to deploy the world's largest I'ON deployment 13.31. It is envisioned 

that PON will experience a golden time in the next afw decade. 

Standardized PON has several variants including Ill I- T Asynchronous I'ransfcr Modc 

(ATM) PUN (APON)/Broadband PUN (I3PUN)/GPON and II; I... I1'ON, as well as N(I- 

PONs including IEEE 10G-EPON and ITU-T XG-PUN and NG-PON2. The next section 

reviews the evolution of PON technologies. 

3.3 PON Evolution 

40G7 

  
Standardization 
r; " rw, 4 10G12 5G610G/10G 

Deployment 
1OG/1G810G/10G 

10000 

2.60I1.26G 
(r', j "; , 
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16/10 

Mi*%l* ý JHº i`' 1000 
626M/ 125M 

,, " NTT, Verbon 
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Lo 100 
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Ilk "be N %0 ý11; 
0 

lb" +le 
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Fig. 3.3 /fis1o». 1' u/VON c%'velopmcnI 

Fig. 3.3 illustrates the evolution of PON technologies together with reference to actual 

deployments in major global areas. The first generation oHPUN is ITU -T AI'ON ((i. 983.1) 

supporting a data rate from a few tens of Mb/s to hundreds of Mb/s. which gained small 

scale deployment. Later, ITU-T specified III'ON (G. 983.3) and further (SPUN ((i. 984) 

which supports data rate of up to 2.5Gh/s thus were widely deployed over the world. In the 

meantime, to compete with GPON. IFI; E. also specified FPON standard (802.3ah) offering 
lGb/s data rate. To deliver ever increasing broadband services. both I Ill-f and If. Ff: 

started NG-PON standardization work of 10G-FIPON (802.3av) and X(i-i)ON (X is the 
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Rome sign of 10: G. 987), respectively, targeting 10Gb/s data rate. Moreover, ITU-T also 

considers long-term solutions with even higher data rates, which is referred to NG-PON2. 

PON standards cover the data link layer (MAC layer) and physical (PIIY) layer of the 
Open System Interconnect (OSI) reference model. This subsection reviews various PON 

technologies shown in Fig. 3.3, together with their standards. 

3.3.1 ITU-T BPON and GPON 

3.3.1.1 APON/BPON and ITU-T G. 983 

The work of APON was started by Full Service Access Network (FSAN)/ITU-T and later 

transferred to ITU-T G. 983.1 standard in 1998. BPON is a higher speed version of APON 

and was specified in G. 983.3 in 2001. For this reason, we simply use BPON to refer to this 

class of PON subject to G. 983 series [3.4]. Here, a general summery of BPON in terms of 

the PHY layer and MAC layer is presented. The PHY layer covers data rate, transmission 

distance, power split ratio, wavelength plan and optical link budget. 

PitYLayer 

Table 3.3 BPON downstreanr/upstream data rate combinations 

Downstream Upstream 
1. 155.52Mbps 155.52Mbps 
2. 622.08Mbps 155.52Mbps 
3. 622.08Mbps 622.08Mbps 
4. 1244.16Mbps 155.52Mbps 
5. 1244.16Mbps 622.08Mbps 

Data rates: BPON supports both symmetric and asymmetric downstrcam/upstream data 

rates, as listed in Table 3.3. 

Powcr split ratio: Typically 1: 32 or 1: 64, restricted by path loss. 

Transmission distance: Maximum 20km. 

Wavelength plan: ITU-T G. 983.3 specifics CWDM wavelength overlay for both BPON 

and GPON systems, as shown in Fig. 3.4. The upstream transmission uses the 1260- 

1360nm window and downstream uses the 1480-1500nm window. The C-band as an 

enhanced band is used for carrying either CATV signals or additional digital services 
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such as SONFT/SDII links. Other two bands including the 1360-1480nm hand and 

1565 nm beyond are reserved liar future applications. 

Wavelength Plan in ITU-T Rec. G. 983.3 
Enhanced band Enhanced band (option 2): 

(option 1): For video distribution 
B/GPON For future B/GPON additional digital 
upstream use downstream Servi For future use 

11 __V 

L L:::: 
,l L-band 

1260 1360 1480 1500 1539 1550 1560 1565 
wavelength (nm) 

Fig. 3.4 Wavelength plan, fo r ß/01'ON. tiº'skc'ms. 

Optical link budget: All ITU PUN standards feature three classes of optical link budgets 

for different ODN attenuations between ONU and OL"l'. The three classes are Class 

A (5 to 20M), Class 13 (10 to 25dl3) and Class (' ( 15 to 30dß). which are specified in 

ITtJ-T (i. 982 [3.5]. Later, Class I3+ with 28413 attenuation was also introduced by 

most PON transceiver vendors due to cost reasons. 

MAC Laver 

ß10N is based on the ATM communication protocol in the MAC layer. Bl'ON signals are 

transported in timeslots. Each timeslot contains an A'I'M cell or a Physical Layer Operation, 

Administration and Maintenance (PLOAM) cell. I'LOAM cells are used to carry physical 

layer management information. The downstream frame is composed of 56 ATM cells fror 

the basic rate of 155Mb/s, in which two dedicated PI. OAM cells are inserted at the 

beginning and the middle of the frame, and the remaining 54 ATM cells carry the data. The 

downstream frame can scale up to 224 and 448 ATM cells ti)r the rates of 622Mhit/s and 

1244 Mhit/s, respectively. The upstream frame is similar but can he divided into mini-slots 

to support Dynamic Bandwidth Allocation (I)RA) mechanisms (6.983.4). 

3.3.1.2 GPON and ITU-T G. 984 

GPON is an evolution of' ß10N with a high data rate. The (iPON standard (i. 984 series 

[3.61 inherited many ideas covered in the (. 983 standards. 
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Pll Y Layer 

Data rate: Similar to BPON, the downstream and upstream bit rates defined in G. 984 arc 

also combinations of several possible rates, which arc 

  Downstream: 1244.16Mbps / 2488.32Mbps 

  Upstream: 155.52Mbps / 622.08Mbps / 1244.16Mbps / 2488.32Mbps 

The power split ratio, transmission distance, wavelength plan, and optical link budget of 
GPON are identical to those of BPON. 

MAC Laver 

GPON MAC layer is described as GPON Transmission Convergence (GTC), which 

supports two operation modes: ATM and GPON Encapsulation Mode (GEM). GEM 

allows adaptation of various protocols, including Ethernet and TDM. Therefore, GPON is 

not only back compatible to UPON but also capable of carrying different applications. 
Additionally, G. 984.3 defines an optional Forward Error Correction (FEC) capability using 
RS(255,239) code in GTC framing to improve the optical link budget in GPON. 

3.3.2 EPON and IEEE 802.3ah 

The work of EPON was started in March 2001 by the IEEE 802.3ah study group and 
finished in June 2004 [3.7]. EPON provides 1.25Gb/s symmetric downstream and 

upstream bandwidth, which are shared by 16 or 32 ONUs. Two different reaches of 10km 

and 20km between the OLT and ONU arc defined in EPON. EPON also inherits the 

wavelength allocation plan of GPON, as shown in Fig. 3.4. However, EPON does not 

specify a wavelength for CATV broadcast. Moreover, EPON adopts 813/1013 line coding 
but the use of FEC is optional in EPON. 

In EPON MAC layer, all services are framed in the Ethernet format thus EPON inherently 

support IP-based applications such as Voice over IP (VoIP) and IPTV. Different from 

conventional Ethernet technique based on P2P, EPON supports P2MP by adopting a new 

sub-layer Multi-Point Media access Control (MPMC) in the data link layer. P2P emulation 
function is introduced in EPON in order to operate with the 802.1 based Ethernet switching. 
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3.3.3 10(; b/s NG-NONs 

Both FSAN/I'I U-'I' and ILI: I; have endeavoured targeting on NG-I'ONs at 10(ih/s data 

rates. The II; I: I. 802.3av 1OG-ETON standards was ratified in September 2009. I Iowever, 

the FSAN group has a more open-ended charter, considers a range of'solutions. thus with a 

much longer timeline for NG-PON standardization. 

3.3.3.1 IEEE IOG-EPON 

I OG-EPON is a smooth evolution of' 802.3ah I (i-EPON. The 802.3av standard places 

significant emphasis on enabling simultaneous operation of' I (ih/s and 10 Gb/s FIl'ON 

systems on the same outside plant. Such a co-existed FPON is illustrated in Fig. 3.5, where 

the downstream I Gb/s and 10 Gb/s channels are separated in the wavelength domain; 

while the upstream I Gb/s and 10 Gh/s channels share spectrum in the low chromatic 

dispersion region and are separated in time domain by using a dual rate burst mode OL'I' 

receiver which automatically switches between 1 Gb/s and 10Gb/s based on the scheduled 

ONU transmission bursts. 

Upstream TDM Overlay IG ONU 

OLT 10 Rx 
IG DS (I 490Wm) WDM 

is I 10 Tx 

10G Txl WDM 
1 t' 

I'l 

10G ONU (Asymmatricl 
1 310iým 

1GI10G Rx 'tOG Rx 
f 1: 16 WDM 

1G Ts 

Dual rate OLT receiver 
10G ONU (Symmetric) 

' 10G Rx 
W DM 

. 10G Tx 

Fig. 3.5 Co-existencce (? /'/ OG-EPON and /G-E/'ON 

IEEE: 802.3av preserves the back compatibility with IG-EPON (II. Fi. 802.3ah) in a wide 

scale. The former is the extension of the latter. Compared to 802.3ah. 802.3av has a small 

change in MAC layer which occurs in the Ml'('I' sub-layer: the auto-recovery process will 

he needed to distinguish IG and I OG registration, which supports the dual rate operations 

in ULF. The differences between them in the PlIY layer contain four main aspects: 

wavelength plan. optical link budget, line coding and FF. C. 
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Wavelength plan: IEEE 802.3av preserves the wavelength plan for EPON for IGb/s 

downstream and upstream transmissions. Meanwhile, there arc additional two bands: 

1575-1580nm for 10Gb/s downstream transmission and 1260-1280nm for 10Gb/s 

upstream transmission. 

Optical link budget: The 802.3av defines the power budget for symmetric-rate PIIY for 

PON operating at IOGb/s downstream/ I OG/s upstream which is denoted as PR; and 
for asymmetric-rate for IOG downstrcam/1G upstream which is designated to PRX. 

The three classes of optical link budget are listed as followings: 

  PR(X)10: 5-20dB for 10km transmission distance. 

  PR(X)20: 10-24dß for 20km transmission distance. 

  PR(X)30: 15-29dß for 20km transmission distance. This power budget is 

expected to be compatible with the existing "B+" class as mentioned in Section 

3.3.1.1. 

The values "10", "20", and "30" immediately following "PR(X)" represents low, 

medium, and high power budgets, respectively. The PR(X)lO and PR(X)20 are, 

respectively, compatible with the PX10 and PX20 optical link budgets defined for 

802.3ah 1G-EPON [3.7]. 

Line coding: 1OG-EPON employs 66B/64B physical layer encoding, providing an 

overhead of 3% which is much smaller than that of 8B/10B used in 802.3ah EPON. 

FEC: lOG-EPON employs a FEC mechanism based on RS(255,223). FEC is mandatory 
for all channels operating at 10 Gb/s, including 10Gb/s downstream/ I OGb/s upstream 

EPON and 10Gb/s downstream/1Gb/s upstream EPON. While FEC using 

RS(255,239) is optional for symmetric 802.3ah IG-EI'ON. 

3.3.3.2 ITU-T XG-PON 

Pig. 3.6 shows the evolution roadmap of ITU-T GPON. ITU-T has a near-term plan for its 

10Gb/s NG-PON technology evolution: the plan aims at usymmctric/symmetric 10Gb/s 

GPON with the co-existence with the current GPON. This is referred to as NG-PON 1 (also 

known as XG-PON). The standard documents of XG-PON were expected to be completed 
in later 2010 or early 2011. 
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XG-l ON allows smooth upgrade of individual customers into future ION on the current 

OI)N without disrupting the services of'other users in the same f'ON 13.81. To achieve the 

co-existence between XG-PON and current (iPON. a WI)M filter is installed to combine 

(separate) G-PON and XG-PON signals into (cut of) the common ( )I)N 13.81. Compared to 

GPON, XG-PON keeps changes to the Transmission Convergence ('I'(')/MAC' layer to the 

minimum. The major differences between current (iPON and XG-PON consist in the PI lY 

layer, which mainly include the wavelength plan, link power budget. PUN split ratio and 

physical reach. 

WDM option to 
wabfe overlaid GIXGPON 

mdla PtoP wMirt 

/XG-PON 

( NS ]. SG a tOG 
()S JOGI 

= 

Now -2010 -2015 

Fig. 3.6 NG-PON rechnologj' evolution pathwa 
. 
Porn F SA N 

XG-PON includes two generations: XG-PONI and XG-{'ON?. X(; -11ON 1 supports 

asymmetric lOG downstream/2.5G upstream transmissions; while X(, -1ON2 Oflcrs 

symmetric I OG downstream/IOU upstream transmissions. 

. y(-PONI 

FSAN/ITIJ-T proposed wavelength hand plan enhancements specified in Recommendation 

G. 984.5, which respects the wavelength allocation for (il ON (Fig. 3.4) and adds new 

wavelength hands of 1575-I 580nm Iier the X(i-IION I downstream and 1260-1280nm for 

XG-PONI upstream. Such a wavelength plan is similar to that defined in 11:. 1.1: 802.3av. 

The power budget for XG-PON I is compatible with the "13+" class in current (il'ON with 

additional losses from an optical filter. This results in a total power budget of 

approximately 28.5dß to 31c1ß. Moreover. XG-PON I supports a minimum power split 

ratio of 1: 64 and a minimum physical reach of 20km. 

Elect CDM 

rr, _ 
OFDM. etc 
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, rc-PON2 

The wavelength plan for XG-PON2 has not been defined yet, most assume that it will 

adopt a similar wavelength plan to XG-PONI. XG-PON2 may require increase in the 

system performance by extending the power budget, which is defined as the class "C+" 

power budget in addition with the insertion loss from the optical filter. Therefore the total 

insertion loss for the transmission link will achieve approximately 33dß to 35.5dß 

depending on the deployment requirements from operators. 

3.3.4 Beyond 1OG-EPON/XG-I'ON 

ITU-T also offers the long-term plan beyond XG-PON/lOG-EPON targeting even higher 

data rates, which is referred to as NG-PON2, as shown in Fig. 3.6. Though the processing 

of NG-PON2 is in parallel to XG-PON1, a much longer time period till 2015 was set for 

NG-PON2 standardization as it involves intensive research on the emergent novel 

technologies. 

Different from XG-PON, NG-PON2 takes into account the long-term solutions that do not 

necessarily co-exist with GPON on the same ODN. NG-PON2 may use separate splitters 

and fibres rather than those shared by GPON and XG-PON. Furthermore, NG-PON2 may 

also use a different device such as wavelength router to substitute the power splitter 

currently used. Therefore, NG-PON2 accounts for a number of technology candidates with 

potential excellence, such as WDM-PON, hybrid WDM! TDM-PON, and OOFDM PONs. 

3.4 Promising Technologies for NG-PONs 

As ITU-T NG-PON2 would not be restricted to the G. 984.5 cnlhancement wavelength band 

operation and optical characteristics of current ODN system components, it offers 

opportunity to consider novel technologies. In this section, the potential technologies 

including WDM-PON, hybrid WDM/TDM-PON and OOFDM PON are discussed. 

3.4.1 WDM-PON 

It is agreed that PONs based on pure TDM cannot cope with the requirements of future 

networks with aggregated bandwidth and the allowable power budget. A promising 
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solution to address this challenge is to adopt WI)M-PON. A general WI)M-NUN 

architecture is shown in Fig. 3.7. In the downstream direction. OI, I' use,, a mixcd- 

wavelength laser array or a Multi-Frequency Laser (MIT) to generate a downstream signal. 

which is multiplexed to form a WI)M signal. An Arrayed Wavelength Grating (AWG) is 

adopted in the remote node to route the wavelengths to a proper ONlI. While in the 

upstream direction, each ONU uses an individual wavelength to carry its signal and these 

ONU signals are aggregated into a WDM signal after passing through the AWG. The OIT 

receiver de-multiplexes the received WI)M signal using filters and it photo-detector array. 

A Band Splitter (BS) or circulator is used in both the OI. 'I' and ONII to separate the 

upstream/downstream signals so that bidirectional transmission is performed. 

OLT 

-- - -- Passive 
Source array node 
(MFL) MUX ýi 

""""ýýý A 3dB, BS BS w 
or circulator 

ONU 1 

ýff*[Rxl 
lixýl 

ý; 

ýý 
ý 

MFL: Multi-frequency laser MUX: Multiplexing 
AWG: Array wavelength grating 

ONU N 

Bs ý ft 
K Tx 

BS: Beam splitter 

Fig. 3. iA general ii'UAI-PON architecture 

WDM-PONs exhibit advantages in many aspects: 

  As ONU is assigned with a dedicated wavelength, which provides a tremendous 

bandwidth and excellent privacy to an individual customer. 

  WDM-PONs preserve a passive Ol)N thus maintenance cost is low. 

  Each ONU and OL 1' has an independent P2P connection thus largely simplifies the 

MAC layer (no P2MP media access control) and enables the achievement of'systenm 

protocol transparency. 

  Easy to scale. Each wavelength can operate at different data rate and run different 

protocol so an easy pay-as-you-grow upgrade is possible. 

The disadvantages of WUM-PONS are the high cost cat' WI)M components and wavelength 

specific ONE J. This may limit its wide practical applications. 'I'hcrctiorc, colorless ONU 
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operation is highly preferred to minimize stock and wavelength management problems and 
thus the cost for operators. Generally, there are three colorless ONU solutions: 

1) Use of a tunable laser and an external modulator in each ONU [3.9,3.10]. This 

approach offers, in the long-term, the highest performance for WDM-PON by 

allowing the highest potential number of channels. It makes economic sense 
because of the availability of commercial tunable semiconductor lasers at prices of 

potentially a few ten U. S. dollars. 

2) Broadband Light Source (BLS) from CO and optical injection-locked Laser Diode 

(LD) such as F-P LD [3.11,3.12] and VCSEL [3.9] in ONU. The BLS can be from 

Amplified Spontaneous Emission (ASE) generated by an EDFA [3.13], or Light- 

Emitting Diodes (LEDs) [3.14], which is sliced by the AWG and each sliced carrier 
is fed to an individual ONU for upstream transmission. Although BLS and injection 

locking F-P have already been commercialized, this scheme is not easy to provide 
higher data rates beyond 1Gb/s due to high power loss in spectrum slicing and the 

intrinsic noise of F-P LD [3.9]. 

3) Reuse the downstream wavelength. In this approach, the downstream optical signal 

received by ONU is split into two: one is detected by the ONU receiver and the 

other is re-modulated by the upstream signal and sent back to OLT receiver. The 

modulators in ONU can be injection-locked F-Ps [3.15], EAMs [3.15], or 

RSOA/SOA intensity modulators [3.15,3.16]. The major challenge for this scheme 
is the crosstalk effect between the residual downstream signal and the re-modulated 

upstream signal. Moreover, RB noise is also an issue if bi-directional transmission 

is used in the WDM-PON. 

As NG-PONs based on WDM architecture operate at high bit rates (>IOGb/s) per 

wavelength, the tunable ONU and the downstream wavelength reuse approaches discussed 

above seem survive easily in NG-PONs. Therefore, in this thesis, these two colorless ONU 

methods are thoroughly investigated of using RSOAs/SOAs as intensity modulators in 

WDM-PON using the OOFDM technique. 

3.4.2 Hybrid WDM/TDM-PON 

In real cases, WDM-PONs are often combined with TDM-PONs to increase transmission 
distance, power split ratio and system scalability. A typical example of such hybrid 
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WDM/TI)M-PONs is the WI)M F. thernet PON (WF. -ION). developed by I,, lectrcºnics and 

Telecommunications Research Institute, Korea (l. I RI) and Korea I clcconi 13.171. by 

combining WDM PON and FPON together. The WI; -11ON system is shown in Fig. 3.8. 

where 32 wavelengths and 1: 32 power splittcrs are used, allowing a total split ratio of 

approximately 1: 1000. 
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Fig. 3.8 WE-VON arrhilc'clure (from 13.17 1). 

The hybrid WDM/TDM PON possesses the advantages of both WI)M-I'ON and 'PDM- 

PON, and also effectively eliminates the limitations of pure 'ITDM-PON. With the increase 

of number of customers and transmission distance enabled by WDM/'I'DM-PON. the 

number of CO can also be reduced leading to considerable power and maintenance cost 

savings. Similar to WDM-PONS, colorless ONUs are also preferred in WI)M/'I'DM-I'ONs. 

3.4.3 OOFI)M PON 

As discussed in Chapter 2, OOFDM is an advanced signal modulation technique tier PONS 

due to its high spectral efficiency, high chromatic dispersion tolerance, excellent system 

scalahility and flexibility 13.10,3.18-3.201. Integrated circuit implementations of ()F DM 

modems are feasible for atTordahlc mass-produced transmitters and receivers. Apart from 

these advantages, OOFI)M PON also offers, in particular, multiple access capability that 

allows different ()FDM subcarriers to he assigned to different customers/services 
[3.21,3.221. Fig. 3.9 shows a typical architecture and multiple access strategy cif' OO1' UM 

PON. 

For downstream transmission, different services such as Ethernet data. RoE signals share 

the same laser and downstream wavelength. The signal is broadcast to all ONUS by using a 

PS. Each ONIJ recovers its signal at the allocated suhcarriers. For upstream transmission, 

each ONU maps its data and/or signal to the allocated suhcarriers, sets all the other 
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suhcarriers to zero, and completcs the modulation to generate an electrical (*'DM frame. 

The OFI)M Frame is then converted into OOI I )M svnmhols with low cost DM1. s and 

transmitted over fibre. The OOFI)M symbols from multiple ONUS will he combined at the 

optical coupler, forming a single OOl f )M frame, and detected by a single photo-detector 

at the OLT receiver. 

Compared to conventional TDM-I'ON technologies, OOIFDM PUN not only provides 

improved performance but also the possibility of convergence between optical, wireless, 

and copper access networks. 

LyffmL-f 
I ý+'IS inpaa arPa 

f Analog baseband T1IEI signal 

F -1 ® Ethernet packet 

" 

ýWlrnlnSC 
Sl. lliýn 

1, 

f Analoq wireless RF 

; ul n; ýl 

'"-=E E if- met packet 

Fig. 3.9 A typical architecture and multiple access slraleg' (? /'001-'! ), 11 /'ON. 

The above mentioned WDM-1 ON, WDM/i'I)M PON and OOl: I)M I)ON are widely 

viewed as promising technologies for NG-PUNS. WI)M-PON is a "füturc-proof" solution 

to support the required bandwidth and scalahility Im NG-PONS due to the mature WI)M 

technology. WDM-PON was also considered as the base technology for N(i-PON2 by 

I'SAN group [3.23]. While WDM/"I'I)M PON provides better flexibility than pure WI)M- 

PONs do, which allows delivery of services to more subscribers and the et'licient use of 

bandwidth of'each wavelength. 0()F DM PUN brings about high transmission performance, 

high spectral efficiency, strong dispersion tolerance as well as flexibility. 

3.5 Electro-optic Convertors for I'ONs 

The ITU-T/FSAN work group places an emphasis on ensuring electro-optic components to 

be as common as possible in the process of migration to N(i-PON2. This is very important 

for CAPEX and ()PEX saving for operators, as PUNS are cost-sensitive application 
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scenarios. This chapter reviews the electro"optic convertors adopted in current PONs, 

which are the major contributors to the cost of I'ON transceivers. To be consistent with the 

definition in other published literatures, throughout this thesis, use is made of "optical 

modulator" instead of electro-optic convertors to highlight the role of the laser devices in 

PON systems. 

Optical modulators used in PONs vary with PON architectures. EPON/GPON standards do 

not specify explicitly the optical modulators, while the most commercially deployed 

EPON/GPON systems implement DMLs for downstream transmission at 1549nm due to 

its Single Longitudinal Mode (SLM) output with a high optical power, and F-P lasers with 
Multi-Longitudinal Mode (MLM) output for upstream transmission at 131 Onm where fibre 

dispersion is minimum. For WDM-PONs, a diversity of optical modulators have been 

used for the upstream colourless transmission together with various upstream light source 

schemes. Table 3.4 summarizes various optical modulators and light supply schemes 

presented for PONs in literatures. 

Table 3.4 Summery of optical modulators used in PONs 

Optical modulators PON Type ONU light source Refs 
Downstream Upstream 

DML [3.24] 
TDM-PON 

VCSEL [3.24,3.251 

EM Tunable laser [3.9,3.10] 

VCSEL array VCSEL [3.26] 

RSOA [3.27-3.29] 
Central CW light 

Reflective EAM-SOA [3.30] 

WDM-PON RSOA Central ßL5 [3.13][3.14] 

EM CO F-P spectrum [3.11 ] 

EAM, RSOA, SOA, 

EAM/DML injection-locked F-P LD, 
downstream 

[3.15,3.16,3.31] 
wavelength reuse Injection-locked VECSEL 

It can be seen from Table 3.4 that semiconductor optical modulators including DMLs, F-P 

lasers, VCSELs, RSOA/SOA modulators, and EAMs are widely used for PONs. This is 

due to their inherent advantages including compactness, small footprint, monolithic 
integration with electrical components and the capability of signal modulation at high 
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frequencies. For simplicity. these convertors can he classified into two main categories: 

directly modulated lasers and External Modulators (FMs). The fiormcr is widely used in 

Tl)M-PONs and also for WDM-PON downstream transmissions; while the latter is the 

main scheme for WDM-PON colourless ONlJ transmitters. 

3.5.1 Directly Modulated Laser 

3.5.1.1 Fabry-Perot Laser 

Current Injection (Pumping) 

InGaAsP (active) Laser 
n- InP it 

-300 µm 

Cleaved Facets (mirrors) 

I 
if 

mode spacing 
flf c/ 2nL ", 1ý v 

-H -10 nm 

Fig. 3.10 F-P laser and its output . ti/ýrrlrum. 

Fig. 3.10 illustrates a Fabry-Perot (F-P) laser usually consisting of a semiconductor optical 

gain medium and two cleaved facets as mirrors. When the laser is pumped by an injection 

current above its threshold, the laser oscillation occurs and emits an optical beam 

Inc 
containing multiple frequency modes f�, = with f being the m-th longitudinal 

2nL 

mode (frequency), n being the index of' refraction of' the gain medium and I. being the 

cavity length. The frequency spacing between two adjacent modes, as refcrrcd to as Free 

Spectral Range (FSR), is Of= C depending on the optical gain material and the cavity 2nL 

length. Due to its Multi-Longitudinal Mode (MI. M) output. 1: -I' laser is widely used in 

II)M-PONS t'or upstream transmission at 1310nm where fibre dispersion is n1inimum. 

Moreover, a F-P LI) has an important property that, when an external light is injected, the 

F-P cavity mode will he locked at the injected wavelength. As a direct result. F-P 1. I)s can 

also be used in WUM-PON to facilitate colourless ONE Is [3.1 1,3.151. 

F-P laser is the simplest and low-cost laser. 'l he main drawback of' F-P lasers lies in the 

MLM output which has an output spectrum width of 2-1Onm, which (cads to undesirable 

pulse broadening due to fibre chromatic dispersion (Section 2.4.1.1.3). Due to the data 
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rate/distance limitations. the F-P lasers are not recommended to he used in I'll I (ß. 987.2 

Recommendation for XG-PONs. 

3.5.1.2 Distributed Feedback (DFB) laser 

Compared to F-P lasers, UF13 lasers provide l edhack only at a certain frequency rather 

than multiple frequencies. In I)FB lasers, the feedback at a chosen wavelength is realized 

by using corrugated gratings on the semiconductor substrate. '['he grating structure 

provides feedback which is distributed along the cavity length rather than at the end facets 

only, as shown in Fig. 3.11. The DFB laser has very narrow spectral linewidth ofas low as 

1 MI lz [3.32]. 

Grating 
(distributed mirror) 

f 

Cleaved Facets 
(no longer the mirrors) 

�iirpii ý 

9 

e 
G 

NI I li line width 

Fig. 3.11 DFB laser and its output . spectrum. 

