
 

ABSTRACT 

 

A thorough study on Bismuth-based Erbium-doped fiber (Bi-EDF) is presented for 

wide-band amplifiers and multi-wavelength fiber laser applications. This fiber allows 

high Erbium ions concentration to be doped without a significant concentration 

quenching effect. The high refractive index characteristic in the Bi-EDF has broadened 

the emission spectrum of Erbium ions to achieve a broader gain spectrum up to 

extended L-band region compared to normal silica-based Erbium-doped fiber (EDF). 

The Bi-EDFA performances have been investigated in terms of power conversion 

efficiency (PCE), quantum conversion efficiency (QCE), gain and noise figure. The 

highest QCE and PCE for a 215 cm long of Bi-EDF are estimated to be approximately 

23.7% and 25.7%, which is obtained at 1605 nm. With bi-directional pumping, the 

maximum gain of 34 dB is obtained at approximately 1570 nm. The operation of the bi-

directional Bi-EDFA covers from C-band to the extended L-band regions. Furthermore, 

various configurations on the multi-wavelength fiber lasers have been proposed and 

demonstrated using the Bi-EDF as both the linear and nonlinear effects. Nonlinear 

effects such as the stimulated Brillouin scattering (SBS) and four-wave mixing (FWM) 

are used in the fiber lasers to generate multi-wavelength comb lines. The Brillouin 

Erbium fiber laser (BEFL) is able to produce a stable comb with 50 lines at extended L-

band region using only a Bi-EDF as the gain medium. The multi-wavelength fiber laser 

has also been demonstrated for the first time based on a Bi-EDF assisted by a FWM 

process. The estimation of the nonlinear parameters of Bi-EDF was also proposed based 

on the FWM effect. With a simple ring cavity, the laser generates more than 10 lines of 

optical comb with a line spacing of approximately 0.41nm at 1615.5 nm region using 

146 mW of 1480 nm pump power. 
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ABSTRAK 

 

 Tesis ini melibatkan satu pengajian terperinci tentang gentian terdop-Erbium 

asas-Bismuth (Bi-EDF) untuk kegunaan laser gentian penguat jalur-lebar dan 

jarakgelombang pelbagai. Gentian ini membenarkan kepekatan ion yang tinggi untuk 

didopkan tanpa kesan pelindapkejutan kepekatan signifikan. Ciri indek biasan dalam Bi-

EDF telah membesarkan spektrum pancaran ion erbium untuk mencapai gandaan lebih 

luas sehingga ke kawasan jalur-L tambahan jika dibandingkan dengan gentian terdop-

Erbium (EDF) asas-silika. Perlakuan Bi-EDFA telah diselidiki dalam sebutan efisiensi 

pertukaran kuasa (PCE), efisiensi pertukaran kuantum (QCE), gandaan dan angka 

hingar. Nilai QCE dan PCE tertinggi untuk Bi-EDF 215 cm panjang  adalah masing-

masing 23.7% dan 25.7% pada 1605 nm. Dengan menggunakan pam dwi-arah, gandaan 

maksimum sebanyak 34dB terdapat disekitaran 1570 nm. Operasi Bi-EDFA dwi-arah 

meliputi jalur-C sehingga kawasan jalur-L tambahan. Beberapa konfigurasi laser 

gentian jarakgelombang pelbagai telah dianjurkan dan dipersembahkan dengan 

menggunakan Bi-EDF sebagai kesan lelurus dan tak-lelurus. Kesan tak-lelurus seperti 

penyerakan rangsangan Brillouin (SBS) dan campuran empat-gelombang (FWM) telah 

digunakan didalam gentian laser untuk menghasilkan garis sisir jarakgelombang-

pelbagai. Laser gentian Brillouin Erbium (BEFL) dapat menjanakan sisir yang stabil 

dengan 50 garis pada kawasan jalur-L tambahan dengan hanya menggunakan Bi-EDF 

sebagai bahantara gandaan. Laser gentian jarakgelombang-pelbagai telah ditunjukkan 

bagi kali pertama keatas Bi-EDF dibantu oleh proses FWM. Anggaran bagi parameter-

parameter tak-lelurus Bi-EDF adalah berasaskan pada kesan empat-gelombang 

campuran (FWM). Dengan menggunakan satu rongga gelang mudah, laser tersebut 

dapat menjanakan lebih dari 10 garis sisir optik dengan jarak garisan beranggaran 0.41 

nm pada kawasan 1615.5 nm dengan menggunakan kuasa pam 146 mW pada 1480 nm. 