Due to the single longitudinal mode operation. DFB lasers are used in many 1.55-dim 

optical communication systems operating at hit rates of 2.5Gb/s or more. Commercially 

available DFB lasers offer a typical high output optical power of' l3dßni. thus l)ML. s are 

promising for NG-PONs with allowable large optical budget. 

Despite the wide acceptance of I)MI. s in modern telecommunications. the direct 

modulation of l)FB lasers produce nonlinear frequency chirp which is imposed onto the 

optical field. Such laser chirp interacts with fibre chromatic dispersion resulting in 

distortions on the optical signal transmitting through fibre. This brings about challenges fier 

high speed optical fibre communications involving DMl, s. 

3.5.1.3 VCSEL 

Vertical Cavity Surface Emitting baser (V('S1: 1. ) diilfercntiatcs from F-P lasers and I)FI3 

lasers in terns of that the laser beam is perpendicular with its top surface, as shown in fig. 

3.12. A VCSLI, consists of semiconductor optical gain medium located in the vertical 
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cavity and Distributed Bragg Grating (DUR) mirrors at both the bottom and top of' the 

cavity. The I)ßR mirrors consist of layers alternating high and low retractive index 

yielding high intensity reflectivity. VCS[I. is SI, M laser because the short cavity Icngth 

leads to large FSR among different modes and only one mode has a net optical gain larger 

than "I". 

Surface emitting 
+ 

Light 

INTENSITY 

Active - DBR 

region - ACTIVE 

- DBR 

0.25mm 

Fig. 3.12 Diagram of'a VCSEL laser and its optic-al intenisit}' distribution (fro n /3.331). 

Compared to conventional edge-emitting lasers, a VCSFI, has advantages of low cost and 

easy manufacturing and packaging thus good for mass production. The SIN output is also 

better for dispersion reduction. Moreover, long wavelength VCSI'. I. s were under research 

for WDM-PONs [3.24,3.26,3.31 ] as cost-ctlcctive transmitters. 

I lowever, the main disadvantage of VCSI'I. s is the relatively low output power of typically 

OdBm. its polarization instability and multi-transversal model operations. Moreover, most 

of the commercially available VCSELs operate at short wavelength around 850nm where 

the fibre loss and dispersion are high. Recently, experimental investigations in Bangor 

University have shown that these disadvantages can he overcome to some extent by using 

adaptive modulation. 

3.5.2 External Modulator 

f', xtcrnal modulators implemented in Wl)M-PONs or hybrid WI)M/"I'I)M-I'ONs are 

divided into two types: electro-optic modulators where the injected light properties such as 

intensity vary with the applied electric field. RSOA/SOA intensity modulators fall into this 

category. The other is electro-absorption modulator where the amount of light absorbed 

varies with the applied electric field. FAM modulator belongs to this category. 
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3.5.2.1 RSOA/SOA Modulator 

An SOA has a similar structure as a F-P laser, except that anti-reflection facets are coated 

at both ends. An RSOA is a special type of an SOA with a high reflective coating at its 

rear-facet. With this design, an RSOA exhibits increased optical gain compared to an 

ordinary SOA due to the double signal propagation through the active region. One of the 

salient properties of RSOAs/SOAs is the wide wavelength coverage, which enables 

colourless ONUs in WDM-PONs. Colourless ONU using RSOA/SOA intensity 

modulators in WDM-PONs can be realized by three approaches: 

 A tuneable laser located in each ONU to provide the light source for colourless 

RSOAs/SOAs intensity modulation [3.10]. 

 A centrally supplied wavelength for remote modulation. This means two 

wavelengths are transmitted to an ONU; one carries downstream data and the other 

is reserved for upstream modulation [3.9,3.13,3.27-3.29]. 

  Re-modulation of the downstream signal so that a single wavelength can be used by 

both downstream and upstream signals. Typically, this scheme uses the 

RSOA/SOA gain saturation to erase the downstream signal waveform, which is 

then re-modulated to transmit signal upstream [3.15,3.16]. 

By using the OOFDM technique, 7.5Gb/s and 10Gb/s colourless upstream transmission in 

WDM-PONs have been experimentally achieved by using RSOAs [3.28,3.29]. The RSOAs 

used in the experiments have 3-dB bandwidths of approximately 1Gliz, which are much 

smaller than the OFDM bandwidth. It is well known that the RSOA/SOA modulation 

bandwidth is proportional to the inverse of the effective carrier lifetime, r, , which is 

defined by [3.34] 

I 
tý = 

1/rc+P, /E., 
(3.1) 

where Esa, is the saturation energy, r, is the carrier lifetime, Pnu, is the RSOA/SOA output 

power. It is clear in Eq. (3.1) that re can be adjusted by altering the output optical power, 

meaning that rQ is dependent on the RSOA/SOA operating conditions. For RSOAs/SOAs 

operating at strongly saturated optical gain regions, their re can be reduced to values of an 

order of less than 50 ps [3.35], which means that RSOAs/SOAs can have modulation 
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bandwidths of as large as 20GHz. This indicates that higher OOFDM signal data rate is 

achievable by optimizing RSOA/SOA operating conditions. Such an interesting subject 

will be investigated in this thesis. 

3.5.2.2 Electro-Absorption Modulators (EAMs) 

EAM is a semiconductor device modulating the intensity of a laser beam with an electric 

voltage based on the electro-absorption effect. EAMs can be easily integrated with driver 

circuits and/or laser sources to form data transmitters. Most importantly, EAM occupies 
large wavelength coverage as RSOA/SOA does, which make it suitable for the remote 
ONU colourless modulation for WDM-PONs. 

However, EAM modulators are expensive components. Moreover, due to electroabsorption, 

the insertion loss of EAM is very high (-10dß). This brings about challenges for WDM- 

PONs as the total optical power budget considering the forth and back of the centrally 

supplied light becomes very stringent. To solve this problem, optical amplification of the 

EAM modulated optical signal using a SOA had been proposed [3.30] and integrated 

EAM-SOA modulators are commercially available offered by manufacturers such as CIP 

technologies. 

According to the above analyses, optical intensity modulators are critical components for 

practical implementation of PONs, as they not only determine the achievable transmission 

performance but also take the major part of the cost of PON system. Among the 

abovementioned modulators, DMLs and RSOA/SOA intensity modulators that are widely 

used in today's TDM-PONs and WDM-PONs provide cost-effective solutions for NG- 

PONs. Therefore, these modulators will be investigated in OOFDM IMDD PON systems 

of interest of this thesis. 

3.6 Conclusion 

This chapter first reviewed various existing technologies for access networks as well as 

their strengthens and limitations. The technologies include DSL, I: IFC, and PON. PON 

plays the dominate role in today's access network due to its mature standards (IEEE EPON 

and ITU-T B/GPON) and massive global deployment. A general review of EPON and 
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GPON standards was made, followed by the discussions on I OG-EPON standard as well as 

the current status of ITU NG-PON I (also XG-PON) and NG-PON2. 

ITU NG-PON2 is a long-term solution beyond IOG-EPON/XG-PONs with higher data 

rates, which considers a number of technology candidates. These candidates including 

promising technologies such as WDM, hybrid WDM/TDM and OOFDM which were 

discussed in terms of principles as well as the advantages and drawbacks. 

To improve the cost-effectiveness of NG-PONs, ITU-T requires the electro-optic 

components as common as possible. This chapter discussed various electro-optic 

convertors and for PONs that contribute the majority part of the cost of PON transceivers, 

together with their merits and disadvantages. These electro-optic convertors include F-P 

lasers, DMLs, VCSELs, RSOAs/SOAs and EAMs. DMLs and RSOA/SOA intensity 

modulators that widely implemented in today's TDM-PONs and WDM-PONs offer cost- 

effective solutions for NG-PONs. The remainder chapters in this thesis aim to investigate 

the performances of OOFDM IMDD NG-PONs using DML and RSOAs/SOAs as intensity 

modulators. 
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CHAPTER 4.7d11 IMPROVEMENT IN OPTICAL 11011'1., 4R BUDGETS OF 11.2sGlylv 
1)AIL-MODULATED OPTICAL OI'U, 1I I'ON S}'S'TEIS 

4.1 Introduction 

Having discussed OOFDM and PON in previous chapters, this chapter deals with detailed 

technical issues associated with DML-modulated OOFDM PON systems using SSMFs. In 

such systems, as discussed in Section 2.4.3, the practical achievable system performance is 

mainly limited by the following three factors [4.1-4.3]: i) the positive transient frequency 

chirp associated with the involved DML; ii) the low signal ER of the DML modulated 
OOFDM signal, and iii) subcarrier intermixing upon square-law photon detection in the 

receiver. To compensate for the DML-induced frequency chirp effect, use can be made of 

negative dispersion fibres [4.3,4.4] and mid-span spectral inversion [4.5], which, however, 

require significant changes to installed PON systems. For conventional signal modulation 

techniques, narrowband wavelength-offset optical filtering [4.6,4.7] has been proposed to 

improve the DML-modulated signal ER via converting unwanted chirp-induced frequency 

modulation (FM) into useful amplitude modulation (AM). In comparison with negative 
dispersion fibres and mid-span spectral conversion, the optical filtering approach is more 

advantageous, as it is capable of reusing the existing PON systems without introducing 

significant alterations to the installed fibre plants. However, as far as we are aware, 
detailed investigations of the influence of both narrowband wavelength-offset optical 

filtering and subcarrier intermixing on the DML-based IMDD OOFDM PON system 

performance have not been reported. 

Recently, in DML-based IMDD OOFDM PON systems without incorporating chromatic 
dispersion compensation and in-line optical amplification, experimental demonstrations 

have been reported of end-to-end real-time OOFDM transceivers at record-high signal bit 

rates of up to 11.25Gb/s [4.1]. In addition, optical power budgets of approximately 20dß 

have been proved to be feasible in chromatic dispersion compensation-free real-time 
OOFDM systems without in-line optical amplification [4.1]. This optical power budget 

may, however, not be sufficiently high to satisfy the requirements of NG-PONS. 

To further improve the optical power budget of the DML-bascd IMDD OOFDM PON 

system, an in-depth understanding of some fundamental issues is of great importance. 
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These issues include: i) what arc the key physical mechanisms limiting the maxi'mim 

achievable optical power budget? and ii) can the identified cf't cts be alleviated ef'fcctivcly 

by a simple approach without complicating both the real-time OOI" 1)M transceiver designs 

and the PON system architecture? Addressing these two critical challenges in detail forms 

the main scope of this chapter. 

In this chapter, extensive numerical investigations are undertaken of' fitting our 1 1.25(ih/s 

end-to-end real-time OOFDM experimental results obtained in I)ML-batted IMUI) 25km 

SMF systems [4.1]. Excellent agreement between theoretical results and experimental 

measurements is observed in terms of system frequency response. error distribution across 

subcarriers, subcarrier constellation diagrams and total channel 131; 8 pcrtiOrmance. This 

verities the validity of the comprehensive theoretical ()OFI)M system model adopted here. 

Based on the system model, the impact of'dit'lcrent physical mechanisms is explored on the 

obtainable optical power budgets. The low ER of the I)MI. intensity modulated OOFI)M 

signal is identified to be the predominant factor limiting the achievable optical power 

budget. More importantly, the use of a wavelength-offset narrowband Optical Bandpass 

Filter (OBPF) in the transmitter is proposed to considerably improve the DML-modulated 

OOFDM signal ER and thus the optical power budget. It is shown that a 0.01 nm offset 

OBPF having a 3dB bandwidth of 0.02nm enables a 7dB increase in optical power budget 

at a total channel BER of Ix 10-; 

4.2 Theoretical OOFI)M System Model 

OFDM modem 
OFDM modem Square-law o Received 

user 
DC bias current 

detection user data 
data A. 

" 

PF AJD} 
NN . 12- s/2- 

H(A): 

N%-1 SMF Ný 

H(A): Hermitian symmetry of A 

VOA: Variable optical attenuator LPF: Lowpass filter 

Fig. 4.1 Diagram of the transmission . cvs'tem and the 0Ql"'DA1 transceiver architect tires. 

Fig. 4.1 depicts the 001DM transmission system considered in this chapter. which 

consists of an ()()I I)M transmitter, an SMF link without involving in-line optical 

amplification and chromatic dispersion compensation and an OOI: I)M receiver. The 
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OOFDM transmitter is composed of an electrical OFDM modem, a DML and a Variable 

Optical Attenuator (VOA). The OOFDM receiver has a square-law photon detector, an 

electrical LPF and an electrical OFDM modem. 

4.2.1 OOFDM Transceivers 

In the transmitter, the generation of an electrical OFDM signal in the OFDM modem is 

modelled following the procedure presented in Section 2.3. The major operations in the 

modem include data mapping using 64-QAM, IFFT, CP insertion, OFDM symbol 

serialization and DAC. To generate real-valued IFFT outputs, the IFFT inputs are arranged 

to satisfy the Hermitian symmetry, as shown in Eq. (2.41). here it is also worth pointing 

out, in particular, that, to pre-compensate for the system frequency response roll-off effect 
induced by optical and electrical components involved in the transmission system, variable 

power loading [4.1] is applied to the subcarriers prior to the IFFT. Similar to the approach 
described in [4.1], each individual 64-QAM-encoded subcarrier power is first normalized 

using a common scaling factor, and then multiplied with a controllable gain factor to 

obtain evenly distributed errors across all the subcarriers within a symbol. Having 

amplified/attenuated the electrical OFDM current to an optimum level, the generated 

electrical OFDM signal is then combined with an optimum DC current to directly drive the 

DFB laser. Finally, the output OOFDM signal from the DML is fed into a VOA to fix the 

launched optical signal power at an optimum level. 

After transmitting through the SMF link, the OOFDM signal is first attenuated by a VOA 

and then detected by a square-law photon detector. An electrical LPF is employed to 

remove the noise outside the useful OFDM signal band. The received electrical OFDM 

signal is finally processed in the receiver OFDM modem with an inverse procedure 

compared to that adopted in the transmitter OFDM modem. 

4.2.2 DML 

To simulate the nonlinear properties of the DFI3-based DML, here a lumped DF13 laser 

theoretical model developed in Bangor University [4.8] is adopted, taking into account a 

wide range of nonlinear effects namely longitudinal-mode spatial hole-burning, linear and 

nonlinear carrier recombination as well as nonlinear gain. It is assumed that the influence 

of the laser linewidth on the link performance is negligible. Such an assumption holds well 
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for the transmission systems considered here [4.9]. The validity of the DML model has 

been verified rigorously and used successfully in [4.2,4.3,4.81. 

4.2.3 SMF, PIN detectors anti LPF 

A standard theoretical SSMF model based on the widely used split-step Fourier method 

[4.10] is adopted here. The model has been successfully used in [4.2,4.3], in which the 

effects of loss, chromatic dispersion and optical power dependence of refractive index arc 
taken into account. The effect of fiber nonlinearity-induced phase noise to intensity noise 
conversion is also included. 

A square-law photon detector is employed in the receiver to detect the optical signals 

emerging from the transmission systems. Both shot noise and thermal noise are considered, 
which are simulated following the procedure similar to that presented in [4.11 ]. 

A LPF is considered, which has amplitude and phase responses similar to those employed 
in the real-time experiments [4.1]. The LPF introduces the system frequency response roll- 

off and the frequency dependent phase variation to the received electrical OFDM signal. 

4.2.4 Simulation Parameters 

In numerical simulations, all parameter values that arc made known in the real-time 

experiments [4.1] are treated as default constants, which are listed as following: 

  For the OOFDM transceivers, the total number of subcarriers is 32, of which 15 

subcarriers in the positive frequency bins are used to carry user data and one 

subcarrier close to the optical carrier frequency is dropped completely. The 

modulation format taken on all the 15 data-carrying subcarriers is 64-QAM. The 

sampling rates of the DAC/ADC arc taken to be 4GS/s. The cyclic prefix parameter 
defined in Eq. (2.14) is 25%. These parameters give a raw signal line rate of 

11.25Gb/s. The number of quantization bits and the optimum signal clipping level 

is 8-bits and 12.7dß, respectively. The above-mentioned parameters give a signal 
bandwidth in the positive frequency bins of 2Gl iz, a bandwidth of each individual 

subcarrier of 125M11z, and a cyclic prefix length of 2ns within each OFDM symbol 
having a time duration of IOns. The subcarrier power distribution prior to the FFT 

in the transmitter is also identical to that optimized in the experiments [4.1]. 
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  For the 1550nm DML, the optimum driving current Pcak"to"I'cak (PTP) value is 

8mA and the optimum bias current is 36mA. Under such DML operating 
conditions, a signal extinction ratio is approximately 0.2dß based on the OOFDM 

signal extinction ratio definition presented in Eqs. (2.46)-(2.47) 

  The optical power launched into the SMF link is fixed at 7dllm. 

 A PIN detector with a quantum efficiency of 0.8 and a receiver sensitivity of - 
17dBm (corresponding to a 10Gb/s NRZ at a DER of 1.0x 10"9) is adopted. 

  The LPF has a 3d1 bandwidth of 2.4 GHIz and representative frequency dependent 

group delays: for example, 0.52ns (0.86ns) at 125MHz (1875MElz). 

For simulating DFB lasers operating at 1550nm, the parameters identical to those reported 
in [4.8] are considered: a cavity length of 300µm; a cross-section area of the active region 

of 0.066µm2; a photon lifetime of 3.6ps; a nonlinear gain coefficient of 7.4x 10,23m3; a 
linewidth enhancement factor of 3; a transparency carrier density of 1.5x 1024M-3; a carrier 

lifetime of l Ons; a bimolecular recombination coefficient of 1.0X 10'16m3/s; an Auger 

recombination coefficient of 6.5x104lm6/s; a linear gain coefficient of 7.5x10.20m2; an 

optical width (vertical) of 0.47µm; an optical width (horizontal) of 1.80µm; a confinement 
factor of 0.07; a group refractive index of 3.7; a phase refractive index of 3.2203 and a 

38% coupling efficiency from the laser chip to the SMF. 

The SMF parameters are detailed as followings: an effective area of 80prn2, a dispersion 

parameter of 18. Ops/nm/km, a dispersion slope of 0.07ps/nm2/km, a loss of 0.20dB/k-m and 

a Kerr coefficient of 2.35 x 10.20m2/W. 

4.3 Result Comparisons and Key Limiting Factor 
Identification 

4.3.1 Theoretical and Experimental Result Comparisons 

To perform fair comparisons with experimental results presented in [4.1], apart from the 

parameters listed in Section 4.2.4, a system frequency response that is responsible for the 

entire transmission system from the IFFT input in the transmitter to the FFT output in the 

receiver is also considered, whose frequency dependent roll-off profile is finely adjusted to 
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provide the best fits with all the key experimental results presented in 14.11. In numerical 

simulations, a total number of 1600 ()F DM symbols are employed, which gives rise to 

524888 samples after oversampling. 

Fig. 4.2 shows the system frequency response comparisons for optical 11113 and 25kni 

SMF transmission. It can be seen in Fig. 4.2 that excellent agreements between the 

numerical simulations and experimental measurements are obtained across the whole 

UOI, DM signal spectral region. The observed system frequency response roll-off of' 

approximately 1 Idß for the optical B'I'B case is mainly contributed by: inherent sin(x)/x 

response in the DAC, the DMI. response and the 1.111 filtering effects. The SMF further 

lowers the system frequency response due to the IMI)I) fibre link frequency response. 

0 
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Fig. 4.2 Comparisons of svsIem i"ryuc'nc}' response hc'ii 'cn numerical . sinnilaIiuns and 

experimental measurements for dil/ere» t link ronliguralions. 
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Fig. 4.3 Comparisons of hit error distribution across all the . suhcarric'rs hc'! º+"rTºº 

numerical simulations and experimental measurement.. fr equal and variable power 

loading under various sY. s/c'm eonfiguralions. 
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When equal power loading is applied across all the suhcarricrs. the presence of the deep 

system frequency response roll-oil shown in fig. 4.1 inevitably causes a large variation in 

received subcarrier power and thus the occurrence of a large number of'hit errors ein high 

frequency suhcarriers, as seen in Fig. 4.3. This leads to a total channcl BEA as large as 

5. Ox 10-; for a received optical power of -6.5dBm. I lowevcr, by making use of variable 

power loading with a subcarrier power profile similar to that reported in 14.1 1. hit errors are 
distributed almost evenly across all the suhcarriers, as shown in Fig. 4.3, and the total 

channel I3ER is reduced to 8.8x 10-4. It is also interesting to note that the simulated hit error 

distribution and the corresponding average error level are almost identical to those 

measured in the experiments [4.1]. For the last four high Frequency suhcarriers that 

experience a similar system frequency response roll-off and suffer from the relatively 

strong DML frequency chirp effect, there exists a significantly large hit error difference 

between the cases of including and excluding variable power loading. This implies that 

variable power loading is capable of decreasing the DMl, frequency chirp-induced signal 

spectral distortions. This statement is confirmed once again in Fig. 4.5 and Fig. 4.7. 
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Fig. 4.4 Suhcarrier conslellulion comparisons between nurnerical. simu/uliOýfS and 

experimental measurements: (u)-(c) are simulated results and (cl)-(D) are experimental 

re. su/1.5". The conslc1/ations ore recorded he/iºre channel eytºuli: ulion. 

Based on the variable power loading profile adopted in simulating J. ig. 4.3. after 

transmitting through a 25km SMF. the representative suhcarrier constellations recorded 

prior to channel equalization in the receiver are presented in Fig. 4.4, where the 
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numerically simulated constellations are shown in Fig. 4.4(a)-(c) and the corresponding 

experimentally measured constellations are given in Fig. 4.4((1)-(1). Once again. the 

simulated results agree very well with the experimental measurements. These 

constellations also show the residual system frequency roll-oil' effect fier high frequency 

suhcarriers. 
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Fig. 4.5 Comparisons of BER versus received Optical polvc'r/)erfin-mance. for di//i'rcml 

system con, lguralions. 

Fig. 4.5 shows comparisons of the total channel RFR performance as a function of' 

received optical power for optical ßTß and 25km SMI' transmission subject to variable 

power loading. Once more, the simulated results are similar to those measured 

experimentally, in particular, in the vicinity of a R[R of I. OX 10-;. As expected from fig. 

4.3, after transmitting through the 25km SMF, a negligible optical power penalty is 

observed in Fig. 4.5, suggesting that both linear and nonlinear optical-domain distortions 

are very small. 

4.3.2 Key Limiting Factors Identification 

The excellent agreements between the simulated results and experimental measurements 

presented in Section 4.3.1 confirm the validity of' the theoretical O()1 UM system model 

adopted here. Based on the OOFDM system model and utilizing variable power loading. 

numerical investigations are extended in this subsection to explore the impacts of various 

physical mechanisms on the optical power budget to identify key t 'actors limiting the 

OOFDM performance. Here special attention is focused on thrcc factors, namely OOI I)M 
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signal FIR, DML frequency chirp and suhcarricr intermixing upon square-law detection in 

the receiver. The simulated results are plotted in Figs. (4.6)-(4.8). 

The intensity modulated optical field emerging from a DMI. can he expressed as 

S(i) = A(i )e'm" with A(I) and O(I) being the amplitude and phase of' the output optical 

field. By taking into account the time-domain "noise-like" O()FI)M waveform with an 

approximately Gaussian probability density function, the I. R of an (X)Fl)M signal is 

defined explicitly in Eqs. (2.46)-(2.47). To alter the signal FR but without considerably 

affecting both A(1) and 0(t), the optical field can be rewritten as 

S'(l)= k A`(, )-('elo(l) (4.1) 

where K (>0) is a factor for adjusting the output optical power at the input facet of' the 

transmission link. C'(< A2(i)) is the factor for varying the signal ER via vertically shifting 

the signal waveform. 

DML, 25km SMF -- DML, BTB 
-ý- DML, 25km SMF --- DML, BTB 

1.0E+00 DML, 25km SMF -- DML, BTB 
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" ,ý 

1.0E-06 
ER=1.25dß 

-19 -14 -9 -4 
Received Optical Power(dBm) 

Fig. 4.6 Impact oI OOFDAI. vignal ER on the received optical power c! c"henclent tutu! 

channel /ER perfi rmanc"e, f rr optical 13T13 and ? Skm . ß', t11 'h cnr. cmiýsicrn. The B ER 

performanreför ideal in/Cflsiljy modulator (IM)-modulak'd 0()1EDAf signals is als /)lullt! 

for conij prison. 

Numerical simulations are undertaken to explore the impact of the OOl' 1)M signal ER on 

the received optical power dependent RER perlormance. The simulated results are plotted 
in Fig. 4.6 for optical E3'I'E3 and 25km SMF transmission. For comparison, the 131E 

performance of a DMI, modulated OOFDM signal (corresponding to C0 and a signal FR 

of 0.2dß) is also plotted, together with the 131: 8 perlormance of an ideal intensity 
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nmodulator-modulated ( OFDM signal (corresponding to a signal FR of' 1.65dß). It can he 

seen in Fig. 4.6 that the received optical power required fier achieving a total channel ßF, R 

of I. Ox 10"; decreases significantly with increasing signal lall. For a fixed optical launch 

power, an 8dß improvement in optical power budget is feasible when the signal FR is 

increased from 0.2dß to 1.25dli Ithe maximum signal ER according to Ey. (4.1) for the 

adopted DML operating conditions]. Such significant improvement is due to the fiºct that 

the effective OSNR of the transmitted OOFI)M signal increases with signal FR for a 

transmission system having a fixed receiver sensitivity. Moreover. Fig. 4.6 also shows that 

the optical power budget improvement is transmission link independent, suggesting that 

the signal ER variation does not change the signal phase tür the system considered. 

1.0E+00 

1.0E-01 

W 1.0E-02 

1.0E-03 

1.0E-04 

25km, with FC -i - 25km, no FC 
50km, with FC 50km, no FC 

- ý- 75km, with FC -. - 75km, no FC 

-14 -12 -10 -8 -6 -4 
Received Optical Power(dBm) 

Fig. 4.7 Impact of the DML frequency chirp (F(') on the received oplicul power dependent 

13F, R 1ºer/örmunce. for different transmission distances. The 
. signal ER of 0.2dß is culnflled. 

The influence of the [)ML, frequency chirp on the total channel RN. R performance is also 

explored theoretically and the simulated results are shown in Fig. 4.7 1 ier various 

transmission distances of up to 75km. In obtaining Fig. 4.7, C=O is utilized for all the cases 

and the cases of excluding the I)MI. frequency chirp is realized by replacing O(i) iii 

Eq. (4.1) with a constant value. It can be seen in fig. 4.7 that. 11)r received optical powers of 

>-8dBm and the cases of including the l)Ml, trcquencv chirp, the received optical power 

corresponding to a total channel ßl: R of I 
. 
Ox IO; increases with increasing transmission 

distance. This is due to the combined effects cif chromatic dispersion and I)MI, frequency 

chirp. Whilst for received optical powers of <-8dl; m with the I)MI. frequency chirp still 

being present, no I3ER performance differences are observed for dif'tcrent transmission 

distances. This is because thermal noise associated with the PIN photo-detector becomes 

the dominant factor limiting the system performance. The above analysis is confirmed by 
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the BF, R performance obtained fier the cases of' excluding the l)ML, l'reducncy chirp, as 

shown in Fig. 4.7. For such cases, no EF. R ditierences between diftcrcnt transmission 

distances are shown over the whole received optical power range. It should also he noted in 

Fig. 4.7 that, the DM[, frequency chirp eficct is not as significant as those presented in 

[4.3] where equal power loading is applied. This implies that variable power loading can 

not only compensate for, to some extent, the system frequency response roll-off effect, as 

discussed in Fig. 4.3, but also effectively reduce the DM1, frequency chirp effect. 

Theoretical explorations of the impairments of' suhcarricr intermixing on the received 

optical power dependent 13ER performance are undertaken and the numerical results are 

shown in Fig. 4.8. In obtaining Fig. 4.8, for the cases where zero-padding is considered. the 

first 8 subcarriers close to the optical carrier frequency are zero-mapped and no changes 

are made to all the remaining subcarriers. Given the fact that the suhcarrier intermixing 

effect introduces the strongest spectral distortions to the first suhcarrier and becomes weak 

for higher frequency subcarriers, such a zero-padding approach can, thcrctürc, partly 

eliminate the subcarricr intermixing cffect. Fig. 4.8 reveals that, compared to the cases of 

excluding zero-padding, zero-padding brings about at least l dB reduction in received 

optical power at a total channel BER of 1 . Ox 10-3 for all the transmission distances 

considered. 