  ii



 
 

ACKNOWLEDGMENTS 
 
 

 
      PhD was the most significant research experience in my life. Hence, it is my 

pleasure on finishing this PhD thesis, that I consider many peoples who made this work 

possible. I would like to sincerely express my deepest appreciation to my supervisors, 

Prof. Dr. Harith Ahmad and Assoc. Prof. Dr. Sulaiman Wadi Harun for their kind 

advice, support and patience. I also wish to thank to my dear Malaysian and Iranian 

colleagues in the photonics research center for providing a friendly and warm 

environment. Their help and generous sharing of knowledge during my research work is 

greatly appreciated. 

    My greatest gratitude to my beloved husband, for his never ending support and 

motivation. In addition, I would like to express my deepest appreciation to my dear son 

for his love, tolerance and understanding during my study. Last but not least, a special 

thank you to my wonderful parents for their unconditional love from far way, and for 

their inspiration and faith in me to complete my study. 

 

 
 
 
 
 
 
 
 
 
 
 
 

  iii



 
LIST OF CONTENTS 

                                                                                                     Page 

ABSTRACT ............................................................................................ i  

ABSTRAK .............................................................................................. ii 

ACKNOWLEDGMENTS ...................................................................... iii 

LIST OF CONTENTS ............................................................................ iv 

LIST OF FIGURES ................................................................................. viii 

LIST OF TABLES .................................................................................. xv 

LIST OF ABBREVIATIONS ................................................................. xv 

 

CHAPTER 1 

INTRODUCTION 

1.1   Optics Communication and Fiber Laser  .......................................................... 1 

1.2   Overview on Multi-wavelength Fiber Lasers  ................................................... 3 

1.3   Nonlinear Effects in Optical Fibers.................................................................... 6 

1.4   Optical Fiber Amplifiers  ................................................................................... 8 

1.5   Research Objectives  .......................................................................................... 9 

1.6 Thesis Overview and Methodology of Research  .............................................. 10 

REFERENCES ........................................................................................................... 13 

 

CHAPTER 2 

LITERATURE REVIEWS ON NONLINEAR EFFECTS, 
AMPLIFICATION AND FIBER LASERS 

 
2.1   Introduction  ...................................................................................................... 18 

  iv



2.2   Nonlinear Effects in Optical Fibers.................................................................... 20 

2.2.1   Inelastic Scattering Effects in Optical Fibers ......................................... 21 

2.2.2   Nonlinear Refractive Index Effects or Kerr Effects ............................... 31 

2.3   Applications of the Nonlinear Effects ................................................................ 38 

2.4   Bismuth-based EDF for Optical Amplification and Nonlinear Devices ............ 43 

2.4.1   Optical Fiber Amplifiers ........................................................................ 44 

2.4.2   Background on the Bi-EDF .................................................................... 46 

2.4.3   Review on Previous Works Using a Bismuth Oxide Fiber .................... 52 

2.5   Background on the Fiber Lasers ........................................................................ 53 

2.6   Comparison of the SBS Effects in Various Types of Fibers .............................. 57 

REFERENCES  .......................................................................................................... 62 

 

CHAPTER 3 

CHARACTERIZATION OF BISMUTH-BASED ERBIUM DOPED 
FIBER AMPLIFIERS AND RAMAN AMPLIFICATION 

 

3.1    Introduction ....................................................................................................... 78   

3.2    Absorption and Emission Characteristics of the Bi-EDF ................................. 80 

3.3    Amplification Principle and Numerical Model of Bi-EDFA ............................ 82 

3.4    Gain and Noise Figure Performance of the Bi-EDFA ...................................... 86  

3.5    Gain Spectrum ................................................................................................... 90  

3.6    Characterization of C-band Bi-EDFA ............................................................... 93 

3.7    Characterization of L-band Bi-EDFA ............................................................... 102 

3.8    Double-pass Bi-EDFA ...................................................................................... 110  

3.9    Bi-EDFA with a Bidirectional Pumping ........................................................... 113 

3.10  Raman Amplification ........................................................................................ 117 

REFERENCES ........................................................................................................... 122 

  v



CHAPTER 4 

SINGLE AND MULTI-WAVELENGTH BISMUTH-BASED 
BRILLOUIN ERBIUM FIBER LASER  

 