1.0E+00 '-' - 25km. no Z-P 25km, with Z-P 
- 50km, no Z-P 50km, with Z-P 
-"- 75km, no Z-P 75km, with Z-P 

1.0E-01 

m 
1.0E-02 

1.0E-03 

1.0E-04 

-14 -12 -10 -8 -6 -4 
Received optical power(dBm) 

Fill. 4.8 Impairments of received optical hcýli cýr dependent total channel BER 11 

for the cases with zero-padding (Z-P) and without Z-P. 

distances tire considered 
. 
fin- both these ruses. 

From the above analyses, it is concluded that the low [R of the DMI, modulated OO1"I)M 

signal is the predominant factor limiting the achievable system performance. The 
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suhcarrier intermixing effect associated with direct photon detection reduces the optical 

power budget by at least Idß. Variable power loading can et'fcctivcly eliminate the DM I, - 

induced frequency chirp effect. 'l'herefore, it is greatly advantageous if' a simple and 

effective approach capable of improving the FR of the I)MI, intensity-modulated OOI: f)M 

signal can he identified. This forms the major task of' Section 4.4. 

v_ 
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(a) Before filtering. 
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(b) Gaussian filter spectral profile. 
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Fig. 4.9 (u) OOFDM signal spectrum hef re filtering; (h) OR/'F pro/ile with u º+'cn cýlcnýýth 

of/cet of 0.01 nm (1.25(; /1: ) with respect to the 0O/"'! ), 11 carrier wavelength. Me 3d/ 

bandwidth is 2.5Gh z (0.02nm); (c) 
. 
filtered O(11''D/11. ýiý, mcrl . ýýrcýc Irren. 
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4.4 Tunable Narrowhand OBIT-enabled Perfornuance 
Improvement 

In this section, numerical investigations are undertaken cif the tcasihility of using a tunable 

narrowband OBI'F to considerably improve the FR of' the I)MI, intensity-modulated 

()OFDM signal and thus the system pcrfiormancc. 

The signal ER improvement technique can be easily implemented by inserting a tunable 

narrowband OBPF between the [)MI, and the VOA in the OOIýI)M transmitter illustrated 

in Fig. 4.1. For a transmission system operating at a specific optical carrier wavelength. the 

narrowband OBPF should he finely detuned to provide an optimum wavelength outset with 

respect to the optical carrier wavelength. Such wavelength of fsct can enhance the 

conversion from the unwanted FM components into the useful AM components, thus 

giving rise to a maximized OOFDM signal FR without significantly distorting the 

OOFDM signal spectrum. For simplicity, in the following numerical simulations, the 

tunable narrowband OIPF is assumed to have a Gaussian spectral profile and a flat phase 

response. As an example, Fig. 4.9 presents the OOFI)M signal spectra before and after the 

OBPF, as well as the Gaussian filtering prolilc with its peak wavelength being detuned 

away from the optical carrier wavelength. Generally speaking, for a given wavelength 

offset, a narrow 3-dB OBPF bandwidth produces a high signal F. R. 

1.0E+00 

1.0E-01 

1.0E-02 
W 
co 

1.0E-03 

1.0E-04 

1.0E-05 

c o-n '). 10 

BW=0.02nm, ER=1.44dB 
BW=0.03nm, ER=0.8dB 

-- BW=0.04nm, ER=0.55dB 
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-18 -13 -8 -3 
Received Optical PowerydBm) 

Fig. 4.10 Total channel 1ER as a function o/ received optical power fin, various 
bandwidth O1JPEv wilh 0.01 wn wavelength ch'luning. 

The effectiveness of the technique is examined numerically in Fig. 4.10, where the total 

channel BER versus received optical power is plotted for various OBPF bandwidths of 
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0.02nm (1.44dB ER), 0.03nm (0.8d13 I; R) and 0.04nm (11.55dß FR). In obtaining Fig. 4.10. 

the wavelength offset is set at 0.01 nm (1.25(11 Iz) and the transmission distance is taken to 

he 25km. For comparisons, the F3F: R performance of the l)MI. intensity-modulated 

nOFDM signal without applying the optical filtering technique is also shown in the same 

figure. In addition, the filtered OOFDM signal is launched into the SMF link at a fixed 

optical power of 7dßm. 

It can he seen in Fig. 4.10 that a reduction in 013PF bandwidth considerably decreases the 

received optical power required Ior achieving a total channel ß1,1t of I . Ox I0'. Compared 

to the unfiltered case, for a 0.01 nm wavelength offset, an OI3I1F with a 0. O2nm bandwidth 

can increase the signal ER from 0.2dß to 1.44dß, this results in an optical power budget 

improvement as large as 7dB3. It should be pointed out that, when the same OIRPE's are used 

for ideal intensity modulator-modulated 001 I)M signals and/or l)M1, intensity-modulated 

OOFDM signals with O(i) being replaced by constant phases, in comparison with the 

unfiltered cases, no improvements in signal ER are observed and the 1ER performance 

becomes worse. This can be understood by considering the fact that these chirp-free signals 

have flat top spectra. therefore, the use of the OE3I1F distorts the signal spectra without 

increasing the signal ER. 
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Fig. 4.11 explores theoretically the optimum wavelength offsets for various 011})}. s with 

different 3-dR3 bandwidths of 2.5GI Iz, 5(iI I., 1 OGI I, and 15(iI1,. Fig. 4.11 (a) shows that 

for a fixed OE3PF bandwidth, there exists an optimum wavelength offset, corresponding to 

100 

o5 10 15 20 
Frequency detuning (GHz) 



CHAPTER 4.7dB IMPROVES ENT IN OPTICAL POWER BUDGETS OF 11.25GIylv 
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which a maximum improvement in optical power budget can be obtained at a total channel 
BER of 1.0x103. Below the optimum wavelength offset value, the observed increase in 

optical power budget with increasing wavelength offset is mainly due to the growth of the 

OOFDM signal ER, as shown in Fig. 4.11(b); Whilst for wavelength offsets exceeding the 

optimum value, the BER performance degradation occurs mainly due to the strongly 
distorted OOFDM spectra. Fig. 4.11(a) also shows that the optimum wavelength offset 
increases with increasing OBPF bandwidth, and that the maximum achievable optical 

power budget improvement decreases with increasing OBPF bandwidth. For instance, for a 
2.5GHz bandwidth OBPF, a 7dB optical power budget improvement is obtainable, which, 
however, drops to 4dB when a 15GHz bandwidth OBPF is used. This originates from the 

fact that a wide bandwidth OBPF gives less steep spectral profile edges, thus leading to 

small OOFDM signal ERs, as shown in Fig. 4.11(b). 

4.5 Conclusion 

Based on a comprehensive theoretical OOFDM system model rigorously verified by 

comparing numerical results with 11.25Gb/s end-to-end real-time experimental 

measurements, detailed explorations have been undertaken of the impacts of various 

physical factors on the OOFDM system performance over DML-bascd IMDD SMF 

systems without in-line optical amplification and chromatic dispersion compensation. It 

has been shown that the low ER of the DML intensity-modulated OOFDM signal is the 

predominant factor limiting the maximum achievable optical power budget. The subcarrier 

intermixing effect associated with direct photon detection in the receiver reduces the 

optical power budget by at least 1dB, and variable power loading can eliminate the DML- 

induced frequency chirp effect. Results have also shown that, immediately after the DML 

in the transmitter, the use of a 0.02nm 3-dB bandwidth OBPF with a 0.01nm wavelength 

offset can increase the OOFDM signal ER by 1.24dß, thus leading to a 7dß optical power 
budget improvement at a total channel BER of IX 10.3. 
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5.1 Introduction 

In Chapter 4, we have identified the impacts of various physical effects on DML- 

modulated OOFDM PON systems. These effects include the low DML-modulatcd 

OOFDM signal ER, DML-induced positive frequency chirp and subcarrier intermixing 

upon direct detection in the receiver. The use of a wavelength-offset narrowband Oi3PF 

has been shown to be effective in improving the OOFDM signal ER and thus the system 

optical power budget. 

However, the reduction of the subcarrier intermixing effect upon square-law detection has 

not been discussed. Moreover, as discussed in Section 2.4.3, the square-law detection also 

introduces frequency ripples originating from the intermixing between the upper sideband 

and the lower sideband of a DML-intensity modulated signal with DSB spectrum. Clearly, 

this effect contaminates the fiber dispersion-induced phase shift in the electrical domain, 

leading to a reduced dispersion tolerance [5.1]; and therefore limits the achievable 

transmission distance of the DML-modulated OOFDM signals. Optical Single Sideband 

(SSB) has been widely considered as an effective approach to eliminate such an effect 

[5.2,5.3]. In addition, a guard band between the optical carrier and the OFDM signal band 

can also be inserted to prevent the unwanted subcarricrxsubcarrier beating terms from 

occurring in the useful OFDM signal band. 

However, the use of optical SSB IMDD OOFDM signals results in a large power ratio 

between the optical carrier and the optical SSB signal band, leading to a low OSNR 

sensitivity. Carrier suppression [5.2] is thus obligatory to obtain a proper OSNR sensitivity 

in the receiver. As discussed in Chapter 4, for a DSB optical signal emerging from a DML 

operating at representative conditions, a typical optical signal ER is approximately <1dß, 

implying that the majority of the optical signal power is carried by the optical carrier wave. 

In particular, the optical signal ER is strongly dependent upon DML operating conditions 

[5.4,5.5]. From the practical operation point of view, the carrier suppression-induced 

variation in power ratio between the optical carrier wave and the optical SSI3 signal band is 

very easy to use in designing the transmission systems involving DMLs subject to various 
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operating conditions. Therefore, throughout this chapter, the optical carrier suppression 

ratio, CJ, is defined as 

C_ 1'roýl', co 
PCI /Al 

(5.1) 

where Pco (Pc, ) and Pso (Psi) are the optical carrier wave power and the SSß optical signal 
band power prior to (after) applying carrier suppression, respectively. 

As mentioned above, at the output facet of a DML, the signal RR, the output signal power 

and its corresponding frequency chirp depend strongly on DML operating conditions [5.4- 

5.6]. It is expected that the carrier suppression ratio is DML dependent and plays a crucial 

role in optimizing the transmission performance of the carrier suppressed SSB IMDD 

OOFDM systems involving DMLs. It is therefore desirable to investigate the impact of 
DMLs on the transmission performance of the carrier suppressed SSB IMDD OOFDM 

signals. It should be pointed out that, DMLs have been employed in [5.4-5.7], in which 

carrier suppression is, however, not required as all the transmission systems are based on 
DSB IMDD. 

The thrust of this chapter is to explore thoroughly the influence of the DMLs on the 

transmission performance of carrier suppressed SSB IMDD OOFDM signals over SMF 

systems involving DMLs. The optimum DML operating conditions are identified, based on 

which detailed discussions are made of the feasibility of such signals for practical 

implementation in NG-PON without in-line optical amplifications. It is shown that, for 

DML-based NG-PONs excluding in-line optical amplifications, 30Gb/s signal transmission 

over 80km SMF is achievable, which doubles the performance corresponding to the DSB 

IMDD OOFDM signals without carrier suppression [5.4]; and for DML-bascd NG-PONs 

incorporating inline EDFAs, 10Gb/s carrier suppressed SSB IMDD OOFDM transmission 

over 1200km SMF is feasible. In addition, results also indicate that the systems considered 
here have excellent flexibility and great robustness to variations in both DML operating 

condition and optical input power. 
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5.2 Description of the Transmission System Model 

In this section, a comprehensive system model is developed to simulate the generation, 

transmission and detection of carrier suppressed SSI3 IM-1I)I) ()()I I)M signals in I)MI, - 
based SMF systems excluding (or including) F. DFAs. The transmission systcm is 

illustrated in Fig. 5.1, where the block diagrams of the transmitter and the receiver are also 

given. 
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Fig. 5.1 Transmission link diagram logelher ºi'ilh block diagrams o/ the (runsmiIler and 

receiver. 

5.2.1 Carrier Suppressed SS13 IM1)1) ()()F1)M Model 

In the transmitter, the (WDM modem is similar to that descrihed in Section 4.2.1, CXcrht 

that, at the IFFT input, the first N, /4 subearricrs are padded with zeros to introduce a guard 

band between the carrier wave and the OFI)M signal hand, and after the guard band, 

another group of N, /4 subcarriers is followed, which are used to carry user's data. The 

remaining N, /2 subcarriers are arranged to satisfy the Ilermitian symmetry with respect to 

the first N, /2 subcarriers, as expressed in Fq. (2.41). In addition, equal po-Vw'cr loading is 

applied across all the subcarriers as the roll-off eflccts from I)AC/AI)C are ignored here. 

Finally. the electrical signal emerging from the OF1)M modem is ready to directly 

modulate a DFB laser. 

To generate a SSB OOFDM signal having an optimum carrier suppression ratio, a Fibre 

Bragg Grating (FBG) filter and a F-P tunable filter used as an optical notch filter 15.21 are 
inserted between the DFB laser and the input port of' the amplifier/attenuator in the 
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transmission system, as shown in Fig. 5.1. The FBG filter removes the lower sideband of 

the OOFDM signal generated by the DML. By finely dctuning the central frequency of the 

FP tunable filter, the optical carrier power is adjusted without affecting the SSB signal 

band power. Therefore, an optimum carrier suppression ratio can be achieved for an 

arbitrary transmission system. It should be noted that the variation in carrier suppression 

ratio also brings about alteration in carrier suppressed SSB optical signal power. Thus the 

carrier suppressed SSB optical signal has to be amplificd/attenuatcd to provide the required 

optical input power coupled into the transmission system. 

The transmission link may also incorporate in-line EDFAs to boost the OOFDM signals 
for long transmission distances; such a configuration is to exam the maximum achievable 

transmission distance by using the carrier suppressed SSI3 OOFDM technique. In the 

receiver, an optical filter is also introduced to remove all the noises outside the OOFDM 

signal band. The transmitted optical signal is then detected by a square-law photo-detector. 
The procedures of electrical signal processing in the receiver are the inverse of the 

transmitter discussed above. 

It should be pointed out that identical or adaptive signal modulation formats may be 

adopted on individual subcarriers within an OOFDM symbol. The latter technique is 

known as AMOOFDM [5.4-5.7], which has been described in detail in Section 2.4.5. For 

both the identical modulation technique and the AMOOFDM technique, the total channel 

13ER, BERT, and the system signal line rate are defined as in Eq. (2.51) and Eq. (2.52), 

respectively. 

5.2.2 Models for DMLs, SMFs, EDFAs and PIN Detectors 

The models for DMLs, SMFs and PIN detectors employed in Chapter 4 are used here, 

whose validities have been confirmed by well agreements with experimental measurements. 

The EDFA model performs the function of a simple saturating optical amplifier, which is 

characterized as a gain block followed by a Gaussian optical filter. The associated noise 
figure is defined as the ratio of the SNR at the input to the SNR at the output of the 

amplifier [5.8]. 
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5.2.3 Simulation Parameters 

It should be pointed out that all the parameter values given below are used as default ones 
in this chapter, unless addressed explicitly in the corresponding text when necessary. 

In simulating the OOFDM modems, the sampling speeds of the DAC and ADC arc fixed at 

12.5GS/s in both the transmitter and the receiver. The total number of subcarricrs, NJ, is 

taken to be 128, which is an optimum value obtained in [5.7]. The above-mentioned 

parameters give a signal bandwidth in the positive frequency bins of 12.5/2 = 6.25GHz. 

The bandwidth for each subcarrier is 6.25/64 -- 97.5MIlz. As defined in Eq. (2.14), here a 

CP parameter of r1=25% is considered, which gives a CP length of 2.56ns within each 

OFDM symbol having a total time duration of 12.8ns. The dispersion tolerance of the 

OOFDM technique, Ddispcrsionq is a function of CP parameter, t, and number of subcarriers, 
NJ, and their relationship can be written as [5.7] 

4 
°C 317NS 

r, 
(5.2) 

with rJ being the ADC/DAC sampling speed. The quantization bits and clipping ratio arc 

set to be 7 bits and 13dB, respectively, which are the optimum values identified in [5.9]. 

For simulating DFB lasers operating at 1550nm, the corresponding DML model 

parameters listed in Section 4.2.4 are adopted here. Each SMF span is assumed to have a 

length of 80km. The parameters associated with SMFs can be found from Section 4.2.4 

except that a dispersion parameter of 17. Ops/nm/km is adopted here. 

The EDFA parameters are taken to be an optical gain of 16dß and a noise figure of 5 dB. 

A PIN detector with a quantum efficiency of 0.8 and sensitivity of -19dBm (corresponding 

to a 10Gb/s NRZ with a BER of 1.0x 10'9) is adopted in simulations. 

5.3 The Dependence of Optimum Carrier Suppression Ratio 
on DML Operating Conditions 

As already mentioned in Section 5.1, the generation of an optical SSB signal causes a 

significant reduction in the effective signal OSNR due to the removal of half of the 
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OOFDM signal band, carrier suppression is therefore necessary to enhance the system 

transmission performance when system nonlinearitics and noises are present. In this 

section, special attention is given to exploring the dependence of the optimum carrier 

suppression ratio on DML operating conditions. As the influence of variation in signal 

modulation format is negligible on optimum DML operating conditions [5.4,5.5], for 

simplicity but without losing generality, identical modulation formats across all the 

subcarriers are employed in this section. For an 80 km SMF transmission link without 

optical amplification, Fig. 5.2(a)-(c) show the dependence of carrier suppression ratio upon 

optical input power (coupled into the transmission link), DFB laser bias current and PTP 

driving current. Such dependence is also explored for a system consisting of 12 spans 

(960km) with EDFA and PIN noises being considered, to evaluate not only the potential of 

the proposed technique but also the dependence of carrier suppression ratio on 

transmission distance. In obtaining Fig. 5.2,16-QAM signal modulation format is 

employed across all the 32 data-carrying subcarriers, this gives a signal line rate of 10Gb/s. 

A zero BERT is obtained when BTB transmission is considered for all the operating 

conditions discussed in Fig. 5.2. 

As mentioned in Section 5.2.1, a variation in carrier suppression ratio also changes the 

optical signal power. To set the carrier suppressed SSB optical signal at a desired power, 

an optical attenuator/amplifier is used between the notch filter and the input facet of the 

SMF link, as shown in Fig. 5.1. 

When the DML bias current and PTP driving current are fixed, both the output optical 

signal power from the DML and the optical signal ER remain constant. For a DML bias 

current of 30mA and a PTP driving current of 15mA, Fig. 5.2(a) and Fig. 5.2(d) show that, 

for a given optical input power, there exists an optimum carrier suppression ratio, 

corresponding to which a minimum BER is observed. For carrier suppression ratios lower 

than the optimum value, the increase in BER is due to the low carrier suppression ratio- 

induced reduction in effective signal OSNR; whilst for carrier suppression ratios higher 

than the optimum value, the growth in BER is because of the high carrier suppression 

ratio-induced increase in signal clipping noise. It can be seen from Fig. 5.2 (a) and Fig. 

5.2(d) that, a low optical input power corresponds to a high optimum carrier suppression 

ratio, as the low optical input power suffers from the relatively strong noise effect, which 
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can be partially mitigated if the effective signal (), SNR is boosted by using a high carrier 

suppression ratio. 
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For a fixed optical input power of 2dI3m and a fixed I'"I t' driving current of 15111A. tile 

dependence of carrier suppression ratio on I)MI. bias current is shown in Fig. 5.2(h) and 

Fig. 5.2(e). from which, it can he seen that, a high I)FI laser bias current requires a high 

optimum carrier suppression ratio. This is because a high t)FR laser bias current gives rise 

to a low signal ER, thus requiring a high carrier suppression ratio fier achieving the desired 

signal effective OSNR. As expected from the discussions in Fig. 5.2(h) and Fig. 5.2(e). a 

low P'I'P driving current leads to a small signal FIR, thus a high carrier suppression is 

required to maintain the effective signal OSNR required, as demonstrated in Fig. 5.2(c) and 

Fig. 5.2(f). 

By comparing Fig. 5.2(a)-(c) with Fig. 5.2(d)-(I). it is also interesting to note that. the 

identified optimum carrier suppression ratio for a fixed 1)MI, operating conditions and 

SMF input power is independent of transmission distance. However, for the cases of' 

960km SMF links with inline EDFA, the system exhibits worse BFR performances in 

comparison to those corresponding to of 80km SMF links without inline FI)FA. This is a 

direct result of the increased noise and fibre nonlinearity effects in the long transmission 

distances. 
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Fig. 5.3 Optimum carrier suppression ratio versus optical in/nit poive'r fror cli/%c'rc'nl /)H? 

operating conditions: (u) The PT? driving current is /5mA, (h) The hia. c current is 30mA. 

To ease the practical system design, the optimum carrier suppression ratio as a function of 

optical input power is plotted explicitly in Fig. 5.3(a) and Fig. 5.3(h) fier various I)l'R laser 

operating conditions that may be encountered in practice. It can he seen from Fig. 5.3 that 

the optimum carrier suppression ratio increases almost linearly with decreasing the optical 
input power, regardless of'thc D1'13 laser operating conditions. Such an evolution trend can 
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be explained by using the physical mechanism similar to that used in explaining Fig. 5.2(a). 

In addition, the linear lineshapes observed in Fig. 5.3 can also be understood by 

considering the fact that, for a specific transmission system, the required effective OSNR is 

fixed for achieving a BERT of 1x 10'3. As the signal extinction ratio remains constant for a 

given DFB operating point, therefore, a relatively small carrier suppression ratio is 

sufficient to produce the required effective OSNR when the optical input power is large. 

5.4 The Transmission Performance of Carrier Suppressed SSB 
IMDD AMOOFDM Signals in Optimum DML-Bascd SMF 
Systems without In-line Optical Amplification 

To evaluate the validity of the optimum DML parameters identified in Section 5.3, and to 

demonstrate the effectiveness of the carrier suppressed SSB technique for use in DML- 

based NG-PONs without optical amplification and dispersion compensation, the 

AMOOFDM signal line rate as a function of transmission distance is plotted in Fig. 5.4. To 

make a fair performance comparison with the DSB case [5.4], adaptive modulation is used 

here, and the simulation parameters adopted are the same as those used in [5.4], except that 

1) an optimum carrier suppression ratio of 6dB is adopted, and 2) the ADC/DAC sampling 

speeds of 25GS/s is employed to give a maximum signal line rate of 40Gb/s when 256- 

QAM are taken across all the 32 data-carrying subcarriers. An optical launch power of 

6.3dßm is considered here. 

As already discussed in Section 2.4.5, for a specific transmission system, the highest signal 

modulation format that can be used on each subcarrier can be identified according to the 

frequency response associated with that transmission system, through negotiations between 

the transmitter and the receiver. As a direct result of such a signal modulation format 

manipulation, AMOOFDM improves significantly the obtainable signal transmission 

capacity in comparison with OOFDM using identical signal modulation [5.4]. In addition, 

as predicted by Eq. (5.2), for a given optical signal spectral property, AMOOFDM has a 
dispersion tolerance similar to that associated with OOFDM without adaptive modulation. 

It can be seen from Fig. 5.4 that, in DML-bascd IMDD systems without involving optical 

amplifiers, 30Gb/s carrier suppressed SSB signal transmission over 80km SMF can be 

achieved, which doubles the performance corresponding to the DSB AMOOFDM signals 
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without carrier suppression [5.4]. By comparing the transmission pcrfiormances of the 

AMO()FDM signals without carrier suppression between the cases of' including and 

excluding the SSB technique. it can be found from Fig. 5.4 that, the SSI3 technique is a 

major contributor to the above-mentioned transmission pcrfiOrmance improvement for 

transmission distances of <60km. This is because, over that transmission distance region. 

the fibre chromatic dispersion effect is a dominant factor determining the maximum 

achievable transmission performance 15.41. The use of' the SSI3 technique is capable of' 

offering a better preservation of the fibre dispersion-induced phase shill in the electrical 

domain, thus enables AMOOFDM to take a full advantage of' its strong dispersion 

compensation capability. 
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Fig. 5.4 Signal line rate versus transmission distance /r dif/ýrenl optical OEI) f signals 

in DML-based IMDD transmission . tiy'slems without inducting /: D/, its. 

I lowever, for transmission distances of >80km, over which the fibre loss is a dominant 

factor limiting the maximum achievable transmission performance 15.41. employing only 

the SSB technique degrades considerably the transmission perförmance, as shown in Jig. 

5.4. This originates from the SSB-induced decrease in OSNR sensitivity. The cross point 

of the two curves corresponding to these two cases without carrier suppression is a direct 

result of the offset between the SSB-induced dispersion tolerance improvement and OSNR 

sensitivity decrease. Such an OSNR sensitivity decrease can be reduced when the carrier 

suppression technique is applied. This can he clearly seen in Fig. 5.4 by comparing the 

transmission performances of the SSI3 AMOO F UM signals between the cases ofincluding 

and excluding the carrier suppression technique. For transmission distances of > 120km, the 

carrier suppression-induced improvement in transmission capacity is offset almost 

completely by the SSB-induced performance degradation, giving rise to the identical 
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transmission performance of the carrier suppressed SSß AMOOFI)M signals. compared to 

that achieved by the DSE3 AMOOFE)M signals without carrier suppression, as shown in 

Fig. 5.4. 

Owing to the co-existence of both SSI3 and carrier suppression, the use of' the proposed 

technique is, therefore, more prominent in enhancing the transmission performance for 

transmission distances of < 100km, and this technique is less prominent for transmission 

distances of >I OOkm, as demonstrated in Fig. 5.4. 

The impact of the DML-induced nonlinear effect on the transmission performance of' the 

carrier suppressed SSB AMOOFDM signals is examined in Fig. 5.5, in which pcrlormance 

comparisons are made between the cases of considering an ideal intensity modulator and 

the DFB laser. It is very interesting to note that, in comparison with the results presented in 

[5.4], Fig. 5.5 shows that the impact of the DMI, -induced nonlinear effect on the 

transmission performance of the carrier suppressed SSI3 IMDD AMOOFDM signals is 

reduced considerably. This implies that the SSI3 technique with an optimum carrier 

suppression ratio offers much better compensation for the DML-induced optical signal 

distortions. 
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5.5 Carrier Suppressed SS13 IM 1)1) ()()FI)M Signal 
Transmission in Optimum I)MI, -Based SMF Systenms 
Incorporating In-line Optical Amplifiers 

To further explore the potential of DML, -based carrier suppressed SSU IMI)U OOIHM 

technique, in this section, investigations are undertaken of the maximum achievable 

transmission distance over SMF systems consisting of in-line FI)FAs. Such extended reach 

is promising for NG-PONs in rural scenario. In this subsection, the 16-QAM signal 

modulation format is used across all the data-carrying suhcarriers. The optimum 

parameters identified in Section 5.3 are considered here. '[here are two main reasons 

underpinning the adoption of the above-mentioned identical signal modulation format in 

simulations performed in this section: a) this treatment allows fair performance 

comparisons to be made between the simulated results and experimental measurements 
[5.10]; b) The use of identical signal modulation format enables us to distinguish easily the 

carrier suppression SSB-induced performance improvement from that caused by adaptive 

modulation, as our simulations indicate that both two techniques can improve the 

transmission performance of the systems of interest of this subsection. 
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operating conditions: (a) the PTP driving current is /5mA, (h) the bias current is 3OmA. 

The black curves in (a) and (h) are ohiaineü using ideal intensity'noduluturs (/Af). 

The transmission distance versus optical input power is plotted in Fig. 5.6(a) and Fig. 

5.6(b) for different DFB bias currents and I'II' driving currents, respectively. For 

comparison, in these two figures, the transmission performances are also given for the 
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cases of excluding carrier suppression and using ideal intensity modulators. The 

transmission distance considered is the maximum fibre length that gives the transmitted 

signal a total channel BERT of 1.0 x 10-3. In simulating each of the curves illustrated in rig. 

5.6, firstly, the DML is set at the specified operating conditions. Secondly, based on the 

results presented in Section 5.3, an appropriate adjustment of the optical carrier wave 

power is made to produce an optimum carrier suppression ratio that corresponds to the 

DML operating conditions and the chosen optical launch powers. And finally, optical 

amplification/attenuation is applied to the signal to set the signal power at a required level. 