4.1   Introduction ........................................................................................................ 126  

4.2   Single-wavelength BFL Using Bi-EDF in the Ring Cavity ............................... 128 

4.3   Multi-wavelength BEFL Configuration with a Linear Cavity ........................... 137 

4.4   New Configuration for the BEFL by Changing the Position of  
        the Output Coupler ............................................................................................. 141 
 
4.5   Multi-Wavelength BEFL in a Ring Configuration ............................................ 146 

4.6   Self-excited Multi-wavelength BEFL Using a PCF........................................... 155 

4.7   Incorporation Effect of SMF in a Linear BEFL Cavity Configuration .............. 157 

4.8   Enhanced Multi-Wavelength BEFL with a Flat Output Spectrum  ................... 161 

4.9   Multi-Wavelength BEFL with Assistance of Raman Amplification ................. 170 

REFERENCES ........................................................................................................... 175 

 

CHAPTER 5 

MULTI-WAVELENGTH BISMUTH ERBIUM DOPED FIBER LASER 
ASSISTED BY FOUR-WAVE MIXING EFFECT 

 

5.1   Introduction .......................................................................................................... 178   

5.2   FWM Effects in Open-loop Cavity System Using Various Gain Medium .......... 179 

5.3  Enhanced FWM Efficiency of Bi-EDF in a New Ring Configuration 
  for Determination of Nonlinear Parameters ........................................................ 187 
                                                                                                                                                                 
5.4   FWM-based Ring Laser Using 49cm of Bi-EDF for Multi-wavelength  

   Laser Generation  ............................................................................................... ..196 
 
5.5   FWM-based Bi-EDF Self-seed Multi-wavelength Laser in the Linear Cavity .. ..199 

5.6   Multi-wavelength Laser Generation with Bi-EDF in Extended L- band Region.204 

5.7 FWM-based Multi-wavelength Laser with Incorporation of PCF in Linear 

  vi



 Cavity Configuration ........................................................................................... 210 
 

REFERENCES ............................................................................................................. 217 

 

CHAPTER 6 

CONCLUSION AND FUTURE WORKS 

 

6.1   Conclusion ........................................................................................................... 220 

6.2   Future Works ........................................................................................................ 227 

 

APPENDIX A 

LIST OF PUBLICATIONS ................................................................................ ..228 

APPENDIX B 

SELECTED PAPERS .......................................................................................... ..231 

 

 

 

 

 

 

 

 

 

  vii



 

LIST OF FIGURES 

 

CHAPTER 1.   INTRODUCTION                                                      Page 

1.2   Methodology of research.................................................................................... 12 

 

CHAPTER  2.   LITERATURE REVIEWS ON NONLINEAR 
                           EFFECTS, AMPLIFICATION AND FIBER LASERS 

 
2.1   Light scattering by an induced dipole moment due to  an  incident  
        EM  wave [15]. ................................................................................................... 22 
 
2.2   Energy level diagrams  describing  (a)  Raman Stokes  scattering and  
        (b) Raman  anti- Stokes scattering. .................................................................... 23    
 
2.3   Spectrum of energy reradiated by stimulated Raman scattering [17] ................ .25 

2.4   Schematic diagram of the SBS process in an optical fiber ................................ .26 

2.5   Spectrum of reflected light from 2.15 m long Bi-EDF with input power of 
        150 mW and BP wavelength of 1615.8 nm. ......................................................  28 
  
2.6 FWM effects in case of partially degenerate (left) and  non-degenerate 
         (right)  [39]. .......................................................................................................  37 
 
2.7   Schematic diagram for a standard EDFA ........................................................... .45 

2.8   Typical Raman nonlinear optical amplifier configuration ................................. .46 

2.9   Illustration on the distribution of Erbium ions in Bismuth-based glass and 
         basic structure of Bismuth oxide [87] ............................................................... .48 
 
2.10  The cross-section picture of the Bi-EDF, provided by AGC. ......................... .48 

2.11   Angled splicing configuration between Bi-EDF and SMF. Silica fiber  
          angle (θ2) of 8.2◦ is optimum for Bismuth fiber angle (θ1) of 6◦ [89]. .............  49 
 
2.12   Experimental setup to observe the SBS effect. ................................................  58 

2.13  Optical spectrum of the Brillouin scattering effect in PCF, SMF, Bi-EDF 
         and DCF. ...........................................................................................................  61 

 
 

  viii



CHAPTER  3.  CHARACTERIZATION OF BISMUTH-BASED ERBIUM 
DOPED FIBER AMPLIFIERS AND RAMAN 
AMPLIFICATION 

 

3.1    Absorption and emission cross-section of Bi-EDF and Si-EDF. 
         (The Bismuth absorption cross-section is obtained from Asahi Glass Co.). 
         The calculated Bismuth emission curve coincides very well with the  
          measured curve [10]. ........................................................................................ 81 
 
3.2 Simplified energy-level diagrams and various transition processes of Er3+  
          ions in   silica [15] ............................................................................................ 83 
 

3.3  Energy level diagram of Er3+ and the relevant transitions [16]. ....................... 83 

3.4  Experimental setup for the forward pumped Bi-EDFA .................................... 87 

3.5 Variation of gain as a function of Bi-EDF’s length for three different input  
 signal wavelengths. ........................................................................................... 88 
 
3.6  Comparison of calculated gain and noise figure with experimental results  
 for the Bi-EDFA with 49 cm long Bi-EDF. ..................................................... 89 
 
3.7 Theoretical gain versus input signal wavelength and Bi-EDF’s length for  
 the Bi-EDFA. .................................................................................................... 90 
 
3.8  Comparison of the measured signal gain at input signal power of -30 dBm  
  between Si-EDFA and Bi-EDFA. The 1480 nm pump power is fixed at  
  100 mW. .......................................................................................................... 91 
 
3.9  Comparison of the measured noise figure at input signal power of  
 -30 dBm between Si-EDFA and Bi-EDFA. The 1480 nm pump power is 
  fixed at 100 mW. ............................................................................................. 92 
 
3.10  Fluorescence spectra of the C-band EDFA configured with 49 cm long  
  Bi-EDF for both forward and backward pumping scheme. The pump  
  power is fixed at150 mW. ................................................................................ 94 
 
3.11 Measured QCE and PCE spectra of the C-band Bi-EDFA at input signal 
 power of   0 dBm ............................................................................................ 96  
. 
3.12  Forward (a) Gain and (b) Noise figure as a function of input pump power 
  at a fixed signal wavelength of 1535 nm and 1555 nm. The input signal 
  power is fixed at -30 dBm ............................................................................... 98 
 
. 
3.13  Forward gain of one-stage 49cm Bi-EDFA as a function of different  
  wavelengths measured by scan method. The -30 dBm and 0 dBm as input  
  signal levels compared at fixed pump power of 150 mW ............................... .99 

 

  ix



3.14  Forward noise figure of one-stage Bi-EDFA as a function of  
  different wavelengths measured by scan method. The -30 dBm and  
  0 dBm as input signal levels compared at fixed pump power of 150 mW. ..... 100 
 

3.15  Configuration of the Bi-EDFA with the backward pumping scheme. ............ 100 

3.16  Gain and noise figure spectra of the backward pumped C-band Bi-EDFA  
at input signal powers of -30 dBm and 0 dBm. The 1480 nm pump 
power is fixed at 150 mW. ............................................................................. 101 
 

3.17  The forward and backward ASE spectrum from the Bi-EDFA with 215cm  
  long of gain medium and 160 mW of the 1480 nm pump power. ................... 103 
 
3.18   Measured QCE and PCE at 0 dBm input signal power from 1525 nm to  
  1570 nm for 215 cm of Bi-EDF. ...................................................................... 104 
 
3.19   Gain and noise figure as a function of input power at a fixed signal  
   wavelength of 1590 nm and 1610 nm ............................................................. 105 
 
3.20  Gain and noise figure against 1480 nm pump power at a fixed signal 
  wavelength of  1590 nm and 1610 nm. The input signal power is 
  fixed at -30 dBm. ............................................................................................. 107 

 

3.21  Gain and noise figure spectra of the forward pumped Bi-EDFA. ................... 108 

3.22  Gain and noise figure spectra of the backward pumped Bi-EDFA. ................ 109 

3.23  Configuration of the double-pass Bi-EDFA with a broadband FBG. ............. 110 

3.24  Gain spectra of the double-pass Bi-EDFA at different input signal powers of   
  -30 dBm and 0 dBm. Pump power is fixed at 150 mW. .................................. 111 
 