It is very interesting to note that, 10Gb/s over about 1200km signal transmission is 

achievable over a broad range of optical input powers varying from -2 - 6d13m. Such 

performance agrees very well with the experiments [5.10], in which 10Gb/s over 1000km 

SMF is achieved using external modulators. The performance similarity between the 

optimum DML-based systems and external modulators-based systems, indicates that the 

influence of the DMLs under the optimized operating conditions is negligible on the 

transmission performance of the carrier suppressed SSß IMDD OOFDM signals. This 

statement is also verified by considering Fig. 5.6, where almost the same transmission 

performances are observed for the cases of including DMLs and ideal intensity modulators. 
As discussed in Fig. 5.4, carrier suppression plays a significant role in determining the 

achievable transmission performance for relatively low optical launch powers (Fig. 5.6). 

In addition, Fig. 5.6 also shows that, within the aforementioned optical input power range, 

the maximum transmission performance is insensitive to the variations in DFB bias current 

and PTP driving current, indicating that the system is very robust. For optical input powers 

outside the optimum power region, for optical input powers of < -2dBm, the significant 

reduction in transmission distance shown in Fig. 5.6 is due to the decrease in the effective 

signal OSNR caused by large EDFA noise, whilst for optical input powers of > 6dBm, the 

transmission distance reduction is due to the strong fibre nonlinear effect, as no significant 

performance degradations have been observed for optical input powers of <4dBm when the 

fibre nonlinear effect is not considered. 
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5.6 Conclusions 

The transmission performance of carrier suppressed SSB IMDD OOFDM signals over 
DML-based transmission systems has been investigated thoroughly for applications in NG- 

PONs without and with incorporating in-line optical amplifications, respectively. The 

impact of DMLs has been explored on the transmission performance of such signals. The 

dependence of optimum carrier suppression ratio has been identified on DML operating 

condition and optical input power. It has been shown that, for DML-bascd in-line optical 

amplification-free NG-PONs, 30Gb/s carrier suppressed SSB IMDD AMOOFDM signals 

over 80km SMF is achievable, which doubles the performance obtained by using DSB 

AMOOFDM signals without carrier suppression, and that, 10Gb/s carrier suppressed SSB 

IMDD OOFDM signals over about 1200km SMF is also feasible in DML-based NG-PONs 

incorporating in-line EDFAs. In addition, the obtained transmission performance is very 
insusceptible to variations in both DML operating condition and optical input power. 
Furthermore, the SSB technique with optimum carrier suppression ratio reduces 

considerably the DML-induced nonlinear effect. 
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6.1 Introduction 

In Chapters 5-6, investigations have been carried out of DML-converted IMDD OOFDM 

signal transmission performance for NG-PONs. However, for WDM-PONs, the use of a 

wavelength specified DML in each individual ONU is not preferred due to high system 

cost and lack of efficient wavelength control. As discussed in Chapter 3, SOAs/RSOAs are 

promising solutions to facilitate cost-effective colourless transmitters due to their 

compactness, strong capability of monolithic integration with electrical components and 

wide wavelength coverage. In this chapter, investigations are, therefore, undertaken of the 

feasibility of using SOAs as intensity modulators in IMDD AMOOFDM PONs. 

The idea of using SOAs to perform intensity modulation of AMOOFDM signals is 

illustrated in Fig. 6.1, whereby a real-valued OFDM signal in the electrical domain drives 

directly an SOA with a high CW optical wave being injected simultaneously. The power of 

the injected optical wave mimics the SOA gain variation induced by the electrical OFDM 

signal. Thus intensity modulation can be realized using the SOA-bascd intensity modulator. 

For SOAs operating at strongly saturated optical gain regions, their effective carrier 

lifetimes can be reduced to values of an order of less than 50ps [6.1]. As the SOA 

modulation bandwidths are proportional to the inverse of their effective carrier lifetimes 

[Eq. (3.1)], therefore, SOAs can have modulation bandwidths of as large as 20GIIz. Such 

modulation bandwidths are much wider than both typical AMOOFDM spectral widths and 

those corresponding to DMLs, implying that the significantly reduced frequency chirp 

effect is possible, as shown in Fig. 6.4, if the DMLs arc replaced by the SOA-based 

intensity modulators. 

Apart from the reduction in the frequency chirp effect, SOA-bascd intensity modulators 

also offer a number of other unique features listed as followings: 

  Extremely wide spectral coverage from 1200nm"1650nm. This enables the delivery 

of true colourless AMOOFDM transmitters in a cost-effective manner. 
  Considerable transmission performance improvement compared to DMLs. 

122 



('11. "1 /'TF'R h. SO"-1-1 IV/I ß/. l:! ) /1VTF., ý', ý/7'3' , 11(11)('1.. 17'/O, x' of . 
1,1 /Oý)l '/), I1. Sl (;, ý. 11.. S 

in , 'Olf'-BASED /i)! /)/) S}5TE1%IS for II ! ), 11-/'O, ̀ '. c 

  Excellent system flexibility and great performance robustness to variations in SOA 

component parameters. 

  Controllable bandwidths. An SOA bandwidth can he engineered easily by reducing 

its effective carrier lifetime through altering the power of an injected C'W optical 

wave, adjusting the SOA bias current 16.1 J, and selecting appropriately device 

design parameters such as cavity length [6.2]. 

It should be pointed out that, a reduction in SOA's effective carrier lifetime is always 

accompanied with a decay of' ER of the modulated optical signal. This offsets the large 

SOA bandwidth-induced transmission performance improvement. 

The thrust of this chapter is to explore thoroughly, for the first time, the impact of the 

SOA-based intensity modulators on the transmission performance of AMOOFDM signals 

over SMF IMDD systems without involving optical amplification and dispersion 

compensation. A theoretical model for describing the characteristics of' the SOA-teased 

intensity modulators is developed, based on which optimum SOA operating conditions are 

identified. It is shown that the optimized SOA-based intensity modulators can support a 

30Gb/s AMOOFDM signal transmission over a 80km SMF, which doubles the 

transmission performance obtained using DMLs. In addition, key physical factors limiting 

the maximum achievable transmission performance of the AMOOI DM technique are also 

identified. Finally, rigorous examinations are made of the robustness of the optimum 

operating conditions and the transmission performance to variations in SOA parameters. 

OFDM modem 

User L". 1 _J 

OFDM modem 

Received 

Fig. 6.1 Transmission system diagram together with block diagrams o/'the transmitter and 

the receiver 
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6.2 Transmission System Models 

6.2.1 Transmission System and AMOOFDM Models 

In Fig. 6.1, the transmission system considered in this chapter is illustrated, which includes 

a transmitter involving an SOA performing intensity modulation, a single-channel optical 

amplification- and dispersion compensation-free SMF IMDD transmission link, a square- 

law photon detector and a receiver. The DSP procedure of the electrical OFDM signal in 

the OFDM modem is identical to those presented in Section 2.3. It should be mentioned 

that equal power loading is applied across all the subcarriers and the IFFT inputs are 

arranged to satisfy the Hermitian symmetry, as expressed in Eq. (2.41), so that the IFFT 

outputs are real-valued. The real-valued electrical OFDM signal generated by the OFDM 

modem in the transmitter is combined with a DC bias current. Finally, the up-shined 

electrical OFDM signal drives directly the SOA to modulate the injected CW optical wave 
by varying the optical gain of the SOA. 

To enable the SOA to operate at desired conditions, the input power of the injected CW 

optical wave, the DC bias current and the driving current are adjusted. Such adjustments 

may alter the output power of the modulated optical signal. An optical attenuator is thus 

inserted between the SOA and the input facet of the SMF link to fix the coupled optical 

power at a required level. 

In the receiver, the optical signal is detected by a square-law photon detector. The data can 

then be recovered following the procedures which are the inverse of the transmitter. 

6.2.2 SOA-based Intensity Modulator Model 

By taking into account carrier depletion owing to stimulated emission as well as major 
intraband dynamic processes such as carrier heating, spectral holt-burning, two-photon 

absorption and ultrafast nonlinear refraction, a comprehensive SOA theoretical model has 

been developed [6.3], which has been successfully employed in describing the propagation 

of strong picosecond optical pulses in SOAs [6.3], ultrafast switching characteristics of 

terahertz optical asymmetric demultiplexers [6.4], phase conjugation of picosecond optical 

pulses [6.5] and active picosecond optical pulse reshaping in SOAs [6.6]. 

124 



C11A1'TER 6. SOI1-EN, 1 BLED INTENSITY i'1ODUTATIONofi1M001,7 111 SIGN. -1 LS 
in SM11F-13AASED IM11DD SYSTE1IIS for 11'D, 11-PONs 

In the SOA-based intensity modulator illustrated in Fig. 6.1, the adopted DACs/ADCs 

have sampling rates of typically less than 20GS/s, which correspond to sampling durations 

of greater than 50ps, which is at least 50 times higher than the response times associated 

with all the above-mentioned intraband dynamic processes [6.3]. In addition, as discussed 

in Section 6.3, the optical gain saturation properties of the SOA are mainly determined by 

the strong DC component of an optical signal propagating in the SOA. For example, at the 

output facet of the SOA, the modulated optical signal with a noise-like waveform has a 

relatively small signal ER of about 1dB, as shown in Section 6.3. The above facts indicate 

that it is sufficiently accurate to neglect the influence of the intraband dynamic processes 

on the optical gain saturation characteristics of the SOA. 

The exclusion of the intraband carrier processes simplifies significantly the SOA 

theoretical model developed in [6.3]. When a transformation of the wave propagation 

equation [6.3] is made to the retarded reference frame, T=t-z/ vg with t, z and vg being 

the time, the transmission distance and the group velocity, respectively, and the optical 

field is defined as 

A(z, T)= P z, T exp[jo (z, T)] (6.1) 

with P(z, T) and O(z, T) being the optical power and phase, respectively, a set of 

equations which govern the propagation of the optical signal travelling through the SOAs 

are obtained: 

dg(z, T) 
= 

go(T)-g(,, T) 
_ p(`, T) (6.2) dT rc Eat 

aP(z, T) 
_g (z, T)P(z, T) (6.3) az 

aqs(z, T) 
=- 

I 
ag(z, T) (6.4) az 2 

where g(z, T) is the optical gain defined as g(z, T) = ra[N(T)-No] with N(T) and No 

being the carrier density and the carrier density at transparency, r is the confinement 
factor and a is the differential gain. g0(T) is the small signal gain of the SOA, which can 
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be expressed as go(T) = raN0[I(T)/Io -1], here 1(T) is the total injected current including 

the DC bias current and the driving current, and lo is the current required at transparency. 

r, is the carrier lifetime. E3 ,= tiwotivd / I'a is the SOA saturation energy with w., tiv and d 

being the frequency of the optical signal, the width and depth of the SOA active region, 

respectively. a is the linewidth enhancement factor. In deriving Eq. (6.3), the SOA linear 

internal loss effect is incorporated into a slight increase in carrier density required at 

transparency. 

By integrating Eqs. (6.2)-(6.4) over the entire SOA cavity length, L, a set of equations can 
be obtained: 

dh(T)_go (T)L-h(T)_li�(T){exp[h(T)]-1) 
(6.5) 

dT re Esa, 

P0k, (T) = P,, (T)exp[ h(T )] (6.6) 

00, (T)=0,, 
º(T)-1 ah(T) (6.7) 

L 

with h (T) = Jg(z, T)d: (6.8) 

0 

where Pou, (T) and O 
, (T) are the power and phase of the modulated optical signal, P, 

� 
(T) 

and 0, 
�(T) are the power and phase of the optical input wave. Eqs. (6.5)-(6.7) can be easily 

solved numerically when 1(T), P,,, (T) and OJT) are made known. 

Apart from intensity modulation, the SOA also imposes ASE noise onto the modulated 

optical signal. The total ASE power, FASE , can be calculated by [6.7] 

FASE 
=(NfG-l)ßotitvo (6.9) 

where Nf is the SOA noise figure, G= exp[h(T )], B is the optical bandwidth and t: a 0 is 

the photon energy. In deriving Eq. (6.9), it is assumed that the ASE noise does not affect 
the SOA gain dynamics. 
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Eqs. (6.5)-(6.7) and Eq. (6.9) are the final set of equations, which are used in numerical 

simulations in Section 6.3. After adding the ASE noises into 1'�u, (T) and O,,,,, (T) , and 

subsequently introducing them into Eq. (6.1), the intensity modulated optical signal can be 

obtained. In the receiver, the transmitted optical signal can be detected using a square-law 

photon detector when a CW optical input wave is selected. It should be pointed out, in 

particular, that the validity of the SOA intensity modulator model developed here is 

confirmed by the excellent agreement between the theoretical results and experimental 

measurements [6.8], as discussed in Section 6.3.4. 

6.2.3 Models for SMF and PIN Detector 

The SMF model successfully used in Chapters 4-5 is adopted here. In the receiver, a 

square-law photon detector is utilized to detect the optical signals emerging from the 

transmission system. Shot noise and thermal noise are considered. These effects are 

simulated following the procedures similar to those presented in [6.9]. 

6.2.4 Simulation Parameters 

In simulating the AMOOFDM modems, the total number of subcarriers, Ns, is taken to be 

64. In the positive frequency bins, 31 subcarriers are used to carry original data and the 

remaining one subcarrier close to the optical carrier frequency is dropped. The sampling 

rates of the DAC/ADC are fixed at 12.5GS/s in both the transmitter and the receiver. The 

above-mentioned parameters give a signal bandwidth in the positive frequency bins of 
12.5/2 = 6.25GHz. The bandwidth for each subcarrier is 6.25/32 - 195.3M11z. The cyclic 

prefix parameter defined in Eq. (2.14) is taken to be 25%, which gives a cyclic prefix 
length of 1.28ns within each OFDM symbol having a total time duration of 6.4ns. Other 

parameters associated with the AMOOFDM modems are identical to those presented in 

Section 5.2.3. 

The parameters used in simulating SOA-based intensity modulators are representative for 

InGaAsP semiconductor materials operating at a wavelength of -1550nm, as listed in 
Table 6.1, where both the SOA parameters and their corresponding references are shown. 
The SOA parameters without any references being listed are chosen within their typical 

variation ranges [6.3,6.4,6.9,6.10]. By attenuating/amplifying the modulated optical output 
signals from the SOAs, the optical power coupled into the SMF system is fixed at 6.3dßm. 
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The simulation parameters of PIN detectors are also listed in Table. 6.1, together with their 

corresponding references. The parameters associated with SMF arc identical to those 

presented in Section 5.2.3. 

Table 6.1 SOA and PIN Parameters 

SOA 
Symbol Value Reference 

L 500µm 
w 1.3µm [8] 
d 0.27µm 

s, 0.3ns [II] 
r 0.35 
a 3x 10-20m2 [13] 

a 5 [91 
No 1.05x1024m3 [13] 

Vg 8.43 x 107m/s [8] 

WO 1550nm 
Nf 8dß 

PIN 

Parameter Value Reference 

Quantum efficiency 0.8 131 
Noise current density 8pA/A Iz [14] 

It should be pointed out that, in numerical simulations in this chapter, all the parameter 

values mentioned above and listed in Table. 6.1 are treated as default ones, unless 

addressed explicitly in the corresponding text where necessary. 

6.3 Simulated Transmission Performance 

6.3.1 SOA Gain Saturation Characteristics 

To gain an in-depth understanding of the transmission performance of AMOOFDM signals 

over SMF IMDD systems using SOA-based intensity modulators, it is necessary to discuss 

first the optical gain saturation characteristics of the SOAs. The dependence of SOA 

optical gain upon CW optical input power and bias current is presented in Fig. 6.2, where a 

10Ghiz sinusoidal electrical driving current having a fixed PTP value of 80MA is applied 

to the SOA to ensure that the SOA operating conditions considered here are similar to 

those adopted in other figures of this chapter. 
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As expected, Fig. 6.2(a) shows that the optical gain of' the SOA depends strongly upon 

both CW optical input power and bias current: an increase (a decrease) in ('W optical 

input power (in bias current) brings about a small SOA optical gain. In addition, the tiOA 

optical input saturation power increases significantly with decreasing bias current. 

Op11oN Irqul power " Odem 
40 

25OmA t 

E tOdsm 

m 1o 3-30 
.1 

200mA 
,I---- 20A9m 

ýi 20 
0 weem 

S 150mA 
ybXý 

0 

10 -10 
Sias curr. nl " 100mA 

-t 

-30 -20 -10 0 10 20 60 100 150 200 250 300 
Optical input power (dBm) Bias curr. t (mA) 

(a) (h) 

Fig. 6.2 SOA gain saturation characteristics f. r di/jerent operating conditions. (a) Optical 

gain versus optical input power and (h) Optical gain versus bias current. 

Given the central role of the electrical current-induced SOA optical gain variation in 

determining the quality of the modulated AMOOF[)M signals, Fig. 6.2(h) is plotted to 

show the SOA optical gain as a function of bias current for different ('W optical input 

powers. It can be seen from Fig. 6.2(h) that, to obtain a desired linear current-gain 

lineshape, the bias currents and the CW optical input powers need to he set at 

approximately 100mA and greater than lOdBm, respectively. Under such operating 

conditions, it can be easily found from Fig. 6.2 (a) that, the SOAs are strongly saturated, 

resulting in significantly reduced effective carrier lifetimes and thus wide SO A bandwidths. 

On the other hand, as shown in Fig. 6.2(b), a large CW optical input power broadens 

considerably the bias current variation range corresponding to the lin ear current-gain 

region, and simultaneously declines the slope of the linear current-gain curve. This implies 

that the above-mentioned SOA operating conditions may clip the modulated AMOOFI)M 

signals and also affect their ERs. Therefore, detailed explorations of' the impact of SOA 

operating conditions on the transmission performance of the AMOOIFI)M signals are 

crucial for optimizing the transmission systems consisting of SOA-hascd intensity 

modulators. 
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6.3.2 Impact of SOA Bias Current and Optical Input Power 

For a 60km SMF IMI)I) transmission system. a contour plot of maximum achievable 

signal line rate as a function of CW optical input power and bias current is shown in Fig. 

6.3, where a driving current with a constant l 'I P value of' 80mA is considered. In 

numerical simulations throughout this chapter, the signal line rate is calculated using the 

expression given by Eq. (2.52). As discussed in Section 2.4.5. the signal line rate is 

considered to be valid only when the total channel ßl; R. BFR 1. equals I. Ox 10-; is satisfied 

for a specific transmission system. The BERT is dcIined as in Eq. (2.51). 

Fig. 6.3 shows that there exists an optimum SOA operating condition region: a 20d13m CW 

optical input power and a 100mA bias current, corresponding to which a maximum signal 

line rate is observed. Considering Fig. 6.2. it is clear that under the optimum operating 

conditions, the SOA is highly saturated. In addition, it is also interesting to note that. when 

the transmission distance is increased from 60km to 100km, the above-mentioned optimum 

SOA operating conditions still retain, except that the corresponding signal transmission 

capacities are reduced. 
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Fig. 6.3 Contour plot of signal line rate as u füncticºn o/( '! t' optical input power und hias 

current for a 60km SMF IMDD tran. vmi. s. ciun system. 

The occurrence of the optimum CW optical input power shown in Fig. 6.3 can he 

explained as followings: For CW optical input powers of less than the optimum value of 

approximately 20dßm, the improvement in signal transmission capacity for high ('W 

optical input powers is mainly due to the reduction in SOA effective carrier lifetime. The 
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optical power dependent SOA effective carrier Iitctime, r, Js expressed in E q. (3.1). As an 

example, when the CW optical input power is taken to be 20d13m. the SOA effective 

carrier lifetime is approximately 40ps, which is shorter than the Al)('/1)AC sampling 

durations. This indicates that the SOA operating at a highly saturated optical gain region 

has a short effective carrier lifetime, thus is capable of' offering a sufficiently wide 

bandwidth for use in modulating the AMOOFDM signal. This statement is confirmed by 

Fig. 6.4, which shows that, at the output facet of the SOA, the spectrum of the modulated 

AMOOFDM signal is significantly distorted for CW optical input powers of less than 

I5dBm, whilst rectangular-shaped spectra occur for CW optical input powers of greater 

than 20dBm. Therefore, it is clear that the broadening of the SOA bandwidth due to the 

injection of high CW optical input powers gives rise to reduced signal spectral distortions, 

thus leading to the improved transmission performance, as observed in Fig. 6.3. 

m 
v_ 
I 

(a) P;,, = -I OdBm 

m 
4 
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I 
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i 
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(h)P, �=Odlßm 

20dBm (d) P. = 3OdRRm 

Fig. 6.4 Spectrum of modulated AAIOOFDit 
. signal at the output facet ct/'thce . S'QA suhjert 

to different ('W optical inhti! powers. The adopted bias current is 1 UUntA. 
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Fig. 6.5 Extinction ratio of modulated AitIU(MAf signal as a. Jrinctio n 0/ optical in/mi 

power. for different bias currents. At intensity modulation. 

On the other hand, when CW optical input powers exceed the optimum power of' 20dl3m, 

the reduction in ER of the modulated AMOOFDM signal becomes a major contributor to 

the AMOOFDM performance degradation demonstrated in Fig. 6.3 and Fig. 6.5. The 

AMOOFDM signal ER is defined explicitly in Eqs. (2.46)-(2.47). 

As expected from Fig. 6.2 (b), Fig. 6.5 demonstrates that, the ER of the modulated 

AMOOFDM signal drops steadily with increasing C'W optical input power. As a direct 

result, the effective OSNR of the modulated signal reduces for a transmission system 

having a fixed receiver sensitivity 16.11 ]. The threshold of the C'W optical input power. 

beyond which the significantly reduced FR plays a dominant role in determining the 

AMOOFDM transmission performance, depends on the receiver sensitivity: a low receiver 

sensitivity shifts the threshold value towards a high optical input power. Over the Flt 

dominant-performance region, the reduction in effective carrier lifctimc is, however, not 

pronounced, as the optical output signal power grows very slowly because of' the presence 

of an extremely low saturated optical gain of the SOA. From the above analysis, it is clear 

that the optical power-dependent reduction in both effective carrier lifctimc and signal FIR 

is the major physical process underpinning the occurrence of the optimum ('W optical 

input power observed in Fig. 6.3. 

In Fig. 6.3, there also exists an optimum bias current of approximately 1OOmA. For bias 

currents below the optimum value, the decrease in signal line rate is because the lower part 

of the electrical driving current applied to the SOA is clipped upon intensity modulation, as 
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the lower part of the driving current having a fixed 80mA ! ''I'll value penetrates into the 

negative optical gain region of the SOA, as seen in Fig. 6.2 (h). In particular, fi)r low ('W 

optical input powers, the signal clipping effect is even severe because the bias current 

variation range corresponding to the linear current-gain region decreases with decreasing 

CW optical input power, as shown in Fig. 6.2(h). Such a strong clipping eftcct causes rapid 

performance degradation for CW optical input powers ofless than 15d13m. as seen in Fig. 

6.3. 

On the other hand, for bias currents above the optimum bias current, the transmission 

performance degradation originates mainly from two factors including decreased FR and 

increased signal clipping. The impact of the first factor is very easy to understand by 

considering Fig. 6.5; whilst the second factor takes place when the upper part of the 

electrical driving current experiences an almost flat optical gain of the SOA, as shown in 

Fig. 6.2(b). It should be pointed out that, a high bias current also gives a low effective 

carrier lifetime [6.1 ], thus leading to less spectral distortions of the modulated AMOOl"I)M 

signals. The later effect offsets the effects of the above-mentioned two factors, thus 

causing that the optimum operating region extends towards the high bias current direction, 

as seen in Fig. 6.3. 

6.3.3 Impact of PTPs of Driving Currents 
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Fig. 6.6 Signal line rate ºversus driving current PIP and corresponding signal c'xtinrtiun 

ratio at the output facet of the IS'OA intensity modululor. jor dil/erent transmission distances. 

The optical input power and hies current are fixet! at 20c113m und IODmA, re. specliº'elV. 
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Apart from CW optical input power and DC bias current, from the system design point of 

view, it is also very important if optimization of the P'I'P value of a driving current is also 

undertaken. The impact of a driving current P'I'P value on the maximum achievable 

AMOOFI)M transmission performance is shown in Fig. 6.6, in obtaining which (lie 

optimum CW optical input power of 20dl3m and (lie optimum bias current of I 00111A are 

adopted. Fig. 6.6 exhibits an optimum PIT value of 8OmA, which corresponds to a 

maximum signal line rate. For PTPs lower than the optimum value, the sharp decline in 

signal line rate is due to the small signal ER, whose impact is discussed in Fig. 6.3. On the 

other hand, for PTPs higher than the optimum value, the slight reduction in signal line rate 

is because of the increased signal clipping effect, as discussed in Fig. 6.3. In addition. Fig. 

6.6 also shows that the optimum PTP value is independent of transmission distance, which 

is consistent with the developing trend of' the optimum operating region identified in 

Section 6.3.2. 

6.3.4 Optimized AMOOFDM Transmission Performance and its 
Physical Limitations 
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Fig. 6.7 Maximum achievable signal lrunsmission rapacity versus reach /k'FJOrmcnICL' oI 

AAIOOPDM signal. Jor various Iranmission systems. 

having optimized the operating conditions of the SOA-based intensity modulator, in this 

section, full use is made of the identified optimum operating conditions to explore the 

maximum achievable AMOOFDM transmission performance and its physical limitations 

in SMF IMDI) systems without involving optical amplification and chromatic dispersion 

compensation. The numerically simulated results are shown in Fig. 6.7. In computing this 
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figure, the adopted optimum SOA operating conditions are listed as followings: a CW 

optical input power of 20dBm, a DC bias current of 100mA and a driving current with a 

PTP of 80mA. To identify the key physical factors limiting the maximum achievable 

transmission performance, comparisons of signal capacity versus reach performance are 

also made in Fig. 6.7 among the cases of employing the SOA-based intensity modulators, 
DML-based intensity modulators and ideal intensity modulators. In simulating the DML- 

based intensity modulator, a DML theoretical model developed in [6.12], which had been 

used in Chapters 4-5 is employed, together with its optimum operating conditions and all 

other DML parameters presented in [6.11,6.12]. On the other hand, in simulating the ideal 

intensity modulator, a simple square root operation is applied to the sum of the driving and 

DC bias currents. 

Very similar to those observed in the DML-based SMF IMDD transmission systems 
[6.11] (also plotted in Fig. 6.7), for the SOA-based systems, Fig. 6.7 shows a chromatic 
dispersion-dominant performance region and a link loss-dominant performance region for 

transmission distances of less than 100km and greater than 100km, respectively. Over the 

first performance region, as expected from discussions in [6.11], significant performance 
differences are revealed among the three intensity modulators, whilst their performance 
differences are abated considerably over the second performance region. More importantly, 

numerical simulations also show that, a 10Gb/s AMOOFDM signal transmission over a 

20km SMF IMDD link involving a SOA-bascd intensity modulator is also feasible, which 

agrees very well with experimental measurements [6.8]. It should be noted that, to ensure 

fair comparisons between the simulated results and experimental measurements, only is the 

above-mentioned l0Gb/s over 20km SMF transmission performance obtained based on 

simulation parameters identical to those adopted in the experimental measurements. These 

parameters are: a CW optical input power of -lOdßm at the input facet of the SOA, a- 

IdBm optical power coupled into the transmission link, and a -19dßm optical power at the 

input facet of the photon detector. All the aforementioned characteristics verify firmly the 

validity of the system models developed here. 

It is very interesting to note from Fig. 6.7 that, in comparison with the DML-based 

intensity modulator, the SOA-based intensity modulator enhances the AMOOFDM 

transmission performance across the entire transmission distance range of interest of this 

chapter. In particular, such an enhancement is more pronounced over the chromatic 
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dispersion-dominant performance region. For instance, the SOA-based intensity modulator 

supports a 30Gb/s AMOOFDM signal transmission over a 80km SMF, which doubles the 

performance corresponding to the DMI, -based intensity modulator. 

The physical origin of' the above-mentioned performance improvement lies mainly in the 

considerably reduced frequency chirp effect, resulting from the strong SOA gain 

saturation-induced decrease in SOA effective carrier litctimc. The statement is evaluated in 

Fig. 6.8, which shows almost identical transmission performances between the SOA- and 

DML-based systems if'the fibre chromatic dispersion effect is set to zero. As the treatment 

of'removing the chromatic dispersion effect eliminates effectively the impact of the I)MI, - 
induced frequency chirp effect, therefore, the SOA intensity modulator's capability of' 

reducing the frequency chirp effect is confirmed in Fig. 6.8. In comparison with the case of' 

excluding fibre chromatic dispersion, for long transmission distances, Fig. 6.8 shows an 

improved transmission performance for the case of including fibre chromatic dispersion. 