3.25  Noise figure spectra of the double-pass Bi-EDFA at different input signal 
  powers of -30 dBm and 0 dBm. Pump power is fixed at 150 mW. ................. 112 
 
3.26  Experiment setup for the bi-directional pumped Bi-EDFA. ............................ 114 

3.27  ASE spectrum of the bidirectional pumped Bi-EDFA. ................................... 115 

3.28  Gain and noise figure spectra of the bi-directional pumped Bi-EDFA  
  at input signal power of -30dBm. The total 1480 nm pump power is 
  240 mW. .......................................................................................................... 115 
 
3.29   Gain and noise figure as a function of input signal power for the  
  bi-directionally pumped Bi-EDFA. The signal wavelengths are fixed at  
  1560 nm and 1590 nm while the pump power for each pump is fixed at 
  120 mW. .......................................................................................................... 116 
 
3.29  Raman gain profiles for a 1510 nm pump in three different fiber types  
  x



  SMF, standard single mode fiber; DSF, dispersion shifted fiber; DCF, 
  dispersion compensating fiber [29]. ................................................................ 119 

 

3.31  Schematic diagram for optical Raman gain measurement .............................. 120 

3.32   The comparison of On–off Raman gain spectra for four types of fiber pieces 
  with input signal power of -3 dBm and pump power of 350 mW. .................. 121 
 

 

CHAPTER 4. SINGLE AND MULTI-WAVELENGTH BISMUTH-BASED 
BRILLOUIN ERBIUM FIBER LASER IN CAVITY 

  
 

4.1 Configuration of the proposed BEFL. .............................................................   129 

4.2    Free-running spectrum of three lengths of Bi-EDFA in 90/10 output coupler....130 

4.3  Output spectrum of the 215 cm Bi-EDF laser in different coupler ratio 
  (Without BP). ...................................................................................................   132 
 
4.4  The output spectrum of the ring BEFL at different output coupler ratios. .......   133 

4.5  Output spectra of the BFL Bi-EDF based at different power of 1480 nm pump 
   in 20% output. .................................................................................................   134 
 
4.6 The output spectrum of the BEFL at various BP wavelength using 80/20  
 output coupler. .................................................................................................   135 
 
4.7 Output spectra of the BFL based on Bi-EDF at different signal input  
  powers ............................................................................................................. . 136 
 
4.8  Configuration of the proposed multi-wavelength BEFL with a linear  
  cavity configuration. .........................................................................................   138 
 
4.9  Output spectrum of BEFL at different C2 coupling ratios. The laser diode  
 and BP powers are fixed at 155mWand 7dBm, respectively at room 
  temperature. .....................................................................................................   139 
 
4.10  Multi-wavelength spectra at different combination 1480 nm pump powers. 
  The BP power and wavelength is fixed at 5 dBm and 1615.6 nm, 
  respectively. .....................................................................................................   140 
 
4.11   Configuration of the proposed new BEFL with the output coupler placed 
    in the middle of linear cavity. .........................................................................   142 
 
4.12   The output spectra of the proposed BEFL at various 1480 nm pump powers... 144 

4.13  The comparison on output spectrum for different lengths of Bi-EDF. ...........    145 

  xi



4.14   Photonic Crystal Fibers Types, (a) Solid core PCF, (b) Hollow core PCF. ... 146 

4.15   The Scanning Electron Micrograph (SEM) of the PCF cross section  
  and an enlarged view of the central “holey” cladding. .................................. 147 
 
4.16   Configuration of multi-wavelength BFL. ...................................................... 148 

4.17    Free-running spectrum of the BEFL using 80/20, 90/10 and 95/5 couplers. . 150 

4.18   The BFL output spectrum for (a) 80/20 coupler, (b) 90/10 coupler and  
  (c) 95/5 coupler. Both pumps are at the same power for each output  
  coupling  ratio. .................................................................................................  151 
 
4.19   BFL output spectra with and without PC. .......................................................  153 

4.20    Output peak power as a function of 1480 nm total pump powers. Inset shows 
   the peak power against BP power. ..................................................................  154 
 