This is due to the fact that SOA modulated AMOOFDM signal has a chirp parameter with 

an opposite sign compared to the GVD parameter of a standard fibre. 
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Fig. 6.8 Comparison ofA1l>OOFDM1 signal transmission capacily ro-sus reach 

performance for SOA- and DML-based S1lIF transmission systems inrluding/excluding the 

chromatic dispersion effect. 

In addition, by comparing performances between the cases of' including and excluding the 

SOA associated ASE noises, it can also he found in Fig. 6.7 that, the impact of' the ASF 

noises is negligible on the AMOOFDM transmission pertormancc. This is due to the tact 
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that the SOA operating at a highly saturated optical gain region offers a very small optical 

gain and subsequently produces a low ASE, power, as indicated in E; q. (6.9). 
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Fig. 6.9 Comparison [)% AAIOQF'DM signal lrcnt. cmi. c. s ion ea/)ac"il. 1, vc'r. it' reach 

performance fior SOA intensity modulator- and ideal intensity modulator(IM)-ba. tied SMF 

transmission systems including/excl cling photon detector associated noises. 

From Fig. 6.6, Fig. 6.9 and Fig. 6.10, it can be understood that, low signal FR and signal 

clipping noise are the key physical factors limiting the maximum achievable transmission 

performance of the SOA-based intensity modulators. It is well known that, if a noise-trete 

photon-detector is utilized, the ER of a SOA modulated AMOOI: I)M signal does not affect 

its transmission performance, as the fibre nonlinear effect is weak for short transmission 

distances [6.11]. Within the chromatic dispersion-limited region, the pcrthrmance 

difference between the cases of including and excluding noises associated with the photon 

detector is, therefore, able to represent the contributions from the SOA-induced reduction 

in signal ER, as shown in Fig. 6.9. In addition, a sharp tall of signal line rate is observed in 

Fig. 6.6 for signal ERs of smaller than 0.2d13. The above-mentioned facts indicate that low 

signal ER is, indeed, one of the most important physical factors limiting the maximum 

achievable transmission performance. Furthermore, for transmission systems consisting of 

noise-free photon detectors only, as seen in Fig. 6.9, over the chromatic dispersion-limited 

performance region there still exists performance differences between the SOA-teased 

intensity modulator and the ideal intensity modulator. Such differences are a direct result 

of the signal clipping effect. To demonstrate explicitly the SOA-induced signal clipping 

effect, comparisons of normalized waveforms of the AMOOFI)M signals at the input facet 

of the transmission link are made in Fig. 6.10 between the cases of including a SOA 
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intensity modulator and an ideal intensity modulator. In obtaining Fig. 6.10. fror both cases, 

the same distribution of signal modulation formats taken across the entire suhcarriers are 

employed, which are identical to those used in Fig. 6.9 fi)r a transmission distance of 60 

km. It can be found from fig. 6.10 that, significant signal clipping occurs in the peaks of' 

the waveform associated with the SOA intensity modulator. 

I- 

0 
N 

E 
0 z 

Fig. 6.10 Comparison of normalized AMOOFDM signal wavefi)rms generated by a S11A 

intensity modulator and an ideal intensity modulator. IM. intensity modulator. 

6.4 Performance Robustness 

Given the great diversity of the characteristics of the SOAs commercially available in 

practice, from the system design point of view, it is crucial to investigate the robustness of* 

both optimum SOA operating conditions and AMOOFDM transmission pcrf'ormance to 

different SOA components. As seen from 'f'able 6.1, a SOA has a large number of' 

parameters, which are closely related. Thorough explorations of' all these parameters are 

practically impossible. To provide an insight into the above important issue, in this section, 

use is made of two of the most important SOA parameters: saturation energy and cavity 

length. It is also worth addressing that, each of these two parameters is taken within its 

appropriate variation range to ensure the accuracy of the simulated results. 

6.4.1 Robustness to SOA Saturation Energy 

Fig. 6.11 shows three contour plots of'maximum achievable signal line rate as a function of 

CW optical input power and bias current fier three SOA saturation energies. These 
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saturation energies are obtained by setting the cross section area of' the active region at 

three diflcrent values of 0.2µm, 0.4µm and 0.6µm. All other parameters used in ``` 

simulating Fig. 6.1 1 are identical to those adopted in Fig. 6.3. 
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Fig. 6.11 Robustness of transmission performance to variations in SOA saturation enerff. 

All other parameters are identical to those used in Fig. 6.3. 

It can be seen from Fig. 6.11 that the optimum CW optical input power is insusceptible to 

variations in SOA saturation energy. Such insusceptibility can be explained by considering 

Fig. 6.2(a), where an approximately 40dB variation in SOA optical input saturation power 

alters the optical gain by less than 5dB when the SOA is highly saturated due to the 

injection of a 20dBm CW optical input power. In addition, an SOA with a high saturation 

energy shifts the corresponding linear current-gain region, as discussed in Section 6.3.1. 

towards high bias currents, thus an increase in bias current is observed in Fig. 6.11 with 

increasing saturation energy. 

It is very interesting to note that, under the optimum operating conditions, excellent 

tolerance of maximum achievable transmission performance is shown in Fig. 6.11 to 

variations in SOA saturation energy. A 3-fold increase in saturation energy corresponds to 

approximately less than 8% variations in signal line rate. 

6.4.2 Robustness to Cavity length 

Fig. 6.12 shows the robustness of maximum achievable transmission performance to 

variations in SOA cavity length. In calculating Fig. 6.12, all the simulation parameters are 
identical to those used in Fig. 6.3, except that appropriate changes are made to SOA cavity 
length. This treatment affects the small signal gain and optical input saturation power of 

the SOA. 
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Fig. 6. I2 Robustness of transmission performance tu variations in SOA cavity length. All 

other parameters are identical to those used in Fig. 6.3 

Very similar to those illustrated in Fig. 6.11. Fig. 6.12 shows that the optimum ('W optical 

input power is independent of cavity length, and that an increase in cavity length increases 

optimum bias current because of a corresponding reduction in current density. It is also 

shown in Fig. 6.12 that negligible changes are introduced to the maximum achievable 

transmission performance for an increase in cavity length by a factor of ?. 3. All the above- 

mentioned performance robustness to variations in SOA parameters indicates that the 

optimum AMOOFDM transmission performance claimed in this chapter is likely feasible 

for a very wide range of SOAs commercially available. 

6.5 Conclusions 

Detailed investigations of the transmission perf'Ormance of AMOOFI)M signals modulated 

using SOA-based intensity modulators have been undertaken in SMF IMI)I) systems 

without consisting of optical amplification and chromatic dispersion compensation. A 

theoretical model describing the characteristics of the SOA-based intensity modulator has 

been developed, based on which optimum SOA operating conditions have been identified. 

It has been shown that the optimized SOA-based intensity modulators support a 30(Ih/s 

signal transmission over a 80km SMF, which doubles the transmission performance 

offered by DMI, s in the transmission systems of similar configuration. The above- 

mentioned performance enhancement is mainly due to the considerably reduced frequency 

chirp effect resulting frone the strong SO A gain saturation-induced decrease in SOA 

effective carrier lifetime. Relatively low l: R and clipping of' the SOA modulated 
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AMOOFDM signals have been identified to be the key factors limiting the maximum 

achievable transmission performance. 

In addition, results have also indicated that both the optimum SOA operating conditions 

and the maximum achievable AMOOFDM transmission performance are insusceptible to 

variations in SOA parameters. Such an unique feature may offer great opportunities for: a) 

casing practical system designs, b) enhancing flexibility and robustness of transmission 

systems to component perturbation and extreme environmental conditions, and finally c) 
further reducing cost in system installation and maintenance. 
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7.1 Introduction 

Having investigated the feasibility of employing SOAs as intensity modulators in 

AMOOFDM PON systems at a fixed wavelength of 1550nm in Chapter 6, this chapter 

extends the topic by investigating the wavelength dependent transmission performance of 

SOA modulated AMOOFDM signals over IMDD SMF links. 

As discussed in Section 3.4.1, colourless ONU operation is critical for minimizing stack 

and wavelength management problems. To realize colourless ONUs, one promising 

solution is to use a tunable laser in each ONU, which makes economic sense because of the 

availability of commercial, tunable semiconductor lasers at prices of potentially a few ten 

U. S. dollars. The major challenge in practical implementation of this strategy is, therefore, 

the provision of cost-effective colourless optical transmitters in ONUs to ensure that the 

uplink transmission performance is independent of the wavelengths assigned dynamically 

by COs. A wide range of optical modulators have been proposed to realize colourless 

transmitters for WDM-PONs. These modulators include, as summarized in Table 3.4, 

injection-locked Fabry-Perot lasers [7.1], RSOAs/SOAs [7.2,7.3], and reflective EAMs 

integrated with SOAs [7.4]. Given the fact that the volumes of optical modulators required 

by WDM-PONs are potentially very high, it is considerably beneficial if use can be made 

of monolithically integrated semiconductor modulators to reduce significantly the 

installation and maintenance cost. 

In Chapter 6, it has been shown that AMOOFDM modems using SOAs as intensity 

modulators are capable of supporting 30Gb/s transmission over 80km SMF in IMDD links 

for PONs without optical amplification and chromatic dispersion compensation. It is 

therefore greatly advantageous if the feasibility of employing SOAs as intensity 

modulators in AMOOFDM modems can be exploited for achieving colourless 

AMOOFDM transmitters for WDM-PONs. Based on a SOA that is not saturated strongly, 

a 10Gb/s AMOOFDM signal transmission over a 20km SMF has been demonstrated 

experimentally in an upstream link of a WDM-PON [7.3]. 
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As an SOA has a wide spectral coverage of >100nm and its optical gain saturation 

characteristics vary significantly with SOA operating conditions and optical signal 

properties, detailed explorations of the wavelength dependent transmission performance of 

the AMOOFDM signals modulated using SOAs are, therefore, very crucial for evaluating 

the feasibility of utilizing SOAs to achieve colourless AMOOFDM transmitters for 

WDM-PONS. However, previous work reported in Chapter 6 was undertaken using af xed 

wavelength of 1550nm only. Although the transmission performance of SOA modulated 
AMOOFDM signals for a few wavelengths have been presented in [7.3], very limited 

discussions have, however, been made. To address the important issue and to provide 

valuable insights for practical system designs, this chapter is a significant extension of the 

work in Chapter 6, because, here, special attention is focused on exploring the wavelength 
dependent transmission performance of SOA modulated AMOOFDM signals, based on a 

comprehensive SOA model capable of describing wavelength dependent SOA 

characteristics. 

The focus of this chapter is to investigate extensively, for the first time, the wavelength 
dependent transmission performance of AMOOFDM signals modulated by SOAs over 
IMDD SMF link without optical amplification and dispersion compensation. A theoretical 

SOA model describing both optical gain saturation and gain spectral characteristics is 

developed, based on which optimum SOA operating conditions are identified for various 

wavelengths within a broad range of 1510nm"1590nm. It is shown that SOA intensity 

modulators operating at the identified optimum operating conditions arc capable of 

achieving colourless AMOOFDM transmitters. In addition, results also indicate that it is 

feasible to transmit >30Gb/s AMOOFDM signals over 60km SMFs. 

7.2 Transmission System Models 

7.2.1 Transmission System and AMOOFDM Models 

The transmission system considered here is similar to that illustrated in rig. 6.1, which 
consists of a transmitter, an optical amplification- and chromatic dispersion compensation- 
free IMDD SMF link, a photodiodc and a receiver. The difference is that a tunable 

semiconductor laser rather than a laser operating at a fixed wavelength is used here. As the 

AMOOFDM modem and the SOA-enabled intensity modulation of AMOOFDM signals 
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have been explained in detail in Chapter 6, here light is only shed on the wavelength 
dependence of the intensity modulation of AMOOFDM signals. 

A tunable semiconductor laser is employed to provide a CW light source with the desired 

optical power and optical carrier wavelength. The DC bias current and the driving current 

are also adjusted appropriately to enable the SOA to operate at optimum operating 

conditions. Such adjustments may also alter the output power of the modulated optical 

signal. An optical attenuator is therefore inserted at the input facet of the SMF link to fix 

the coupled optical power at a required level. 

At the receiver end, the optical signal is detected using a photodiode. The data is finally 

recovered following an inverse procedure of the AMOOFDM modem in the transmitter. 

7.2.2 SOA Intensity Modulator Model 

Based on the assumptions made in Section 6.2.2, in developing the SOA intensity 

modulator model here, various SOA intraband dynamic processes are not considered, 

which include carrier heating, spectral hole-burning, two-photon absorption and ultrafast 

nonlinear refraction [7.5]. The exclusion of the intraband dynamic processes simplifies 

significantly the comprehensive theoretical SOA model developed in [7.5]. When a 

transformation of the coupled wave propagation equations [7.5] is made to the retarded 

reference frame, T=t-zlvg with 1, z and vgbcing the time, the transmission distance and 

the group velocity, respectively, and when the optical field is defined as 

A(z, T)= P z, T exp[JO(z, T)] (7.1) 

with P(z, T) and O(z, T) being the optical power and the optical phase, respectively, the 

output optical signal from the SOA is governed by 

dh, (T) 
= 

8.,, (T)L - h, (T) 
- 

P, 
ý,, 

(T) 
{exp[ h, (T)] - 1) (7.2) 

dT re 

Po�r. 
l 
(T) = Pn, 

i 
(T )cxp[Ilr (T )] (7.3) 

O. (T)=0, 
M., 

(T)-Zah, (T) (7.4) 
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L 

with It, (T) = fg, (z, T)dz (7.5) 
0 

where the subscript i is referred to the wavelength A, . P,,,, (7) and 0,,,., (T) arc the power 

and phase of the input optical signal. Pou,, (T) and 0,,,,,., (T) are the power and phase of the 

modulated output optical signal. h, (T) represents the integrated optical gain along the 

entire SOA length L. g, (z, T) is the saturated optical gain defined as 

g, (z, T) = ra, [N(T) - No, ] with N(T) and No, being the carrier density and the carrier density 

at transparency, r is the confinement factor and a, is the differential gain. For a specific 

optical gain spectrum, g,,, (T) is the small-signal gain of the SOA at a fixed wavelength 

',, , which can be expressed as g31(T)=r, Na[1(T)/Ia4 -1], here 1(T) is the total injected 

electrical current including the DC bias current and the driving current, and Io, is the 

transparency current. r, is the carrier lifetime. E, 
o,, = htv, wd / ra, is the SOA saturation 

energy, where w, ,w and d are the optical signal frequency, the width and depth of the 

SOA active region, respectively. a is the linewidth enhancement factor. It can be seen 

from Eq. (7.4) that, a varies the phase of the modulated AMOOFDM signal only. Owing 

to direct detection in an IMDD link, such a phase variation does not affect the transmission 

performance of the SOA modulated signal. Therefore, the wavelength dependence of the 

a parameter is not considered in this chapter. Eqs. (7.2)-(7.4) can be easily solved 

numerically when gf, (T) , P,,,, (7) and c.., (T) are made known. 

In order to simulate the optical wavelength dependence of small-signal gain g,, (T), a 

theoretical gain spectral model should be as realistic as possible without requiring too 

many parameters and easily calibrated against experimental measurements of an actual 
SOA. Here a widely used SOA optical gain spectral model is adopted [7.6]. The 

wavelength- and injected current-dependent small-signal gain in dß, G,,,., (2,, T), can be 

expressed as 

Gdß,, (A,, T)=lag(2, )-bg(2)JG43(2max)+bg(A, )G8,, (2maxýT) (7.6) 
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where GJB(ý, 
ne, () 

is the small-signal peak gain corresponding to a wavelength A,,, and a 

current In this chapter, these parameters arc treated as a reference point and their 

corresponding values are listed in Table 7.1 [7.6]. G,,,, ý(ý, natýr) 
is the small-signal gain at 

A for an injected current 1(T) and satisfies 

Gd3, / Amax T)= ra(2max )w0 Amu )[I (t)/1o(Ama, 
c 
)- 11 

Therefore, Gdß., (A,,, T) and Gdß., (Am,,, T) are time-variant due to the injection of a time- 

dependent driving current 1(T). ag(A7) and bg(A1) arc the normalized small-signal gain 

coefficient and normalized differential gain, respectively. They arc defined as 

ag (A., ) = g, j (T) l sm (T, 2. 
X) and bg (2, ) = a, / a(Am. ) , where tim.. (T, 2m. x) and 

a(A,,,, ) are the small-signal gain and the differential gain at 2, respectively. The spectral 

dependence of ag(A) and bg(A) can be written as [7.6] 

agýýlý=1712%, -/1111ax 
2 f1 (7.7) 

bg(2, )=112(2, -Amax)2+"IR-A , r)+1 
(7.8) 

The coefficients m2,112 and nj can be obtained by quadratic and parabolic fittings of 

experimental measurements [7.6]. Their values taken from [7.6] arc listed in Table 7.1. 

Apart from performing intensity modulation, the SOA also imposes simultaneously ASE 

noise onto the modulated optical signal. The total ASE power P,,, va at t, can be calculated 

by [7.7] 

PASE, 
r ={Nfexp[lr, (T)]-1}Botta), (7.9) 

where Nf is the SOA noise figure, B0 is the optical bandwidth and No, is the photon 

energy. In deriving Eq. (7.9), it is assumed that ASE noise does not affect the SOA gain 

dynamics. This assumption is valid because the saturated optical gain is typically small 

(<5dß) when the SOA operates in a deeply saturated gain region, as discussed in Section 
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7.3 and Section 7.4. In addition, the small saturated optical gain also gives rise to the 

negligible SOA self-saturation effect. 

After adding the ASE noise into P,, 
a,,, 

(T)and A,., (T), by using Eq. (7.1), the modulated 

optical signal can be obtained. In the receiver, the transmitted optical signal is detected 

using a photodiode when a CW optical input wave is chosen in the transmitter. 

Table 7.1 SOA and SAN parameters 

SOA 

Symbol Value 
L 300Nm 
w 1.5 im 
d 0.27pm 

rc 0.3ns 
r 0.35 
a5 
vir 8.43 x 10'm/s 

1550nm 

o(ff) 3x 10"somi 
No(A ) 1.03x1024m 

G. O(A. ) 32d[3 

m2 . 2.4 x 104 nm'2 
112 1.27x 104 nm 

2 

n, -1.9 x 10"2 nm 
Nf 8dB 

Sh1F 

Parameter Value 

Effective area 80µm= 
Dispersion I7. Ops/nm/km 
Dispersion slope 0.07ps/nm/nm/km 
Dispersion wavelength 1550nm 
Attenuation 0.2dil/km 
Attenuation slope -0.0003d[Vnm/km (for ,ý 

<A ) 
' 

0.0005dB/nm/km (for 
Kerr coefficient 2.35x I040m2fW 

7.2.3 Models for SMF anti PIN Detector 

A SMF model successfully used in Chapters 4-6 is adopted here. In particular, the 

wavelength dependence of fiber loss and chromatic dispersion is also considered to 

accommodate optical signals having wavelengths within a broad wavelength window. The 

effect of Kerr nonlinearity-induced phase noise to intensity noise conversion is 
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incorporated upon photon detection in the receiver. The PIN detector model used in 

Chapter 6 is considered here. 

7.2.4 Simulation Parameters 

In simulating the performance ol'the AMOOF UM modcnms, parameters identical to those 

presented in Section 6.2.4 are adopted here. The parameters used in simulating the SO A 

intensity modulator are representative for lnGaAsP semiconductor materials 17.61, which 

are listed in Table 7.1. By attenuating/amplifying the modulated optical signal from the 

SOA, the optical power coupled into the SMF link is fixed at 6.3d13m. 

The simulation parameters for SMFs are also given in ]'able 7.1. The parameters for PIN 

detectors can be found in Table 6.1. It should he noted that SMF attenuation and dispersion 

parameters are wavelength dependent. As an example. the attenuation and dispersion 

parameters are 0.22dB/km and 14.2ps/nm/km (0.22dB/km and 19.8ps/nm/km) at 1510nm 

(I 590nm), whilst the corresponding parameters at 1550nm are 0.2dß/km and 17ps/nm/km. 

7.3 SOA Characteristics 

Blas cwW 
3OOmA 

..................... 
2SOmA 

200MA 

lam 
60mA 

.................. 

(a) 

10 

(h) 

1610 15$1 
wavelength (nm) 

(C) 

Fig. 7. / SOA optical gain spectra for different bias currents and optical input powers. 

(a)An optical input power of'-20dBin, (h) An optical intuit power of'Od/m and (c) An 

optical input power of 20dl3m. 

To gain an in-depth understanding of simulation results presented in Section 7.4, in this 

section brief discussions are made of the wavelength dependent SOA optical gain 

properties. Fig. 7.1 shows the SOA optical gain spectra for different bias currents and 

151 



CIIAI'TEI? 7. COL OURLESS AAIIOOI 1), 11 TRAAISAII TTEI? S for 1 ! 7)AI-I'ONs USING 
SO, t s as INTENSITY AMOD UL I TORS 

optical input powers. In obtaining rig. 7.1, a 10GH Iz sinusoidal electrical driving current 

having a fixed PTP value of 80mA is applied to the SOA to ensure that the SOA operating 

conditions considered here are similar to those adopted in other figures of the chapter. 

Fig. 7.1 shows that, for a specific optical input power, the SOA gain spectral peak shifts 

towards a long wavelength with decreasing bias current. This agrees very well with 

experimental measurements [7.6]. In addition, as seen in Fig. 7.1, a rapid decline in bias 

current required at transparency with increasing CW wavelength also shows good 

agreement with results reported in [7.8]. The above-mentioned behaviours confirm 

strongly the validity of the wavelength dependent SOA model developed here. 

As expected, it can be seen in Fig. 7.1 that, the SOA gain spectra vary considerably with 

optical input power. For optical input powers of <lOdßm, strong wavelength dependent 

SOA gain spectra occur, implying that the AMOOFDM transmission performance is 

sensitive to CW wavelength. Whilst for optical input powers of >lOdl3m, the SOA 

operates in a deeply saturated gain region, resulting in a flat gain spectrum with a 

significantly reduced optical gain. This indicates that a wavelength independence of the 

AMOOFDM transmission performance is expected over such operating conditions. 

Given the central role of the characteristics of current versus SOA optical gain in 

determining the transmission performance of the SOA modulated AMOOFDM signals, in 

Fig. 7.2, the current-gain curves for different optical input powers are plotted for different 

CW wavelengths varying in a broad range of 151Onm-1590nm. It is shown that, for optical 

input powers of >lOdBm, a linear current-gain lineshapc occurs in the vicinity of the 

transparency bias current. As expected from Fig. 7.1, for a long CW wavelength, such a 

linear region broadens and simultaneously shifts towards a low bias current. This implies 

that, to maximize the transmission performance of the AMOOFDM signals, the SOA has 

to be set at a low bias current for a long CW wavelength. Outside the linear current-gain 

region, the modulated AMOOFDM signals suffer from the signal clipping effect, as 

discussed in Chapter 6. To minimize the effect, it is necessary to optimize the PTP value of 

the driving current. Moreover, Fig. 7.2 also shows that, a long CW wavelength corresponds 

to a decreased slope of the current-gain curve, leading to a degraded 1: It of the modulated 

optical signals. 
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7.4 Transmission Performance of SOA Modulated 
AMOOFDM Signals 

7.4.1 Wavelength Dependent Transmission Performance 

35 

30 

0 25 

2 20 
L r 15 

10 CW optical input power 
----1OdBm " OdBm 

N5-, - 10dBm -ý- 20dBm 
--w- 30dBm 

0 
1500 1520 1540 1560 1580 1600 

CW optical wavelength (nm) 

Fig. 7.3 Signal line rate as u. /unction o/( 'JJ' wavelength f )r different optical in/lilt powers. 
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The wavelength dependence of AMOOFDM transmission performance is examined in Fig. 

7.3. In simulating Fig. 7.3, the bias current, the I'"I'l value of the driving current and the 

transmission distance are fixed at l00mA, 8OmA and 60km, respectively. In numerical 

simulations throughout this chapter, the signal line rate is calculated using the expression 

given by Eq. (2.52). The signal line rate is considered to he valid only when the total 

channel BFR, BER,., equals 1. Ox 10"3 is satisfied for a specific transmission system. l he 

BERT is defined in Eq. (2.51). 

Fig. 7.3 shows that, under the SOA operating conditions specified above, the AMOOI: I)M 

transmission performance depends strongly upon the input optical signal properties 

including wavelengths and powers. As envisaged from the discussions in Fig. 7.1 and Fig. 

7.2, for optical input powers of I Odßm. the signal line rate grows rapidly with increasing 

CW wavelength until 1570nm. A further increase in CW wavelength brings about an 

almost flattened signal line rate developing trend. Such wavelength dependent performance 

behaviours are consistent with experimental measurements [7.3]. On the other hand. for 

optical input powers of >lOdßm, the signal capacity diftcrenccs for different ('W 

wavelengths are reduced considerably, and an almost symmetric signal capacity lineshape 

occurs with respect to a CW wavelength of I 550nm. Moreover, for a fixed ('W wavelength, 

the signal line rate increases with increasing optical input power for optical input powers of 

<200m, beyond this value, the achievable signal line rate drops sharply, which suggests 

the optimum optical input power is approximately 20dRRm. 
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Fig. 7.4 SOA e#&-lire carrier 1i/Mme (a) and AAIQO/"'DAI signal extinction ratio (h) 

versus ('W wai'elengihDior diffcerent optical input powers. 
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The physical mechanisms behind the above-mentioned transmission performance 
behaviors are the co-existed eft cts of' SO A effective carrier litctime (defined in I; q. (3.1 )1 

and ER of the modulated signal (defined in Eqs. (2.46)-(2.47)1. as discussed in Charter 6. 

As seen in Fig. 7.4. for optical input powers of `- l 0dl3m and CW wavelengths of 

<1570nm, both the SOA effective carrier lifetime and the modulated signal FR decrease 

quickly with increasing CW wavelength. A short effective carrier lifetime corresponds to a 

large SOA bandwidth, leading to the reduced frequency chirp effect and thus an improved 

transmission performance, as discussed in Chapter 6. Whilst a small signal IF, R increases 

the minimum OSNR required for achieving a specific transmission performance, resulting 

in a reduction in signal transmission capacity. Comparisons between Fig. 7.4 and Fig. 7.3 

indicate that, under the aforementioned optical input power and ('W wavelength range. the 

reduction in SOA effective carrier lifetime dominates the wavelength dependent 

AMOOFDM performance illustrated in Fig. 7.3. 

12 

10 

8 

og 

4 

2 
O 

0 
1500 1520 1540 1560 1580 1600 

CW optical wavelength (nm) 

Fig. 7.5 SOA saturation energy as a junrlion of ('«' ºt'aveleng! h. 

Within the same optical input power range of <I OdlIm, for wavelengths of' ' 1570nm the 

SOA effective carrier lifetime grows slowly with increasing C'W wavelength, as shown in 

Fig. 7.4. Over this region, the signal FR curve becomes flat. 'I'hcreföre, a slight degradation 

of the AMOOFDM transmission performance is observed in Fig. 7.3 fier CW wavelengths 

of >1570nm. For optical input powers of' * 10(111m, the occurrence of a minimum SOA 

effective carrier lifetime at 1570nm can he explained by considering F. y. (3.1): a maximum 

SOA output optical power occurs in the vicinity of the C'W wavelength of' 1570nm. This 

can he understood by considering Fig. 7.1(a) and Fig. 7.1(h): On the other hand, the SOA 

saturation energy increases with increasing CW wavelength, as shown in fig. 7.5, resulting 
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from a long wavelength-induced reduction in differential gain. The co-cxistcncc of the 

above two physical processes underpins the occurrence of the minimum SOA effective 

carrier lifetime observed in Fig. 7.4. 

It can also be seen from Fig. 7.4 that, for optical input powers of sI Odt m, for a given CW 

wavelength, both the SOA effective carrier lifetime and the signal ER decrease with 

increasing optical input power. It is clear from the above discussions that, this gives rise to 

an increase in signal line rate with increasing optical input power, as shown in Fig. 7.3, 

which agrees very well with the results presented in Chapter 6. 

For optical input powers of>lOdßm, the SOA operates in a strongly saturated optical gain 

region, the variations in both the SOA effective carrier lifetime and the signal ER reduce 

significantly across the entire wavelength window of 1510-1590nm. As a direct result, the 

transmission performance of the AMOOFDM signals is insensitive to CW wavelength, as 

shown in Fig. 7.3. The existence of a maximum transmission performance for 1550nm in 

Fig. 7.3, is mainly due to that the linear SMF loss is minimum at such a wavelength. 
However, a further increase in optical input power to >20dBm leads to an extremely small 

signal ER, which plays a dominant role in determining the AMOOFDM transmission 

performance. This leads to a degradation of the AMOOFDM transmission performance for 

optical input powers of >20dBm, as seen in Fig. 7.3. 

7.4.2 Optimum SOA Operating Conditions for Different Wavelengths 

The optimum SOA operating conditions for different CW wavelengths are explored in Fig. 

7.6, where contour plots of signal line rate as a function of both optical input power and 
bias current are presented for different wavelengths varying in a wide range of 1510- 

1590nm. In computing Fig. 7.6, the transmission distance is fixed at 60km and a driving 

current with a constant PTP value of 80mA is considered. 

Fig. 7.6 shows that, for a specific wavelength, there exists an optimum bias current and an 

optimum optical input power, corresponding to which a maximum signal line rate is 

obtained. Such bias current and optical input power dependence of the transmission 

performance agrees very well with that reported in Chapter 6, from which detailed 

explanations can also be found. From discussions in Chapter 6 and Section 7.4.1, it is clear 
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that the SOA effective carrier lifetime effect and the signal F, R effect are the major 

contributors to the evolution trends illustrated in Fig. 7.6. 

lt is very important to note in Fig. 7.6 that, the optimum SOA operating conditions are 

wavelength dependent, i. e.. with increasing ('W wavelength, the optimum SOA bias 

current decreases with the optimum optical input power remaining almost unchanged. For 

example, for 1510nm, the optimum bias current and the optimum optical input power are 

approximately 200mA and 20dBm, respectively. whilst fier 1590nm the values of'these two 

parameters are approximately 50mA and 20dBm. The impact of CW wavelength on the 

optimum SOA bias current can he explained by considering the fact that, a long ('W 

wavelength shifts the linear region of the current-gain curve towards a low bias current. as 

shown in Fig. 7.2. On the other hand, the insensitivity of optimum optical input power to 

CW wavelength is a direct result of deeply saturated optical gain of the SOA. For such a 

case, several key factors are insensitive to CW wavelength, which include SOA optical 

gain, effective carrier lifetime and signal ER. 
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It is worth addressing, in particular, that by operating the SOA at optimum operating 

conditions corresponding to different wavelengths, a" 3(ib/s variation in maximum 

achievable signal line rate is obtained across an entire wavelength range of' 9011111, as 

shown in Fig. 7.6. This indicates that colourless AMOOFI)M transmitters are achievable 

when different optimum SOA operating conditions are chosen corresponding to different 

CW wavelengths. 
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0 30 }. -- + 

25 

w20 CW optical wavelength 

10 -1510nm - -1530nm 
1550nm ---1570nm 

5 - -1590nm 
0 

0 50 100 150 200 250 
PTP (mA) 

Fig. 7.7 Signal line rate versus PTP value of driving current fror di rent ('bi' º+-uvelenglhS 

Fig. 7.7 examines the impact of driving current I"I'P on the maximum achievable 

AMOOFDM transmission performance for diftcrent wavelengths. In obtaining Fig. 7.7. the 

identified optimum optical input powers and bias currents are adopted for each individual 

wavelength selected. The transmission distance is taken to be 60km. It is very interesting to 

note from Fig. 7.7 that an optimum PIP value of 80mA exists tier all ('W wavelengths 

varying between 1510nm and 1590nm. The occurrence of' the wavelength independent 

optimum PTP is due to the co-existed effects of signal clipping and signal ER. For a given 

CW wavelength, a high (small) P'IT value leads to a strong (weak) signal clipping effect 

and a large (small) signal ER. A long C'W wavelength considerably broadens the linear 

current-gain region, thus giving the reduced signal clipping effect. On the other hand, a 

long C'W wavelength also decreases the slope of the linear current-gain curve. thus giving 

a reduced signal ER. The first effect offsets the second one, an almost wavelength 

independent optimum P'I'P value is observed in Fig. 7.7. 
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7.4.3 Capacity versus Reach Performance under Optimum SOA 
Operating Conditions 

It is clear from the discussions in Section 7.4.21 that the optimization of' SOA operating 

conditions enables the realization of colourless AMOOFDM transmitters. Based on the 

identified optimum operating conditions for diftcrent CW wavelengths, the maximum 

achievable AMOOFDM transmission capacity versus reach performance is plotted in Fig. 

7.8. Within a broad wavelength region of 1510-1590nm, an almost wavelength insensitive 

AMOOFDM transmission performance is obtainable for transmission distances of up to 

150km. In particular, the SOA-enabled colourless transmitter is capable of' supporting 

>30Gb/s signal transmission over 60km SMFs. It should be pointed out that the worst 

transmission performance at 1590nm is mainly due to the long wavelength-induced strong 

chromatic dispersion effect. 
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It is also worth addressing that the transmission performance of the colourless transmitters 

is very robust to variations in SOA parameters such as saturation energy and SO A length. 

l'his strengthens further the technical basement of employing optimized SOA intensity 

modulators to achieve colourless AMOOFI)M transmitters for WI)M-PONs. 

7.5 Conclusions 

This chapter is a significant extension of Chapter 0. In this chapter. the wavelength 

dependent transmission performance of SOA modulated AMOOFI)M signals has been 

investigated, for the first time, over IMI)I) SMI' links without optical amplification and 
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chromatic dispersion compensation. A theoretical SOA model describing optical gain 

saturation and gain spectral characteristics has been developed, based on which optimum 

SOA operating conditions have been identified for different wavelengths varying in a 

broad range of 1510nm-1590nm. Numerical simulation results have shown that, within the 

entire wavelength window, the SOA intensity modulators operating at the identified 

optimum conditions enable the realization of colourless AMOOFDM transmitters. In 

addition, it is also shown that the colourless AMOOFDM transmitters are capable of 

supporting >30Gb/s transmission over 60km SMFs. 
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8.1 Introduction 

In Chapters 6-7, the feasibility of utilizing SOAs as intensity modulators for IMDD 

AMOOFDM WDM-PONs has been thoroughly explored. It has been shown that SOA 

intensity modulators enable colourless AMOOFDM transmitters, this leads to significant 

enhancement on the wavelength control functionality and system flexibility for WDM- 

PONs. 

As a special type of SOA, RSOA has also been implemented to facilitate colourless 

reflective ONUs for WDM-PONs, due to their salient advantages such as low component 

cost, compactness, low power dissipation, full coverage of the entire fibre transmission 

window and large-scale monolithic integration capability. Recently, use has already been 

made of RSOAs to achieve a wide range of key WDM-PON functionalitics including, for 

example, intensity signal modulation [8.1], colourless network operation [8.2] and 

bidirectional transmission network architectures [8.3,8.4]. 

Therefore, it is greatly beneficial if use can be made of the advanced AMOOFDM modems 

incorporating RSOAs as intensity modulators in IMDD SMF transmission systems for 

WDM-PONs. Based on off-line DSP, experimental results have been reported of the 

transmission performance of RSOA intensity-modulated AMOOFDM signals over IMDD 

SMFs [8.5]. More recently, colourless real-time end-to-end OOFDM transmission at 

7.5Gb/s over 25km SMFs has also been demonstrated experimentally using variable power 

loading and live-optimised RSOA intensity modulators with modulation bandwidths as 

narrow as 1GHz [8.6]. However, a number of crucial issues still remain unsolved, which 

are listed as followings: 

" Identification of RSOA intensity modulator-associated physical mechanisms 

affecting significantly the system transmission performance. 
  Investigation of the maximum achievable transmission performance of RSOA 

intensity-modulated AMOOFDM signals for various application scenarios. 
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  Optimization of the operating conditions of the RSOA intensity modulators for 

enhancing not only the transmission performance but also the system flexibility and 

performance robustness. 

  Exploration of the feasibility of effectively utilizing the RSOA intensity 

modulation-induced frequency chirp to improve the transmission performance of 

WDM-PONs. 

Compared to SOAs, the wide adoption of RSOAs as intensity modulators is mainly due to 

the fact that RSOAs have lower component cost, higher optical gain, smaller noise figure 

and larger optical signal ER [8.7,8.8]. However, SOAs exhibit better optical linearity as 

they have relatively higher input saturation powers. Therefore, extensive performance 

comparisons between RSOA and SOA intensity modulators arc also of great importance 

for practical network designs. 

Addressing all the aforementioned challenges forms the main topic of this chapter. In this 

chapter, detailed numerical simulations are undertaken to explore the transmission 

performance of RSOA intensity-modulated AMOOFDM signals in IMDD SMF systems 

for WDM-PONs without optical amplification and chromatic dispersion compensation. A 

comprehensive theoretical model describing the dynamic characteristics of RSOA intensity 

modulators is, for the first time, developed and experimentally verified rigorously using 

very recently developed real-time OOFDM transceivers at 7.5Gb/s [8.6]. Special attention 

is also given to performance comparisons between RSOA and SOA intensity modulators. 

Optimum RSOA operating conditions are identified, which are independent of RSOA rear- 
facet reflectivity and very similar to those corresponding to SOAs. 

Whilst under low-cost optical component-enabled practical operating conditions, RSOA 

intensity modulators outperform considerably SOA intensity modulators in transmission 

performance, which decreases significantly with reducing RSOA rear-facet reflectivity and 

optical input power. In addition, simulation results also show that, for low optical input 

powers, use can be made of the RSOA/SOA intensity modulation-induced negative 
frequency chirp to improve the AMOOFDM transmission performance in WDM-PONs. 
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8.2 Transmission System Models 

8.2.1 Transmission System and AMOOH)M Modems 

In Fig. 8.1. the transmission system considered here is illustrated. which consists of' an 

AMOOFDM transmitter, an in-line optical amplification-free IMI)I) SM1' link without 

incorporating chromatic dispersion compensation, and an AMOO[ý [)M receiver. 

User 
Received 

Fig. 8.1 Transmission system diagram together with block diagrams of 11w AAfo OFD I 

transmitter and receiver. 

The AMOOFDM transmitter is composed of an electrical OF DM modem. a RSOA/SOA 

intensity modulator subject to an injected CW optical wave at a desired optical wavelength 

and a specific optical power, an optical circulator and a variable optical attenuator. The use 

of the optical circulator is to separate the modulated AMOOF[)M signal from the injected 

CW optical wave, and to prevent any backward propagating signals from re-entering the 

intensity modulator. The backward propagating signals may be produced by discrete 

optical reflection and Rayleigh backscattering in SMFs. 

The generation, transmission and detection of the AMOOFDM signals are modelled 

following procedures similar to those reported in Chapters 6-7. The real-valued electrical 

signal emerging from the output of the electrical OFDM modern is up-shitted to ensure that 

each sample has a positive value. The up-shifted electrical signal is then attenuated as 

necessary and subsequently. together with a DC bias current. employed to directly drive 

the RSOA/SOA. The optical gain of the RSOA/SOA alters with the electrical current 

applied, the CW optical wavcfürm injected into the RSO A/SOA is, therefore, modulated 

accordingly. 
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It should he noted that, the adjustment of the DC bias current and driving current is to 

enable the RSOA/SOA operating at optimum conditions. Such adjustment alters the output 

power of the modulated optical signal. An optical attenuator is therefore utilized to fix the 

optical power coupled into the SMF at a desired level. 

At the AMOOFDM receiver end, the transmitted optical signal is detected using a square- 

law photo-detector. The received data is finally recovered 11 llowing an inverse procedure 

of the electrical OFDM modern in the transmitter. 

8.2.2 RSOA Intensity Modulator Models 

TO, ii current 1(T) 

ýR17' 1. (Tº 7-1 CWinput ------------------ - 
Output . -------------------- 
. -ý0�<(71 . -l; -d 

) 

0L 

Fig. 8.2 Schematic diagram of RSOA intensity modulator. 

The schematic diagram of the RSOA intensity modulator of a cavity length of L is shown 

in Fig. 8.2. A high reflective coating is applied at its rear-facet and a coating similar to that 

associated with a conventional SOA is applied at its front facet. The RSOA reflectivity, r, 

is denoted to as the RSOA rear-facet power reflectivity seen from the interior of the 

semiconductor waveguide. An optical signal is injected into the RSOA at z- 0, and 

reflected at the rear facet at z=L. A,,, (7') is the injected optical field propagating forward 

along the cavity. A�u, (T) is the modulated backward propagating optical field at z=0. 

The theoretical RSOA intensity modulator model developed here is a significant extension 

of the theoretical SOA intensity modulator models presented in Chapters 6-7, due to the 

inclusion of rear-facet reflectivity and dynamic optical gain saturation induced by counter- 

propagating optical signals. In developing the RSOA intensity modulator model, an 

assumption made in Chapters 6-7 is adopted, i. e., the impact of various ultrafast intrahand 

dynamic processes including carrier heating, spectral hole-burning, two-photon absorption 

and ultrafast nonlinear refraction [8.9] are negligible, as the system configurations of 

OF[)M modems adopted here are identical to those in Chapters 6-7. The validity of' the 

developed RSOA intensity modulator model is verified by excellent agreement between 
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theoretical results obtained here and various experimental measurements at both device 

level [8.7,8.8] and system level [8.5,8.6]. 

Based on the comprehensive SOA theoretical model presented in [8.9,8.10], by taking into 

account Fig. 8.2 and after removing all the intraband dynamic processes, a set of coupled 

wave propagation equations for RSOAs are obtained 

t 
aAt(z, t)+ 1 5At(z, t) 

=1 g(z, t)(1-ia)At(z, t) (8.1) 
az Vg at 2 

ag(z, t 
= 

So(t)-S(z, t)- g(z t) IA'(z, ty +1A-(z, tf 2 (8.2) 
at z EC . ar 

where A'(z, t) and A-(z, t) are the forward (+z) and backward (-z) propagating optical 

signal fields. vg is the group velocity at transparency and a is the linewidth enhancement 

factor. g(z, t) is the optical gain defined as g(z, t) = ra[N(t) - No] with N(t) and No 

being the carrier density and the carrier density at transparency, respectively. Here r is the 

confinement factor and a is the differential gain. got) is the small signal gain, which can 

be expressed as go(t) = raN0[l (t)1lo -1], here 1(t) is the total injected current including 

the DC bias current and the driving current, and Io is the current required at transparency. 

rr is the carrier lifetime. E, 
o1 = taowd /ra is the saturation energy with wo, w and d 

being the frequency of the optical signal, the width and depth of the RSOA active region, 

respectively. In Eq. (8.2), I +I A-(z, tf represents the total optical power carried by 

both the forward and backward propagating optical signals. 

Following standard procedures presented in [8.10,8.11], when a transformation, 

T =t -z/vg with T being the time in a reference frame moving with the signal, is made to 

Eqs. (8.1) and (8.2), and when the optical field is defined as 

A: '(:, T) = r(:, T)cxp[jO (: 
"T)] 

(8.3) 

with P*(z, T) and 0*(z, T) being the optical powers and optical phases of the forward and 

backward propagating signals, respectively, three equations governing g(z, T), Pt(z, T) 
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and c$ (z, T) can be derived. By integrating those equations over the entire RSOA cavity 

length L, a final set of equations describing the dynamic characteristics of the RSOA 

intensity modulator can be obtained: 

dh (T) 
= go (T) L- h(T) 

_ 
P, 

� (T) {(cxp[ h(T )] -1)(1 +r cxp[ h(T )])} (8.4) 
dT rc Ew, 

PZ-L (T) = P,, (T) cxp[ h(T )] (8.5) 

OL L(T) _ ýýn(T)- 
2 ah(T) (8.6) 

P0W, (T) = P.: L(T)exp[h(T)] = rP, �(T)cxp[2h(T)] 
(8.7) 

O , (T)=o:. L(T)-? ah(T)=O. (T)-ah(T) (8.8) 

L 
In deriving Eqs. (8.4)-(8.8), h(T) is defined as h(T) = fg(:, T)d: 

0 

phase of the backward propagating optical signal at z=L are written as 

P---L (T) = rP_-L(T) 

Sý==L(T) = Oz L(T) 

, and the power and 

(8.9) 

(s. i o) 

P,,, (T) and O, �(T) are the power and phase of the injected optical signal at z=0. P.,,, (T)and 

cou, (T) are the power and phase of the modulated output optical signal at z=0. The 

constant phase variation induced by the rear-facet reflection is not considered in Eq. (8.10). 

When the forward propagating optical signal is considered only, i. e, r=0, Eqs. (8.4)-(8.8) 

are reduced to the forms identical to Eqs. (6.5)-(6.7) or Eqs. (7.2)-(7.4), which are used to 

simulate the dynamic characteristics of the SOA intensity modulator. 

Apart from intensity modulation, the RSOA also imposes ASE noise onto the modulated 

optical signal. The total ASE power, PASO, can be calculated by [8.12] 
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PASS = (NfG-1)ßotiwo (8.11) 

where Nf is the RSOA noise figure, G=r exp[2h(T)] according to Eq. (8.7), is the 

optical gain. B0 is the optical bandwidth and hw, is the photon energy. After adding the 

ASE noises into P,,., (T) and q0 , (T) , 
by using Eq. (8.3), the RSOA intensity modulated 

optical signal can be obtained. In the receiver, the transmitted optical signal is detected 

using a photon detector when a CW optical wave is chosen in the transmitter. 

8.2.3 SMF and PIN Models 

A standard theoretical SMF model which has been used in Chapters 4-7 is adopted here. In 

the receiver, a square-law photon detector utilized in Chapters 6-7 is considered here. 

8.2.4 Simulation Parameters 

In simulating the AMOOFDM modems, the parameters identical to those presented in 

Chapters 6-7 are adopted here. In addition, 1500 AMOOFDM symbols are employed here, 

which, prior to transmission over a SMF link, is oversampled to give a total number of 

sample points of 512488. 

The parameters used in simulating the RSOA intensity modulator are representative for 

InGaAsP semiconductor materials at 1550nm, which are listed in Table 8.1. For fair 

performance comparisons between RSOAs and SOAs, in simulating the performance of 

the SOA intensity modulators, the same set of parameters arc also employed, except that r 

is set to zero for the SOA intensity modulators. It should be pointed out, in particular, that, 

to obtain the RSOA/SOA parameters and examine the validity of the developed 

RSOA/SOA intensity modulator model, as discussed in Section 8.5, fitting the 

experimental measurements [8.6] with the numerical results arc undertaken prior to 

performing numerical simulations at both device and system levels. During the fitting 

procedures, all the RSOA/SOA parameter values obtained in the experiments are treated as 

constants, and all the parameter values which are not exactly known are initially taken 

from Table 6.1 and Table 7.1 and subsequently adjusted within reasonable limits to obtain 

the best fit with all the experimental results [8.6]. 
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The values of parameters of SMF and PIN detector are identical to those listed in Table 6.1 

and Table 7.1. The optical power coupled into the transmission link is fixed at 6.3di3m. As 

in typical WDM-PONs nonlinear WDM impairments arc negligible and the RSOA/SOA 

colourless operation capability has also been confirmed in [8.5,8.6] and Chapter 7, a single 

wavelength of 1550nm is, therefore, considered throughout this chapter. 

Table 8.1 RSOA and SOA Parameters 

RSOA & SOA 
Symbol Value 

L 300µm 
w 1.5µm 
d 0.27µm 

rc 0.3ns 

r 0.45 
a 3- 10"2om2 
a 5 
No I. 2x 1024m'3 

V 8.43 x 10'm/s 

15SOnm 
Nf 8dß 

8.3 Optical Gain Characteristics of RSOAs 

To gain an in-depth understanding of the simulated results presented in all the following 

sections, here brief discussions are first made of the RSOA optical gain characteristics with 

special emphases being given to optical gain differences between RSOAs and SOAs. 

Throughout this chapter, the optical gains for the RSOA and the SOA arc defined as 

Gkso4 (T)= PO, (T)/ii, (T) =r exp[21t(T)] (8.12) 

GovA(T) _ P:.. L(T)/rn 
(T) = cxp[h(T)] (8.13) 

The simulated RSOA/SOA optical gain versus CW optical input power and bias current 

are plotted in Fig. 8.3 for different RSOA rear-facet reflectivity values. In obtaining Fig. 

8.3, a 10 GHz sinusoidal electrical driving current having a fixed PTP value of 40mA is 

applied to ensure that the RSOA/SOA operating conditions discussed here arc similar to 

those adopted in other figures of the chapter. 
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Fib. 8.3 RSOA/SOA optical gain characteristics under different operating conditions. (a) 

Optical gain versus Optical input power with the hies current being fixed at IOOmA. (h)-(d) 

Optical gain versus bias current tor different optical input powers: -IOdBni Jibr (h); IOdIlm 

for (c) and 22.5t/IJ,; r. fi)r (d). 

It can be seen from Fig. 8.3 that the RSOA and the SOA have similar optical gain 

evolution trends, except that c onsiderable optical gain differences occur under specific 

operating conditions. As shown in Fig. 8.3(a), for optical input powers of <-IOdI3m, in 

comparison with the SOA, the RSOA has a much larger optical gain ( smaller input 

saturation power), which increases (decreases) with increasing rear-facet reflectivity value. 
Such behaviors agree very well with experimental results reported in 18.71. Whilst over the 

strongly saturated optical gain region corresponding to optical input powers of -1 Odl; m, 

the optical gain differences between the RSOA and the SÖA become very small and the 

RSOA exhibits a lower optical gain. This is because. under such cases, both devices have 

similar material optical gains of approximately MI. corresponding to which the RSOA 

rear-facet reflection-induced loss becomes pronounced. 

Given the central role of' the characteristics of optical gain versus electrical current in 

determining the quality of RSOA/SOA modulated AMOOFDM signals. the gain-current 

curves for various rear-facet reflectivity values are plotted in fig. 8.3(h). Fig. 8.3(c) and 
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Fig. 8.3(d) for three representative optical input powers of-lOdlm, lOdBm and 22. Shc3m. 

For the -lOdBm case, as shown in Fig. 8.3(b), compared to the SOA, the RSOA exhibits a 

stiffer gain-current slope occurring in the vicinity of the transparency bias current of 

approximately 50mA, and the slope difference between the RSOA and the SOA decreases 

with increasing bias current. This shows excellent agreement with experimental 

measurements [8.8]. From the discussions in Chapters 6-7, it is easy to understand that a 

sharp gain-current slope gives a high ER of the modulated AMOOFDM signal. Moreover, 

it can also be seen in Fig. 8.3(b) that, a small rear-facet reflectivity value brings about a 

broad linear gain-current region. This implies that, under such conditions, the modulated 

signals experience the relatively weak RSOA intensity modulation-induced signal clipping 

effect, as discussed in Chapters 6-7. 

On the other hand, as expected from Fig. 8.3(a), for an optical input power of lOdßm, 

almost identical gain-current curves are observed in Fig. 8.3(c) over the positive optical 

gain region for both the RSOA and the SOA. In particular, very similar gain-current curves 

between the RSOA and the SOA are observed over both the positive and negative optical 

gain regions when the optical input power is increased to 22.5d13m, as shown in Fig. 8.3(d). 

This suggests that, under the strongly saturated optical gain region, the quality of RSOA 

modulated AMOOFDM signals is similar to that modulated by SOAs. 

8.4 Optimization of RSOA Operating Conditions 

The aim of this section is two-fold: a) understanding various physical mechanisms 

underpinning the transmission performance of the RSOA-based AMOOFDM modems in 

IMDD SMF systems; b) exploring the maximum transmission performance of the modems 

without considering practical limitations set by cheap components that have been made 

commercially available. 

8.4.1 Optical Input Power and Bias Current Optimization 

As the RSOA optical gain characteristics depend strongly upon its operation conditions, 
therefore, it is necessary to identify optimum RSOA operating conditions to maximize the 

transmission performance of the RSOA-modulatcd AMOOFDM signals. For a 60km 

IMDD SMF transmission system, Fig. 8.4 shows contour plots of signal line rate as a 
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function of' CW optical input power and bias current fier different RS OA rear-facet 

reflectivity values. For comparisons, the corresponding performance for the SOA- 

modulated AMOOFDM signals is also plotted in Fig. 8.4 (d). The driving current with a 

fixed 1'"I'l of 80mA is considered fier both the RSOA and SO A cases. In numerical 

simulations, the signal line rate is calculated using the expression given by EA. (2.52). The 

signal line rate is considered to be valid only when the total channel BE R. BFR I. equals 

I. Ox 10"3 is satisfied for a specific transmission system. Rl R1 is defined in Eq. (2.51). 
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Fig. 8.4 (contour plots of signal line rate as u function of( 'W1' optical input /power und bias 

current f or RSOAs with different rear-facet reflectivity values of U. 3 in (u), 0.6 in (h) and 

0.9 in (c) and SOAs in (d). An IMI)D 60km SMF transmission . syti"lem is considered. 

Fig. 8.4 shows that, for a RSOA with any rear-facet reflectivity value, there exist an 

optimum bias current and an optimum optical input power, corresponding to which a 

maximum signal line rate is obtained. From discussions in Section 8.3, it is clear that, over 

the identified optimum conditions, the RSOA operates at a highly saturated optical gain 

region. The physical mechanisms behind the occurrence of the optimum operating 

conditions are the co-existed effects of effective carrier lifetime, which is defined in I: q. 

(3.1). and ER of modulated AMOOFI)M signals: a large optical input power and/or a high 

bias current give rise to a short effective carrier lifetime, which corresponds to a large 

RSOA modulation bandwidth, thus leading to reduced spectral distortions imposed on the 
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modulated AMOOFDM signals. On the other hand, an increase in optical input power 

and/or bias current also brings about a reduction in ER of modulated AMOOFDM signals, 

thus resulting in an increase in minimum OSNR required for achieving a specific I3ER. For 

optical input powers (bias currents) less than the identified optimum value, the 

improvement in transmission capacity for high optical input powers (bias currents) is 

mainly due to the reduction in effective carrier lifetime; whilst when optical powers (bias 

currents) exceed the optimum value, the reduction in signal ER becomes a major 

contributor to the AMOOFDM performance degradation observed in Fig. 8.4. 

As the dependences of effective carrier lifetime and signal ER upon bias current are not as 

significant as those upon optical input power, thus the optimum bias current occurs over a 

relatively wide bias current range, as seen in Fig. 8.4. For bias currents beyond the 

optimum current range, apart from the effects discussed above, the signal clipping effect 

associated with RSOA intensity modulation also contributes to the decrease in signal line 

rate, because the upper part of the electrical driving current applied to the RSOA 

experiences a flat RSOA optical gain, as seen in Fig. 8.3 (b) and Fig. 8.3 (c). 

It is also very important to note in Fig. 8.4 that, for both the RSOAs and SOAs, the 

optimum operating conditions and the related maximum signal line rates are very similar, 

which are independent of RSOA rear-facet reflectivity. Such similarities are a direct result 

of the almost identical optical gains and gain-current slopes for these two components 

operating at highly saturated optical gain regions, as shown in Fig. 8.3(d). 

8.4.2 Optimization of Driving Current PTP 

The impact of driving current PTP on the maximum AMOOFDM transmission 

performance is explored in Fig. 8.5 for different rear-facet reflectivity RSOAs subject to 

various optical input powers including 22.5dßm (optimum), lOdI3m and -IOdßm. In 

obtaining Fig. 8.5, use is made of the identified optimum bias current of 100mA, and the 

transmission distance is fixed at 60km. 

Fig. 8.5 shows that, under the identified optimum optical input power and bias current, 
there exists an optimum driving current PTP value of 80mA, regardless of the variation in 

RSOA rear-facet reflectivity. The occurrence of the optimum driving current PTP is due to 

the co-existence of the PTP-dependent erects of signal ER and signal clipping: a high 
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(small) P"FP value produces a modulated AMOOFDM signal with a large (small) FIR. 

which, however, suffers the strong (weak) signal clipping effect, as seen in Fig. 8.3. The 

observed rear-facet reflectivity independence of the optimum driving current PIP can he 

explained by considering Fig. 8.3(c) and Fig. 8.3(d), where almost identical gain-current 

curves under heavily saturated optical gain regions are shown fier different rear-facet 

reflectivity values. 
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Fig. 8.5 Signal line rule versus PTP value of driving current. /irr cl /f rent RSOA rear-/aeef 

reflectivity and optical input powers. 