4.21    The BFL output spectrum of ring cavity resonator. ........................................  155 

4.22    The output spectrum of the BEFL using PCF and sagnac loop filter. ............  156 

4.23    The output spectrum of the BEFL using PCF with different pump power. ....  157 

4.24    Configuration of the BEFL with a linear cavity. ............................................  158 

4.25   The output spectra of three types gain media in port A. .................................  159 

4.26  The comparison of output spectra of the BEFL with (a) PCF, (b) SMF at  
  different output ports. ......................................................................................  160 
 

4.27   Output power against BP power for the BEFLs configured with and without  
 SMF. ...............................................................................................................  161 
 
4.28   Experimental configuration of the proposed linear cavity BEFL. ...................  163 

4.29   Free-running spectrum of the BEFL (without BP). The powers of P1 and  
  P2 are fixed at 120 mW. ..................................................................................  164 
 

4.30   Output spectrum of BEFL at different C2 coupling ratios. The P1, P2  
  And BP powers are fixed at 120 mW, 120 mW and 7 dBm, respectively. .....  165 
 
4.31  Multi-wavelength spectra at different combination 1480nm pump powers. 
 The BP power and wavelength is fixed at 7dBm and 1569.0 nm, respectively.  
 (a) P1 = P2 =120 mW, (b) P1 = P2 =105 mW, (c) P1 =60 mW, P2 = 100 mW 
  And (d) P1 =105 mW, P2 = 60 mW. ...............................................................  166 
 

4.32   Number of BEFL lines against BP wavelength at different injected BP  
  power. Both the P1 and P2 pump powers are fixed at 120 mW. .....................  168 

  xii



 
4.33   BEFL output spectra at BP wavelength of 1568.2nm and BP power of 5 dBm.169 

4.34   Experimental setup for multi-wavelength comb generation based  
  Bi-EDF………………………………………………………………………....170 
 
4.35   The multi-wavelength comb generation that includes and excludes Raman  
  pump for the proposed BFL. Inset shows the comb spectrum for the  
  BFL configured ithout the FBG. ......................................................................   172 
 
4.36 (a) The number of lines and (b) flat amplitude bandwidth against the  

 Injected BP wavelengths at various BP powers. ..............................................   174 
 
 
 
 
CHAPTER 5.    MULTI-WAVELENGTH BISMUTH ERBIUM DOPED 

FIBER LASER ASSISTED BY FOUR-WAVE MIXING 
EFFECT 

 

5.1 Experimental setup for the observation of FWM induced sidebands in  
  different fibers under test. ............................................................................................................ 180 
 

5.2 A comparison of dual-wavelength output spectrum at 0.5nm spacing of  
         49 cm and 215 cm Bi-EDF in C- and L- band region, respectively. ................. 181 
 
5.3 Optical spectra obtained from the different spacing-tunable 
         dual-wavelength source using SMF, PCF and Bismuth. .................................. 183 

 

5.4   A comparison of idler output power of three fibers as a function of  
         wavelength spacing. .......................................................................................... 184 
 
5.5 Ratio of idler power to input signal power as a function of the different  
         spacing wavelength signals. .............................................................................. 185 
 
5.6 Measured optical spectrum in 0.5 nm spacing between two signals. ............... 186 

5.7  The ratio of the idler power to the signal power as a function of wavelength  
         for the system configured with and without the PCF. ....................................... 187 
 
5.8  Experimental setup based on CW dual-wavelength method in ring Bi-EDF  
         laser configurations. .......................................................................................... 189 
 

5.9  Output spectrum of the CW FWM method in ring based only Bi-EDF,  
          spacing between two signals (1612nm and 1613nm) is 1nm. .......................... 190 
 
5.10  Measured ratio of the idler power to the first signal power as a function  
          of  wavelength in the two design based Bi-EDF. ............................................. 193 
 

  xiii



5.11   FWM efficiency as a function of fiber length. Inset shows that nonlinear  
          phase shift as a function of input power........................................................... 196 
 

5.12   Proposed configuration of ring cavity based Bi-EDF. ..................................... 197 

5.13   The output spectrum of the Bi-EDF laser (a) without and (b) with the PCF 
          at 150 mW pump power from 1480 nm laser source. ...................................... 198 
 
5.14  Experimental set-up for the proposed a Bi-EDF based multi-wavelength   
  laser. ................................................................................................................. 199 
 
5.15   Output spectrum of the proposed Bi-EDF based multi-wavelength 
           Laser at different output ports. ........................................................................ 200 
 