It can also be seen in Fig. 8.5 that the optimum driving current 11'I'P value decreases with 

decreasing optical input power. As an example, when the optical input power drops from 

22.5dßm to -10df3m, the optimum driving current FIT value reduces from 80mA to 40mA. 

Comparisons among Fig. 8.3(b), Fig. 8.3(c) and Fig. 8.3(d) indicate that, for a small optical 

input power, the gain-current curve in the vicinity of the adopted bias current has a stiff' 

slope and corresponds to a relative short linear region. To maximize the transmission 

performance, a small driving current P'I'P is, therefore, essential to balance appropriately 

the effects of signal FR and signal clipping. 

8.4.3 Capacity versus Reach Performance 

First of all, it is worth mentioning that the previously identified optimum RSOA operating 

conditions are independent of transmission distance. Based on these optimum operating 

parameters including a CW optical input power of 22.5dBm, a bias current (W IOOmA and 

a driving current FIT of 8OmA, the maximum transmission capacity versus reach 

performance of the RSOA modulated AMOOFI)M signals is plotted in Fig. 8.6 for 
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different rear-facet reflectivity values. It is very interesting to note in Fig. 8.6 that, under 

the above-mentioned optimum conditions, the transmission performance of' RSOA- 

modulated AMOOFDM signals is, as expected frone above discussions, almost identical to 

that corresponding to SOA-modulated AMOOFI)M signals, and also independent of'rear- 

facet reflectivity over the entire transmission distance range of interest of the present 

chapter. This means that, without sacrificing the system perfiormance. use can be made of a 

great diversity of RSOAs and/or SOAs as intensity modulators in IMDD AMOOFDM 

systems. Such a feature offers great opportunities for not only reducing significantly the 

cost in system installation and maintenance, but also improving considerably the system 

flexibility and performance robustness. In addition. Fig. 8.6 also shows that the 

AMOOFDM modems incorporating the RSOA intensity modulators are capable of 

supporting 30Gb/s over 60km transmission in IMDD SMF systems without in-line optical 

amplification and chromatic dispersion compensation. 
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Fig. 8.6 Signal line rule versus transmission distanc"efror RSOA and SOA intensity 

modulators operating under ideniifled optimum rundiliuns. 

8.5 Transmission Performance under Low-cost Optical 
Component-Enabled Practical Operating Conditions 

The RSOA optimum operating conditions identified in Section 8.4 require a ('W optical 

input power as large as 22.5dBm. To satisfy such a requirement, a typical semiconductor 
laser followed by an optical amplifier needs to be incorporated into the RSOA intensity 

modulator. Clearly, this approach may result in costly RSOA-based AMO)OI'I)M modems. 
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To enable the cost-effective practical implementation of the RSOA-based AMOOFDM 

modems in ONUs, use can be made of two promising strategies: a) a single tunable 

semiconductor laser in each RSOA intensity modulator, and b) a central light source 

supplied by the central office. The first technical solution makes economic sense because 

of the availability of commercial tunable semiconductor lasers at a price of a few hundred 

U. S. dollars. The second technical strategy can enhance the wavelength control 

functionality of WDM-PONs. Given the fact that, without utilizing optical amplifiers to 

boost the CW light power in ONUs, these two low-cost solutions are just capable of 

providing the RSOAs with optical input powers of typically <lOdl3m, therefore, it is of 

great importance if detailed explorations of the practically achievable transmission 

performance of the RSOA-based AMOOFDM modems subject to the aforementioned 

optical powers provided by low-cost optical components. 

8.5.1 Verification of the RSOA Intensity Modulator Model 

As experimental results are available for low optical powers only, here effort is first made 

to verify the validity of the developed RSOA intensity modulator model at both device and 

system levels, by comparing simulated results with experimental measurements using real- 

time end-to-end OOFDM transceivers in a system configuration similar to Fig. 8.1 [8.6]. 

To ensure fair comparisons, for this comparison only, the OOFDM modem parameters 

identical to those used in the experiments arc adopted, which include 32 subcarriers in total, 

25% cyclic prefix, 14.5dß signal clipping ratio, and 8-bit DAC/ADC operating at 4GS/s, 

as well as 16-QAM taken on all the 15 information-bearing subcarricrs (whose powers are 

adjusted to compensate for the system frequency response roll-off effect [8.6]). The above 

parameters give a signal line rate of 6Gb/s (a raw signal line rate of 7.5Gb/s). In addition, 

the system parameters used in the numerical simulations are also identical to those adopted 
in the experiments [8.6]. These system parameters are listed as followings: an electrical 

OFDM signal with a PTP of 42mA, a DC bias current of 84mA, a CW optical input power 

of 5dßm, a 25km SMF, a received optical signal power of -5.5dßm and a receiver 

sensitivity of -17dßm. All other parameters that are not explicitly mentioned above are 
listed in Section 8.2.4. 

I 

RSOA frequency response comparisons between the numerical results and experimental 

measurements are made in Fig. 8.7(a), where excellent agreements between these two 

cases are observed over the entire signal spectral region of 0.2GIIz. It can also be found in 

177 



CHAPTER 8. A3MOOFü'1I 110/)E MS L\ ('ORPOR t 77. E (, RS'O, tc u. % TY 
MODUL A TORS. for II I)J/-POA'. s 

Fig. 8.7(a) that, the RSOA intensity modulator has a 3dB modulation bandwidth of' 

approximately 1.25(il lz. which is mainly determined by the low ('W optical input power- 

induced long effective carrier lifetime. 
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Fig. N. 7 Comparisons between simulations and real-time experimental measuremen/s. (a) 

RSOA intensity modulator frequency response, and (h)-(g) constellations o/ representutiº'e 

suhcarriers. (h)-(d) are simulated results and (e)-(g. ) are experimental results. 

By adopting variable subcarrier powers similar to those reported in 18.6, and after 

transmission through 25km SMF. the representative subcarrier constellations recorded 

prior to channel equalization in the receiver, are also presented in Fig. 8.7, where the 

simulated constellations are shown in Fig. 8.7(b)-(d) and the corresponding experimentally 

measured constellations are shown in Fig. 8.7(e)-(g). Once again, the simulated results 

agree very well with the experimental measurements. In addition, in comparison with the 

experimental measurements, for the same subearrier the numerical simulations also give 

very similar constellation rotation. which increases with increasing subcarricr frequency. 

The constellation rotation occurs due to the phase shift induced by fibre chromatic 
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dispersion. For high frequency subcarriers, the simulated constellation sizes arc, however, 

larger than those measured in the experiments. This is due to the fact that the numerical 

simulations exclude the DAGADC-induced frequency response roll-oft ellcct 19.61. which 

introduces extra losses to high frequency suhcarricrs, for example, a loss of8d13 for thel 5- 

th subcarrier. As a direct result of the spurious points circled in fig. 8.7(1) and Fig. 8.7(g), 

the simulated power penalty at a BFR of 1.0 - 1O-' is slightly smaller than that measured in 

the experiments (8.6]. 

Comparisons are also made between the simulated results and experimental measurements 

using off-line DSP in a different system configuration based on adaptive modulation 18.51. 

The parameters adopted in numerical simulations, for this comparison only, are identical to 

those used in the experimental measurements 18.51. "These parameters are: aCW optical 

input power of -10d13m at the input facet of the RSOA, a -ldßm optical power coupled 

into the transmission link, and a -I 9dI3m optical power at the input facet of the photon 

detector. Our numerical simulations show that, a l0Gb/s AMOOFDM signal transmission 

over a 20km IMDD SMF link involving a RSOA intensity modulator is obtainable, which 

agrees very well with the experimental measurements [8.5j. 

8.5.2 Optical Input Power and Rear-facet Reflectivity Dependent 
Transmission Performance 

-'ý-RSOA, 22.5dBm --- SOA, 22.5dBm 
- RSOA, 10dBm SOA, lOdBm 

38 
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x_33 --t--__ ------ 
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13 

0.2 p4 0.8 p@ 1 
RSOA rear-facet reflectivity 

Fig. 8.8 Signal line rate versus rear-lace, reflectivity value of RS'OA su/iect to clUJ/ereni 

optical input powers. 

The dependence of the achievable signal line rate upon rear-facet reflectivity of' a RSOA 

subject to three representative optical input powers of I Odllm, Mini and -I ()d13m is shown 
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in Fig. 8.8, where the bias current, the driving current PIT and the transmission distance 

are fixed at lOOmA, 40mA (according to Fig. 8.5) and 60km, respectively. For 

performance comparisons between the optimum and practical operating conditions, the 

transmission performance achieved under the optimum operating conditions (22.5dr3m 

optical input power), are also presented in Fig. 8.8, in which, once again, the corresponding 

transmission performance of the SOA-based intensity modulator is plotted for all the cases 

considered. 

It is shown in Fig. 8.8 that, as expected from Fig. 8.4, the transmission performance drops 

quickly with decreasing optical input power. More importantly, in comparison with the 

SOA intensity modulator, the RSOA intensity modulator improves the AMOO1A)M 

transmission performance, and such performance enhancement is more pronounced fier 

high RSOA rear-facet reflectivity values. 
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Fig. 8.9 EJýcýctive carrier li/etime (a) and signal ER (h) versus RSOA reur-furcýt rcý/leýctivity 
for difji'rent optical powers. 

The physics underpinning the superiority of the RSOA intensity modulator to the SOA 

intensity modulator is the combination between the reduced effective carrier lifetime and 

the enhanced signal ER. "I'his can he understood by considering Fig. 8.9. In obtaining Fig. 

8.9, the simulation parameters identical to those adopted in Fig. 8.8 are considered. Fig. 

8.9(a) shows that, compared to the SOA, the effective carrier lifetime of'the RSOA is much 

shorter, thus giving rise to a wider modulation bandwidth. This is because, for an optical 
input power of <lOdBm, the RSOA has a higher optical gain [as seen from Fig. 8.3(a)], 

thus leads to a larger optical output power, which is inversely proportional to the effective 

carrier lifetime [Eq. (3.1)]. 
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The RSOA-induced enhancement in signal ER shown in Fig. 8.9(h) is in good agreement 

with experimental measurements 18.71. Such enhancement is due to a small optical input 

power-induced stiff slope of the gain-current curve, as shown in Fig. 8.3(h). l'urthcrmore, 

for a specific optical input power, a high RSOA rear-facet reflectivity leads to a large 

optical gain [Fig. 8.3(a)] and a slightly reduced slope of the gain-current curve IFig. 8.3(h)1. 

As a direct result, both the RSOA effective carrier lifetime and the signal FR decrease with 

increasing rear-facet reflectivity, as seen in Fig. 8.9. For the practical optical input power 

range. it can be worked out easily from Fig. 8.9(a) that the RSOA modulation bandwidth is 

smaller than (or comparable to) the transmitted signal bandwidth. 

It can also be seen in Fig. 8.9 that, for an optical input power of -lOdUm and a RSOA rear- 

facet reflectivity value of 0.3, the RSOA outperforms the SOA in terms of' both effective 

carrier lifetime and signal ER. but Fig. 8.8 shows that the RSOA intensity modulator 

supports the transmission performance slightly worse than that corresponding to the SOA 

intensity modulator. This can be explained by considering the fact that, in comparison with 

the SOA running at such an optical input power, the RSOA has a significantly higher 

optical gain, as shown in Fig. 8.3(a), thus resulting in a dramatically larger frequency chirp. 

as described in Eq. (8.8). 

8.5.3 Capacity versus Reach Performance 
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Fig. N. I0 Signal line rate versus reach pc' rf ormanre for di/jeren< optical input powers and 

rear-facet rr/1erliri11' values. 

Fig. 8.10 shows the signal line rate versus reach pcrförmance of'the RSOA/SOA intensity- 

modulated AMOOFDM signals for different practical optical input powers and rear-Facet 

reflectivity values. In simulating Fig. 8.10. the parameters identical to those used in Fig. 
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8.9 are adopted. It is very interesting to note in Fig. 8.1O that, in comparison with the S OA 

intensity modulators. the RSOA intensity modulators subject to injected optical powers of' 

>-10dßm are capable of'improving the signal line rate over the entire transmission distance 

range including both the chromatic dispersion-dominant performance region (" 100km) and 

the loss-dominant performance region (>100km) [8.13]. In addition, it can also he seen in 

Fig. 8.10 that, the use of RSOA intensity modulators is more effective in the loss-dominant 

performance region, as the RSOA enhanced signal ER can off: sct. to some extent, the 

transmission link loss. 

Moreover, Fig. 8.10 also indicates that a RSOA having a large rear-facet reflectivity is 

always preferred, especially in the dispersion-dominant performance region. As an 

example. for an optical input power of Mini, an increase in RSOA rear-facet reflectivity 

from 0.3 to 0.9 can extend 20Gb/s AMOOFDM signal transmission distance from 60km to 

100km. This confirms strongly the importance of' the RSOA rear-facet reflectivity in 

determining the quality of the RSOA intensity modulated AMOOFDM signals under the 

practical operating conditions. 

8.5.4 Impact of Negative Frequency Chirp 
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Fig. 8.11 Signal line rate versus reach her/iormanre Ji, r the cases 0/ including and 

excluding chromatic dispersion. Optical input power is fixed al -/OdBm. 

Apart from cost-effectiveness, another benefit of employing a RSÖA operating at low 

optical input powers is that it can produce a fair amount of controllable negative frequency 

chirp, which has an opposite sign compared to the dispersion parameter of a standard SMF. 

182 



CHAPTER 8.. 1111OOFDM i1IODr111S INCORI'OI?. t TING RSOll s as INTENSITY 
MODULft TOILS for 11'DAl-I'ONs 

Therefore, use can be made of such property to improve either the transmission capacity 
for a fixed link power budget, or the link power budget for a fixed transmission capacity. 

To demonstrate the effectiveness of the aforementioned dispersion compensation approach 
for RSOA/SOA intensity modulated AMOOFDM signals in IMDD standard SMF 

transmission systems, in Fig. 8.11 performance comparisons are made for the cases of 
including and excluding chromatic dispersion. In Fig. 8.11 the optical input power is taken 

to be -IOdßm. It can be seen in Fig. 8.11 that the "dispersion compensation" approach is 

capable of enhancing the transmission capacity over standard SMFs of up to 100km. It 

should be pointed out that, the RSOA negative frequency chirp is a function of operating 

conditions, suggesting that such dispersion compensation is dynamically controllable. 

8.6 Conclusions 

Extensive numerical simulations have been undertaken of exploring, for the first time, the 

transmission performance of RSOA modulated AMOOFDM signals over IMDD SMF 

transmission systems without in-line optical amplification and chromatic dispersion 

compensation for WDM-PONs. A comprehensive theoretical model describing the 

dynamic characteristics of the RSOA intensity modulators has been developed and verified 

rigorously at both device and system levels. Detailed performance comparisons have also 

been made between RSOA and SOA intensity modulators. Based on the theoretical model, 

optimum RSOA operating conditions have been identified, which are independent of 

RSOA rear-facet reflectivity and very similar to those corresponding to SOAs. 

Under the identified optimum operating conditions, both RSOA and SOA intensity 

modulators support identical AMOOFDM transmission performances of 30Gb/s over 
60km SMFs. Under low-cost optical component-enabled practical operating conditions, the 

RSOA intensity modulators with rear-facet reflectivity values of >0.3 outperform 

considerably the SOA intensity modulators in transmission performance, which increases 

significantly with increasing RSOA rear-facet reflectivity and optical input power. In 

addition, simulations also show that, for low optical input powers, RSOA/SOA intensity 

modulation-induced negative frequency chirp can be used to improve the AMOOFDM 

transmission performance in WDM-PONs. 
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9.1 Introduction 

In Chapters 6-8, we have investigated the use of RSOA/SOA intensity modulators to 

facilitate cost-effective colourless AMOOFDM transmitters for WDM-PON, with 

particular attention being focused on the AMOOFDM signal transmission in one direction 

only. From the system design point of view, it is highly beneficial if use is made of 

AMOOFDM in wavelength reused bidirectional transmission over a single SMF for 

WDM-PONs. In such wavelength reused WDM-PONs, a fraction of the downstream 

optical signal is fed into a RSOA intensity modulator for upstream data re-modulation in 

the ONU. Clearly, wavelength reuse improves both the cost-effectiveness and wavelength 

control functionalities of WDM-PONs. On the other hand, the bidirectional transmission of 

AMOOFDM signals over a single SMF significantly reduces the fibre installation and 

maintenance cost. 

For the wavelength reused bidirectional WDM-PONs, a key issue is the impact of the 

effects of RB noise on the transmission performance of downstream and upstream 

AMOOFDM signals. Apart from the RB effect, another challenge of wavelength reused 

bidirectional WDM-PONs is how to suppress effectively crosstalk due to residual 

downstream optical signal-induced upstream signal fluctuations. To reduce the crosstalk 

effect, use can be made of a number of approaches listed as followings: a) an optical gain 

saturated SOA-based data eraser [9.1] to suppress the downstream optical signal prior to 

being re-modulated for transmitting upstream data; b) feed-forward current injection [9.2] 

in a RSOA intensity modulator to smooth the residual downstream optical signal waveform. 
Alternatively, use can also be made of different signal modulations for downstream and 

upstream signals. For example, downstrcam/upstream signal modulations can be 

Frequency Shift Keying (FSK)/On-Off Keying (OOK) [9.3], DPSK/OOK [9.4], Inverse 

Return-to-Zero (IRZ)/OOK [9.5], respectively. In all the above-mentioned signal 

modulation techniques, the constant downstream FSK and DPSK waveforms can reduce 
the crosstalk effect imposed on the RSOA intensity modulated upstream signals. However, 

OFDM modulation schemes in downstream/upstrcam as well as its crosstalk effects have 

not been investigated. 
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Moreover, given the fact that SOAs have many merits as stated in previous chapters, in 

addition to the RSOA intensity modulator in the ONU, the use of SOA intensity 

modulators in the OLT is also preferred to expensive external modulators. Such a SOA- 

based OLT and RSOA-based ONU configuration is capable of providing colourless 
WDM-PON operation (rather than just colourless ONUs), thus leading to a significant 

reduction in the installation and maintenance cost. 

In this chapter, detailed numerical investigations arc undertaken of wavelength reused 
bidirectional transmission of AMOOFDM signals in WDM-PONs incorporating a SOA 

and RSOA intensity modulator in the OLT and ONU, respectively. Based on the SOA and 

RSOA intensity modulator models developed in Chapter 6 and Chapter 8, respectively, a 

comprehensive theoretical model describing the performance of such network architecture 
is developed, taking into account the dynamic characteristics of the SOA and RSOA 

intensity modulators as well as the effects of RB noise and crosstalk. It is shown that the 

RB noise effect and the residual downstream optical signal-induced crosstalk are the 

dominant factors limiting the maximum achievable downstream and upstream transmission 

performances. Under optimum SOA and RSOA operating conditions as well as practical 

downstream and upstream optical launch powers, I0Gb/s downstream and 6Gb/s upstream 

over 40km SMF transmission of conventional DSB AMOOFDM signals are feasible. In 

particular, the aforementioned transmission performances can be improved to 23Gb/s 

downstream and 8Gb/s upstream over 40 km SMF when SSB-SCM is introduced in 

downstream systems. 

9.2 Theoretical Models 

9.2.1 Wavelength-reused Bidirectional Transmission WDM-PON 
Architecture and AMOOFDM Modems Incorporating SOA and 
RSOA Intensity Modulators 

Fig. 9.1 illustrates the wavelength-reused bidirectional transmission WDM-PON 

architecture considered here, which consists of a SOA intensity modulator-based 
AMOOFDM downstream link and a RSOA intensity modulator-based AMOOFDM 

upstream link, both of which share the same optical wavelength and a single optical 

amplification- and dispersion compensation-free IMDD SMF system. The downstream link 
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is composed of an AMOOFDM transmitter, a SMF. a square-law photon detector and an 

AMOOFDM receiver. The downstream AMOOFDM transmitter includes an OF DM 

downstream transmitter, a laser diode, an SOA intensity modulator and a VOA. In the 

downstream OFDM transmitter, the generation of a real-valued electrical OF DM signal is 

modelled following a procedure similar to that described in Chapters 6-8. The real-valued 

electrical OFDM signal from the downstream OFDM transmitter is up-shitted, and then 

drives directly the SOA to modulate an injected optical ('W wave by varying the SOA 

optical gain, as described in Chapters 6-7. Finally, the SOA intensity modulated 

AMOOFDM downstream signal is coupled and multiplexed. via a VOA. an optical 

circulator and a multiplexer, into a standard SMF. 

Negotiation between Tx and Rx 

O 
Utr 

DS Rx Received DS 
nFn%f racer s 

f rrcýhýr 

DS 1% 
RtiOA 

m 
Total cmr 

n 
RF Ampli 

OF Dýf 
0 1, 

----- ------------- 
------ * ----- 

-------- Negotiation between Tx and Rx 
ADA: variable optical attenuator PD: photon detector Ts: trammitter R:: receiver 

Fig. 9.1 Wavelength-reused bidirectional transmission WDM-PON architecture with SOA 

intensity modulated downstream AMOOFDM signals and R5'OA intensity modulated 

upstream A MOO'DM signals. 

After transmitting through the SMF, the received downstream AMOOFDM signal is dc- 

multiplexed and subsequently split into two optical beams: the first one is detected using a 

square-law photon detector, and then recovered in the downstream OI. '[)M receiver having 

an inverse procedure of the downstream OFDM transmitter. 

On the other hand, the second optical beam split is utilized directly as an optical carrier of 

the upstream AMOOFDM signal. Via an optical circulator, the second optical beam is 

injected into a RSOA intensity modulator, which is driven by a real-valued up-shifted and 

electrically amplified OFI)M signal generated by the upstream OFDM transmitter. In the 

RSOA intensity modulator, re-modulation of the injected downstream optical signal takes 
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place via the variation of the RSOA optical gain by the upstream electrical OFDM signal, 

as presented in Chapter 8 and [9.6]. The produced upstream AMOOFDM signal is coupled 

into the same SMF link compared to the downstream AMOOFDM signal. Here, an optical 

attenuator is employed to fix the coupled upstream optical power at a specific level. After 

upstream transmission through the SMF, the received AMOOFDM signal is detected by a 

square-law photon detector and recovered by an upstream OFDM receiver having an 

inverse procedure of the upstream OFDM transmitter. 

From the above description, it is clear that, the residual downstream optical signal 

introduces waveform fluctuations into the RSOA modulated upstream AMOOFDM signal. 

Throughout this chapter, such a residual downstream signal-induced waveform distortion 

to the upstream optical signal is referred to as crosstalk, which degrades the upstream 

AMOOFDM signal transmission performance. In addition, due to wavelength re-used 

bidirectional transmission over the same SMF link, the RB noise effect also affects 

considerably both the upstream and downstream transmission performances. 

9.2.2 SOA/RSOA Intensity Modulators 

In this chapter, the comprehensive SOA and RSOA intensity modulator models developed 

in Chapter 6 and Chapter 8, respectively, are employed to describe the dynamic optical 

characteristics of the SOA/RSOA intensity modulated AMOOFDM signals. The validity 

of the SOA intensity modulator model has already been verified in Chapter 6. Also, the 

RSOA intensity modulator model was verified by comparisons between simulated results 

and experimental measurements using real-time end-to-end OOFDM transceivers, as 

detailed in Chapter 8. 

9.2.3 RB Noise 

It is well known [9.7-9.9] that, both RB noise and discrete reflection induced by passive 

components such as optical connectors may affect the system performance in bidirectional 

transmission systems. However, discrete reflection can be reduced to a level of 55 dß 

lower than that corresponding to the signal power, provided that the optical connectors 

with oblique end faces are applied [9.9]. For simplicity, in this chapter, the discrete 

reflection effect is not considered. In the WDM-PON architecture of interest of the present 
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chapter, the RB noise effect is, however, unavoidable, which mainly stems from two major 

sources: 

" Downstream AMOOFDM signals. The associated RB noise affects upstream 

AMOOFDM signals. 

" Upstream AMOOFDM signals. A fraction of the associated RB noise joins the 

downstream AMOOFDM signals, and the remaining part can be amplified and 

reflected by the RSOA intensity modulator, and finally joins the upstream signals. 

Moreover, attenuation of downstream and upstream signals due to Rayleigh scattering is 

also included into the SMF attenuation coefficient. 

First, we derive analytically the total RB noise power imposed on the upstream signal. For 

a downstream optical signal power launched into the SMF, Pk,.,, , which generates an 

upstream RB noise power at the output facet of the SMF, PpDRa 
, is given by [9.7] 

PDDjw= pdownB(l 
-C 

1JL) ý9. 

where B= Sas /2p with as [km*'] being the fiber scattering coefficient. S being the fiber 

recapture coefficient, and p [km''] being the SMF attenuation coefficient. L is the fiber 

length. Depending upon the type of fibre and the selected wavelengths, for fiber links 

longer than 20km, ý= B(1 -e-29`) converges towards an almost constant value [9.8,9.9]. 

The value of 4' at 1550nm is measured in experiment with a system setup illustrated in 

Fig. 2.10(a). The measured results in Fig. 2.10(b) show that, for optical launch powers of 

approximately <7dBm, regardless of fibre length, ; can be taken to be -34dß, which is, 

therefore, adopted in numerical simulations presented in this chapter. Whilst when CW 

launch powers exceed 7dBm, the SBS effect plays a dominant role in determining the 

backscattered optical power measured. Therefore, throughout this chapter, both 

downstream and upstream launch powers are limited to values of <7dßm. 

The RB noise power contributed by the upstream optical signal and imposed on the 

upstream signal can be expressed as 
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pUD" 
"" 

gtp90NU'O-'iL (9.2) 

where 1'W, is the upstream optical signal power launched into the SM!. g0Nu is the total 

optical gain of the upstream AMOOFDM transmitter, and is defined as 

Pup 
9ONU 

p 
owne- 

(9.3) 

Considering Fig. 9.1 and Eq. (9.3), it is clear that, g0 includes RSOA optical gain, 

splitter loss (-3dB), optical circulator insertion loss and optical attenuator loss. Based on 

Eqs. (9.1)-(9.3), the Optical Signal to RB Noise Ratio (OSRNR) of the upstream signal at 

the output facet of the upstream link can be expressed as 

'9 
R -2p£ 

OSRNR., 
p =P 

DDR� P= 
ß_2 _ 

-_W / 
(9.4) 

DDRe + UDC 
(1 + S) U 

ý`ý 

It can be derived easily from Eq. (9.4) that, a maximum OSRNR value occurs when 

Sojvue-l =1 , corresponding to which, according to Eq. (9.3), the downstream and 

upstream launch powers are identical. 

Similarly, the RB noise power imposed on the downstream signal is given by 

ýbbRe = qap (9.5) 

Thus the OSRNR of the downstream signal at the output facet of the downstream link can 

be written as 

OSRNR 
�,,, =1_ (9.6) 

Pao" Sv, YUC 

It is worth mentioning that RB noise has a coloured Power Spectral Density (PSD), which 
is proportional to the PSD of the generating optical signal, as shown in Fig. 9.2. In 

numerical simulations, the RB noise spectrum is discrctised at a frequency resolution Af, 

and the RB noise power in each frequency interval is calculated using Eqs" (9.1), (9.2) and 
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(9.5) in the frequency domain (shown by the red triangle arrows), then a white Gaussian 

noise within each frequency interval is generated, as shown in Fig. 9 2(hlue graph). Finally, 

the generated RB noise is added into the received optical signals in the frequency domain. 

-20j I 
.. 

E-40 

-60 
0 

-0.2 0 0.2 04 
frequency relative to 193.55THz [GHz] 

Fig. 9.2 RB noise power (red triangle arrow) and corresponding RB noise spectrum (blue 

graph). 

9.2.4 SM F and PIN Detector Models 

The theoretical SMF model used in previous chapters is used here, and the PIN detector 

model successfully used in Chapters 6-8 is considered in both downstream and upstream 

receivers. 

9.2.5 Simulation Parameters 

In simulating all the AMOOFI)M transceivers involved in Fig. 9.1, parameters identical to 

those presented in Chapters 6-8 are adopted here. 

The parameters used in simulating the SOA and RSOA intensity modulators here are 

representative for InGaAsP semiconductor materials operating at a wavelength of 1550nm, 

which are listed in Table 8. I. It should he noted that, here. the SOA (RSOA) cavity length 

of 500µm (300µm) and rear-facet reflectivity of 0.99 (0.0) are adopted. As the SOA 

intensity modulator is used in the relatively cost-insensitive OLT only, fr all the 

simulations, optimum operating conditions identified in Chapter 6 are adopted, which are a 

CW optical input power of20d13m, a bias current of' I00mA and a driving current with a 

PT P value of 80mA. 
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The parameters adopted to simulate RB noise include a backscattcring cocflicicnt 4' 

equals -34dß based on the cxpcrimcnt measurement presented in rig. 2.10 and a frequency 

resolution of 20MHz. The simulation parameters for SMFs are from Table 8.1 with the 

difference that a fibre attenuation coefficient of 0.22dß/km at 1550nm is adopted, which 

includes attenuation of optical signals due to Rayleigh scattering. The transmission 

distance is fixed at 40km. The PIN detectors parameters include a quantum efficiency of 

0.8 and noise current density of 8pA/II Iz. 

9.3 Transmission Performance 

9.3.1 Verification of the RB Models 

Apparently, the RSOA intensity modulator and the RB noise play central role in 

determining the network performance. Since the validity of the RSOA intensity modulator 

model had been verified in Section 8.5.1, by well agreements between simulation results 

and the experimental measurements of RSOA intensity modulated real-time end-to-end 

OOFDM transmission in a unidirectional system with a CW optical carrier wave being 

supplied locally [9.6], here effort is made to verify the validity of the RB noise model. 

To confirm the validity of the RB model, comparisons of the transmission performance of 

RSOA intensity modulated AMOOFDM signals between numerical simulations and 

experimental measurements using off-line DSP are made in a more complicated 

transmission link, into which a CW optical wave is injected from the OLT and propagates 

in an opposite direction with respect to the modulated AMOOFDM signal over the same 

SMF [9.10]. In such a system, the RB noise effect is present. For this comparison only, the 

parameters adopted in numerical simulations are identical to those used in the experimental 

measurements [9.10]. These parameters arc: a -ldBm CW optical power coupled into the 

SMF link in the OLT, an optical input power of -10dBm at the input facet of the RSOA, 

and a -14dBm optical power at the input facet of the photon detector. Our numerical 

simulations show that a 10Gb/s AMOOFDM signal transmission over a 20km IMDD SMF 

link is feasible at a BER of 1x10', which agrees very well with the experimental 

measurements [9.10]. 

194 



(ill l'Tl R 9. JJ IJ'. LENGTH RE(! SE! ) R//)/RE('77ONAI, 7'RANSMIS'SII)N('I. 
131OO17)A1 SIGNALS in ('OLO(%RLE. SS 117)A1-POrvc /N('ORI'OR. I TING 50 1 and 

R8O. I IN /* \. S'/T) 1/x)/)1'/. I /. OK. ti 

9.3.2 Downstream AM( OF I)M Transmission Performance 

Compared to the upstream signal, the downstream AMOOFI)M signal suffers the R13 noise 

effect only. To demonstrate explicitly the impact of such an effect on the transmission 

performance of the downstream AMOOI' DM signal, the downstream AMOOF1)M signal 

line rate versus upstream launch power is plotted in Fig. 9.3. In obtaining Fig. 9.3. the 

RSOA bias current and driving current FIT are fixed at 100niA and 280mA, respectively. 

and the downstream launch power is set to 6.3d13m, which gives rise to an optical power of' 

-5.5d13m coupled into the RSOA. The alteration of the upstream launch power is realized 

by adjusting the VOA at the output of the RSOA intensity modulator, as shown in Fig. 9.1. 

It should be noted that the SOA operating conditions are given in Section 9.2.5. 
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Fig. 9.3 Signal line rate and OSRNR (, /*c/uirºzS'tre(im : 1MOO/E'/)M signals as u time tiOn of 

upstream launch power. The downstream launch power is fixet/ at 6.3d13m. 

It can be seen from Fig. 9.3 that, I7(; h/s over 40km downstream transmission is feasible 

for upstream launch powers of' <-6dßm. More importantly. the downstream signal line rate 

decreases almost linearly with increasing upstream launch power expressed in dßm. When 

the upstream launch power is increased to 6dBm, the downstream signal line rate is 

reduced to a value as small as 4Gb/s. Such a significant variation in downstream signal line 

rate is due to the RB noise effect induced by the upstream AMOOFDM signal. From Eqs. 

(9.5) and (9.6), it can be understood that a large upstream launch power corresponds a 

large RB noise power and high ONU gain, thus resulting in a reduction in downstream 

()SRNR. as seen in Fig. 9.3. The above discussions imply that the RB elThct plays a 

dominant role in determining the maximum achievable downstream transmission 
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performance, and that a small upstream launch power is preferred for maximizing the 

downstream transmission perlbrmance. 

9.3.3 Upstream AMOOFI)M Transmission Performance and 
Optimization of RSOA Intensity Modulator Operating Conditions 

In the previously discussed downstream transmission case, the upstream signal-induced 

RB noise is the only dominant factor limiting the achievable downstream signal hit rate. 

whilst the upstream transmission performance is mainly attributed to three factors listed as 

followings: 1) RB noise induced by both the downstream and upstream AMO(>1. I)M 

signals, 2) crosstalk due to the residual downstream signal-induced fluctuation of the 

upstream signal, and 3) dynamic optical characteristics of the RSOA intensity modulator. 

In addition, these three factors are also strongly dependent upon each other. 
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Fig. 9.4 Upstream AMOOFDMsignal line rate versus driving current PTI' fr various 

RSOA bias c urrenls. 

To explore the dependence of the upstream AMOOFDM signal transmission performance 

on RSOA operating conditions, Fig. 9.4 is plotted to show the corresponding signal line 

rate versus electrical driving current PIT 1or ditTcrent RSOA bias currents. In obtaining 

Fig. 9.4, both the downstream and upstream launch powers are fixed at 6.3dBni, which 

results in an optical power of -5.5dßm injected into the RSOA intensity modulator. As 

shown in Fig. 9.4, the driving current PTP affects significantly the achievable upstream 
AMOOFDM signal hit rate. It is also very interesting to note that. for various bias currents, 

there exists an almost identical optimum driving current PIT of 280mn. corresponding to 

which the maximum upstream signal line rate is obtained. Compared to the strong driving 

current PTP-dependent upstream transmission performance, the dependence of the 
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upstream transmission performance on RSOA bias current is not pronounced considerably, 

as shown in Fig. 9.4, and an optimum bias current of I OOmn is identi lied. 

To gain an in-depth understanding of the physical mechanisms underpinning the upstream 

signal line rate evaluation trends shown in Fig. 9.4, in Fig. 9.5 performance comparisons 

are made between two cases of modulating a centrally-supplied downstream ('W optical 

wave (here referred to as CASE 1) and re-modulating the downstream AMOOFDM optical 

signal (referred to as CASE II). For each of the above-mentioned cases, simulated results 

are also presented for conditions of including and excluding the R13 noise cI1cct. In 

obtaining Fig. 9.5, the bias current is set to I00mA and all other simulation parameters are 

identical to those adopted in simulating Fig. 9.4. 
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Fig. 9.5 Upstream signal line rate versus driving current PT! '. for Case. ti u/ using u 

centrally-supplied downstream ('W optical wave and re-modulating a downstream 

AAIOOFDMsigJnal. For each of'these two cases, numerical results obtained under 

conditions of including and excluding the R! 3 noise e/ %c"1 are also plotted. 

In Fig. 9.5, the signal line rate difference between two red curves results from the RB noise 

effect, which, as expected from Eq. (9.4), is independent of the driving current I'I'I'. In 

addition, Fig. 9.5 also indicates that the R13 noise effect can halve the upstream signal line 

rate. On the other hand, Ihr the case of excluding the RB noise effect, the upstream 

pcrfärmance difference between the red (CAST: 1) and blue (CASE II) curves is due to the 

crosstalk effect, which, as seen in Fig. 9.5, plays a dominant role in determining the 

achievable upstream signal line rate for driving current PTPs of <200niA. beyond this 

value the effect becomes relatively weak. 
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Fig. 9.6 RSOA-modulated optical output wai'ef r, ns" fier ruses of using a rc'nlralh'-supplied 

downstream C'W optical wave (EASE. I) and re-modulating a downstream AMOW-DA1 

signal (CASE II). 

The above discussions imply that a high driving current PIP is capable of reducing 

effectively the crosstalk effect. This statement is confirmed in Fig. 9.6, where normalized 

RSOA modulated upstream optical waveform comparisons between CASE I and CAST: II 

are made between different driving current PTP values of 80mA and 280mA. For fair 

comparison, in calculating Fig. 9.6, use is also made of identical random hit sequences and 

the same subcarrier modulation format distribution across all the subcarricrs. It can be seen 

from Fig. 9.6 (a) that, for the low P'I'P value of 80mA. there exist very strong unwanted 

waveform fluctuations for CASE 11.1lowever, such optical waveform fluctuations almost 

disappear when the PTP value is increased to 28OmA, as seen in [Fig. 9.6(b). The high 

driving current PTP-induced reduction in the crosstalk effect can he explained by 

considering the fact that, a high driving current I' I'i gives rise to a large FR of' the RSOA 

modulated AMOOFI)M signal (Chapter 8), as shown in the upper x-axis of Fig. 9.5. The 

large upstream signal ER can drown out the residual downstream signal wavethrm 

fluctuation in the RSOA intensity modulator. 

From the above analysis, it is clear that both RB noise and crosstalk are dominant in 

determining the achievable upstream AMUOF1)M transmission performance. Based on 

such an understanding, the driving current PIT dependent signal line rate behaviors shown 

in Fig. 9.4 can be explained easily: for driving current P l'Ps less than the optimum value of 

280mA, the sharp increase in upstream signal line rate with increasing driving current FIT 
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is a direct result of' the rapid reduction in the crosstalk effect. While a further increase in 

driving current PTP introduces the severe signal clipping effect owing to the strong RSOA 

optical gain saturation (Chapter 8), giving rise to a small variation in signal Iý, R (shown in 

the upper x-axis of Fig. 9.5), thus a flattened signal line rate developing trend is observed 

in Fig. 9.4. In addition, the signal clipping effect also contributes to the occurrence of the 

optimum bias current of approximately 100mA in Fig. 9.4. as explained in Chapter 6: for 

bias currents below the optimum value, the decrease in signal line rate is because the lower 

part of the driving current is clipped, as this part penetrates into the negative optical gain 

region of the RSOA. Whilst for bias currents above the optimum bias current. the 

transmission performance degradation originates mainly from decreased signal FR and 

increased signal clipping, as the upper part of the driving current experiences an almost flat 

optical gain of the RSOA (Chapter 8). 
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Fig. 9.7 Contour plot of upstream OSRNR (u) and upstream signal line rate (h) as a 

function of upstream and downstream launch powers. 

The above-mentioned numerical simulations are performed based on an assumption that 

both the downstream and upstream launch powers are fixed at 6.3dRRm. However, 

discussions in Section 9.2.3 indicate that the RB noise effect experienced by the upstream 

AMOOFDM signal depends upon both downstream and upstream launch powers. To 

explore such an interesting issue, contour plots of upstream OSRNR and corresponding 

signal line rate as a function of'downstream and upstream launch powers are plotted in Fig. 

9.7. In computing Fig. 9.7, the RSOA intensity modulator is assumed to operate at the 

optimum operating conditions identified in Fig. 9.4, and the variations in downstream and 

upstream launch powers are realized by adjusting the VOAs in the OLT and ONU. As 

predicted in Eq. (9.4), Fig. 9.7(a) shows that the maximum upstream OSRNR is obtainable 

199 



CIIAI'TER 9. WAVELENGTH REUSED BIDIRECTIONAL TRANSAIISSION(f 

. 14l! OOFDM SIGNALS in COLOURLESS 11'1,11-1'ONs INCORI'OR 1 TING SO A (till/ 
RSOA INTENSITY MOD ULA TORS 

only when the downstream and upstream launch powers arc very similar. As a direct result, 

the maximum upstream AMOOFDM signal line rate of 8Gb/s occurs when the difference 

between upstream and downstream launch powers is less than 3dB, as seen in Fig. 9.7(b). 

Comparisons between Fig. 9.3 and Fig. 9.7 indicate that, there is a trade-off between the 

achievable upstream and downstream transmission performances. In practical system 

design, the specific downstream and upstream launch powers can be chosen according to 

specific requirements. For example, under optimum SOA and RSOA operating conditions 

as well as the downstream and upstream launch powers of 6.3dllm and Odßm, respectively, 

the system performance of 10Gb/s in downstream and 6Gb/s in upstream over a single 

40km SMF are feasible. 

9.4 SSB-SCM for Improving the Downstream and Upstream 
Transmission Performance 

Having investigated the significant impacts of the effects of RB noise and crosstalk on the 

achievable AMOOFDM transmission performance of the WDM-PON architecture of 

interest of this chapter, in this section, the feasibility of utilizing a novel SSB-SCM 

technique [9.11] in the downstream is explored, for the first time, to alleviate cffectively 

these two critical effects to simultaneously improve considerably the downstream and 

upstream AMOOFDM transmission performance. 

In the SSB-SCM technique, use is made of a RF modulator utilizing a Tolbert transform- 

based phase-shift approach to produce a real-valued SSB downstream electrical signal in 

the OLT. The generated SSB-SCM signal can be expressed as 

sss1(t)= ADsB(t)cos(cv, . t)-H{ADsB(t))sin(a)RFt) (9.7) 

where ADSB(t) is the real-valued double sideband (DSB) downstream electrical signal 

created by the conventional OFDM transmitter in Chapters 6-8. li (Avse(t)} presents the 

Hilbert transform of ADSB(t). CORF is the intermediate RF carrier frequency, which is taken 

to be 15GHz [9.11]. SSSR(t) is utilized to drive directly the SOA intensity modulator in the 

OLT. The resulting downstream optical signal spectrum at the output of the SOA intensity 

modulator is shown in Fig. 9.8(a). In the corresponding downstream optical receiver, an 
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optical filter is inserted before square-law photon detection to remove the lower sideband 

of the received optical signal. RI: down-conversion is perfi)rmcd to the converted electrical 

signal, prior to data recovery in the downstream OFDM receiver; whilst the upstream 

AMOOFDM transmitter has a configuration identical to that illustrated in Fig. (). 1, where a 

conventional real-valued DSB upstream electrical signal is used to drive the RSOA 

intensity modulator with the downstream optical signal being injected as an optical carrier 

wave. The RSOA-modulated upstream optical signal spectrum is shown in Fig. 9.8(b), 

from which it can be found that the upstream and downstream optical signal spectra are 

separated clearly. In the upstream optical receiver in the OLT. before perfhrming square- 

law photon detection, an optical filter is employed to remove the residual downstream 

optical signal spectrum and a part of the RB noise power. 
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Fig. 9.8 Optical spectra of downstream and upstream AMOOFDM signals using the S, Sl3- 

SC'll1lechnigiw. 

From the above analysis, it is clear that the SSB-SCM technique is capable of preventing 

the downstream optical spectrum from overlapping with the upstream optical spectrum. 

thus resulting in a considerable reduction in the effects of R13 noise and crosstalk, provided 

that appropriate optical filters are employed. The above-mentioned design also makes 

economic sense, as the simplicity of both the upstream optical transmitter and downstream 

optical receiver is still being preserved to satisfy the demands for low-cost transceivers in 

the ON U. 
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Fig. 9.10 Upstream signal line rate versus upstream launch power! br both SM-S'('M and 

conventional DSB AMOOFDM signals. The downstream launch power is fixed at 6.3d13m. 

The effectiveness of the SSB-SCM technique in improving the downstream AMOO[-[)M 

transmission capacity is shown in Fig. 9.9, where the transmission performance of a 

conventional [)S13 downstream AMOOIFI)M signal is also plotted for comparison. In 

obtaining Fig. 9.9, simulation parameters identical to those considered in Fig. 9.3 are 

adopted. It is shown in Fig. 9.9 that, in comparison with the conventional case and for 

upstream launch powers of <OdBm, the SSB-SC'M technique can improve significantly the 

downstream transmission capacity by a factor of approximately 2, which can he further 

enhanced for upstream launch powers of >OdlHr. The downstream signal capacity decay 

with increasing upstream launch power is because of a part of the Rß noise induced by the 

residual upstream waveform still remains. 

Compared to the conventional DS13 baseband technique, the SSß-sC'M technique can also 

enhance simultaneously the upstream transmission performance. as shown in Fig. 9.10. In 
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obtaining Fig. 9.10, simulation parameters identical to those adopted in Fig. 9.7 arc 

considered, except that an optimum driving current PIP value of 80mA (rather than 

280mA) is used in the RSOA intensity modulator. Such a reduction in optimum driving 

current PTP arises due to the elimination of crosstalk effect. In comparison with the 

conventional case, the SSI3-SCM technique can improve the upstream AMOOFDM signal 

capacity by about 30%. Such improvement is, however, much lower than that 

corresponding to downstream transmission, this is mainly due to the fact that a reflected 

part of the RB noise associated with the upstream data signal still exists. 

9.5 Conclusions 

Detailed numerical investigations have been undertaken of wavelength reused bidirectional 

transmission of AMOOFDM signals in WDM-PONs incorporating a SOA intensity 

modulator and a RSOA intensity modulator in the OLT and ONU, respectively. Based on 

the SOA and RSOA intensity modulator models developed in Chapter 6 and Chapter 8, 

respectively, a comprehensive theoretical model describing the performance of such 

network architecture was developed, taking into account the effects of RB noise and 

crosstalk. It has been shown that the effects of RB noise and crosstalk due to residual 

downstream signal-induced waveform fluctuations are dominant factors limiting the 

achievable downstream and upstream performances. Under optimum SOA and RSOA 

operating conditions as well as practical downstream and upstream optical launch powers, 

10Gb/s downstream and 6Gb/s upstream over 40km SMF transmissions of conventional 

double sideband AMOOFDM signals were feasible without in-line optical amplification 

and chromatic dispersion compensation. In particular, the aforementioned transmission 

performance can be improved to 23Gb/s downstream and 8Gb/s upstream over 40 km 

SMFs when SSB-SCM is utilized in the downstream systems. 
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10 Conclusions and Future Work 

10.1 Conclusions 

To accommodate the ever increase in bandwidth requirement from both individual and 
business users, PONs, the dominate technology of today's access networks, face 

tremendous challenges for upgrading into high-speed NG-PONs in a cost-effective 

manner. As discussed in Chapters 1-3, emergent candidate technologies such as OOFDM 

and WDM are widely considered as long-term solutions for NG-PONs. As clectro-optic 

converters take the majority of the cost of PON system transceivers, from the operators' 

point of view, the use of low-cost electro-optic converters in NG-PONs is critical for 

CAPEX and OPEX savings. 

To address the challenging issues, in this thesis, extensive numerical investigations have 

been undertaken to explore the feasibility of incorporating low-cost semiconductor laser 

devices including DMLs and RSOAs/SOAs as intensity modulators to facilitate cost- 

effective OOFDM transceivers for IMDD NG-PONs. DMLs arc widely used in existing 

TDM-based GPONs and EPONs, while RSOAs/SOAs are promising for colourless 

OOFDM WDM-PONs. 

In DML-based IMDD PON systems, real-time 11.25Gb/s OOFDM signal transmission 

over 25km SMF has been experimentally demonstrated successfully [10.1]. However, the 

optical power budgets of -20dB measured in the real-time OOFDM systems may not 

satisfy the NG-PON requirements. On the other hand, for DSB OOFDM signals, strong 

subcarrier intermixing occurs upon square-law detection in IMDD PON systems, which 

further reduces the maximum achievable transmission capacity versus reach performance. 
As the achievable optical power budget, transmission capacity and reach arc critical issues 

for considerations in practical NG-PON designs, it is very important to identify key 

physical factors that strongly affect the system performance, and to propose effective 

approaches for alleviating these effects. These targets have been thoroughly pursued in 

Chapters 4-5. 
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In Chapter 4, detailed explorations have been undertaken of the impacts of different 

physical mechanisms including OOFDM signal ER, DML-induccd frequency chirp and 

subcarricr intermixing upon direct detection on optical power budget of DML"bascd 

OOFDM IMDD PON systems. It has been shown that the low ER of a DML-modulated 

OOFDM signal is the predominate factor limiting the achievable optical power budget, and 

the subcarrier intermixing effect upon square-law photon detection in the receiver reduces 

the optical power budget by at least 1dß. The use of a 0.02nm bandwidth optical Gaussian 

bandpass filter in the transmitter with a 0.01nm wavelength offset with respect to the 

optical carrier wavelength has been shown to be very effective in enhancing the OOFDM 

signal ER by approximately 1.24dß. This results in a 7dß optical power budget 

improvement at a total channel DER of Ix 10'3. 

The reduction in the subcarrier intermixing effect upon square-law detection has been 

investigated in detail in Chapter 5, by using DML-modulated carrier suppressed SSB 

OOFDM signals over SMF IMDD systems. It has been shown that, for IMDD NG-PON 

systems excluding in-line optical amplification, 30Gb/s carrier suppressed SSB OOFDM 

signal transmission over 80km SMF is achievable, which doubles the performance 

corresponding to DSB OOFDM signals without carrier suppression; and for IMDD NG- 

PON systems incorporating in-line EDFAs, 10Gb/s carrier suppressed SSB OOFDM signal 

transmission over 1200km SMF is feasible. The obtained long-reach transmission 

performance is robust to variations in both DML operating conditions and optical launch 

powers. 

For OOFDM IMDD WDM-PONs, the use of SOAs/RSOAs as intensity modulators is also 

highly preferred due to their salient features such as compactness, capability of monolithic 

integration with electronic components and wide wavelength coverage of typically 

>100nm. To explore such an interesting topic, the following works have been undertaken 

in Chapters 6-9: 1) Develop and verify accurate SOA and RSOA intensity modulator 

theoretical models describing the characteristics of intensity-modulated OOFDM signals; 

2) Identify major physical mechanisms that affect the maximum achievable transmission 

performances of these modulators; 3) Explore the feasibility of achieving colourless 
SOA/RSOA"based OOFDM transmitters; and 4) Utilize SOA and RSOA intensity 

modulators to realize wavelength reused bidirectional transmission of OOFDM signals to 

simplify colourless WDM-PON system architectures. Firstly, the feasibility of SOA- 
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enabled intensity modulation of ANIOOI-DNI signals has been presented in Chapter 6, over 
IAMDD SMMFs without in"line optical amplification. and dispersion compensation. A 

theoretical model describing the characteristics of SOA intensity modulators has been 

developed, based on which optimum SOA operating conditions have been identified at a 
fixed wavelength of 1550nm. Results have shown that the SOA intensity modulators under 

optimum operating conditions support a 30Gb/s AMOOMM signal transmission over a 

80km SNIF, which doubles the transmission performance obtained using typical DMMLs. In 

addition, key physical factors limiting the maximum achievable transmission performance 

of the AMOOFDM technique have also been identified. Moreover, excellent robustness of 

the optimum operating conditions and the transmission performance to variations in SOA 

parameters has also been shown. 

As a significant extension of the work presented in Chapter 6, Chapter 7 has addressed the 

SOA-intensity modulated OOFDht signal transmission performances over a wide 

wavelength range from 1SI Onm to 1590nm. A theoretical SOA intensity modulator model 

describing both optical gain saturation and gain spectral characteristics has been 

developed, based on which optimum SOA operating conditions have been identified for 

various wavelengths within the aforementioned wavelength range. It has been shown that 

SOA intensity modulators operating at the identified optimum operating conditions arc 

capable of achieving colourless AMOOFDM transmitters, supporting >30Gb/s 

AMMOOFDhi signal transmissions over 60km SMI s in the abovcmcntioncd wavelength 

range. 

As a special type of an SOA, a RSOA is promising for facilitating colourless rcflcctivc 
ONUs for use in WDht-PONS. Therefore, AN100fMM modems incorporating RSOAs as 
intensity modulators have been explored in Chapter 8. A comprehensive theoretical model 
describing the dynamic characteristics of RSOA intensity modulators has been developed, 

taking into account counter-propagation of the forward and backward optical signals and 

the rear-facet reflectivity in the wavcbuidc. Special attention has also been given to 

performance comparisons between the RSOA and SOA intensity modulators. Results have 

shown that optimum RSOA operating conditions and corresponding optimum 

performances of 30Gb/s over 60km SNI s arc independent of RSOA rear-facet reflectivity 

and they arc very similar to those corresponding to SOAs. Whilst under low-cost optical 

component-enabled practical operating conditions, the RSOA intensity modulators 
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outperform considerably the SOA intensity modulators. For low optical input powers, the 

RSOA/SOA intensity modulation-induced negative frequency chirp helps to improve the 

AMOOFDM performance in IMDD SMF systems. 

Having explored the performances of RSOA/SOA intensity modulated AMOOFDM signal 

transmissions in WDM-PONs in Chapters 6-8, another important aspect that has to be 

solved is the use of the RSOA/SOA intensity modulators to simplify colourless 

AMOOFDM WDM-PON system architectures. To address this issue, in Chapter 9, a 

wavelength reused bidirectional transmission of AMOOFDM WDM-PON has been 

proposed which consists of a SOA intensity modulator and a RSOA intensity modulator in 

the OLT and ONU, respectively. Results have shown that the RB noise effect and residual 

downstream optical signal-induced crosstalk are the dominant factors limiting the 

maximum achievable downstream and upstream transmission performances. Under 

optimum SOA and RSOA operating conditions as well as practical downstream and 

upstream optical launch powers, 10Gb/s downstream and 6Gb/s upstream over 40km SMF 

transmission of conventional DSB AMOOFDM signals are feasible. In particular, the 

aforementioned transmission performances can be further improved to 23Gb/s downstream 

and 8Gb/s upstream over 40 km SMF when SSB-SCM is introduced in downstream 

systems. 

10.2 Future Work 

Following the work presented in this thesis, a number of issues related to OOFDM PONs 

are important for future investigations. The short-term works are listed as follows: 

1) Experimental demonstration of wavelength reused bidirectional OOFDM 

transmission in WDM-PONs using real-time OOFDM transceivers. 

Real-time experimental demonstrations of wavelength reused bidirectional OOFDM 

transmission is critical for not only evaluating the true potential of the proposed 

wavelength reused bidirectional OOFDM transmission WDM"PONs, but also 
identifying the limitations set by hardware that theoretical simulations may not be able 

to cover. This work may also motivate further simulation work to seek advanced 

techniques. 
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2) Wavelength reused bidirectional transmission of OOFDM signals in WDM-I'ONs 
by injecting a reversed electrical OFDM current into the RSOA intensity modulator. 

To further suppress the crosstalk effect arising from the residual downstream signals in 

wavelength reused bidirectional WDM-PONs, as discussed in Chapter 9, another 

efficient way is to inject an electrical OFDM current, which is the reverse of the 

residual downstream OOFDM signal waveform, into the RSOA intensity modulator. 
Such an electrical current with a reverse waveform with respect to the residual 
downstream OOFDM signal can be achieved by optical/electrical signal processing. 
This injected signal may efficiently smooth the residual downstream optical signal 

waveform. It is expected that a significant reduction of the crosstalk effect can be 

achieved by the technique. 

3) Wavelength reused bidirectional transmission of OOFDM signals in WDM-PONs 

using phase modulation in the downstream transmission. 

To reduce the above-mentioned crosstalk effect in a wavelength reused bidirectional 

OOFDM WDM-PON, another efficient approach is to implement phase modulation for 

downstream OOFDM signals. In this scheme, the electrical OFDM signal in the 

downstream transmitter changes only the phase of an optical CW signal and the 

downstream optical signal amplitude remains constant. Therefore, the generated 

downstream signal waveform is smoother than that corresponding to a conventional 
intensity-modulated OOFDM downstream signal. As a result, the crosstalk effect can 

be minimized. However, a coherent receiver is required in the ONU. This brings about 

advantages including: 1) a significant increase in OSNR sensitivity of the receiver thus 

improved downstream optical power budget, and 2) the downstream linear channel 
impairments can be completely compensated, leading to the improved downstream 

transmission performance. The disadvantage associated with the scheme is the 

relatively high cost of the optical modulators and coherent detectors. 

The long-term work is to investigate high speed OOFDM signals for ? 40Gb/s transmission 

over SMF-based IMDD WDM-PONs with extended reach and high power split ratio. Such 

an advanced PON system aims to provide individual and business users with "future- 

proof' solutions to satisfy the requirements in bandwidth and allowable power budget. To 
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achieve this goal in a cost-effective way, SCM OOFDM with optical Raman amplification 
may be feasible solutions. 
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