5.16   Output spectrum of the proposed Bi-EDF based multi-wavelength laser at 
          1480 nm of different  pump powers. ................................................................ 202 
 
5.17   Peak powers of 5 middle lines of the output comb against 1480 nm pump  
          power at (a) Port A and (b) Port B. .................................................................. 203 

 
5.18   Experimental set-up for the proposed a Bi-EDF based multi-wavelength  
          ring laser. .......................................................................................................... 205 
 
5.19   Output spectrum of the proposed Bi-EDF based multi-wavelength ring 
          Laser at different 1480 nm pump powers. ....................................................... 207 
  
5.20  The output spectrum when the polarization is un-optimized. .......................... 207 

5.21  Peak power against pump power of the 1480 nm laser diode for first 4 lines 
         In the multi-wavelength laser spectrum. ........................................................... 208 
 
5.22  Multi-wavelength spectra of the ring laser with incorporation of PCF at  
         different 1480nm pump powers. ....................................................................... 209
  
5.23  Experimental FWM setup for the proposed PCF-based multi-wavelength  
 laser. .................................................................................................................. 211
  
5.24  The output spectrum of the multi-wavelength laser at different coupling 
          ratios of C2. ...................................................................................................... 213
  
5.25  Multi-wavelength spectra 80/20 coupler at different combination 1480 nm  
         pump  powers, P1=P2 (mW) at the same time. ................................................. 214 
 
5.26  Schematic of degenerate FWM effect. ............................................................. 215 

5.27  Conservation of multi-wavelength energy in different pump power of  
         BP at 1583.75 nm signal and 80/20 output coupler ratio. ................................. 216 

 

 

  xiv



LIST OF TABLES 

 
CHAPTER  2.   LITERATURE REVIEWS ON NONLINEAR 

EFFECTS, AMPLIFICATION AND FIBER LASERS 
 

2.1 The Bi-EDF parameters (at operating wavelength of 1.55 μm) ....................... 51 

2.2    Physical fiber parameters .................................................................................. 60 

 
LIST OF ABBREVIATIONS 

 
Aeff  Effective Area 

ASE                Amplified Spontaneous Emission 

BEFL             Brillouin Erbium Fiber Laser 

BFL  Brillouin Fiber Laser 

Bi-EDF Bismuth-Based Erbium Doped Fiber 

Bi-EDFA Bismuth-Based Erbium Doped Fiber Amplifier 

BP  Brillouin Pump 

BRFL   Brillouin Raman Fiber Laser(s) 

BS  Brillouin Stokes 

XPM  Cross-Phase Modulation 

CW  Continuous Wave 

dB                   Decibel 

dBm                Decibels above/below one milliwatt 

DCF  Dispersion Compensating Fiber 

DSF  Dispersion Shifted Fiber 

DWDM Dense Wavelength Division Multiplexing 

EDF  Erbium Doped Fiber 

EDFA   Erbium Doped Fiber Amplifier 

ESA                Excited  State Absorption 

FP                   Fabry-Perot 
  xv



FBG  Fiber Bragg Grating 

FWHM Full Width at Half Maximum 

FWM  Four-Wave Mixing 

GVD               Group Velocity Dispersion 

HNLF             Highly Nonlinear Fiber 

IR                    Infra-Red 

ITU             International Telecommunications Union 

IWDM   Isolator Wavelength Division Multiplexing 

LD                   Laser Diode 

LASER           Light Amplification by the Stimulated Emission of Radiation 

LED                Light Emitting diode 

Leff  Effective Length 

LS  Laser Source 

MFD              Mode Field Diameter 

MBEFL Multi-wavelength BEFL 

MBFL              Multi-wavelength BFL 

MBRFL Multi-wavelength BRFL 

NA                  Numerical Aperture 

NOA               Nonlinear Optical Amplifier 

NOLM           Non-Linear Optical Loop Mirror 

OC  Optical Circulator 

OPO               Optical Parametric Oscillation 

OSA  Optical Spectrum Analyzer 

PC Polarization Controller 

PCE                Power Conversion Efficiency  

PCF Photonic Crystal Fiber 

PMD               Polarisation Mode Dispersion 

PMF                Polarization Maintaining Fiber 

Pth  Threshold Power 

QCE                Quantum Conversion Efficiency 

REDFA          Rare-Earth Doped Fibre Amplifier 
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RF  Radio Frequency 

RS  Raman Stokes 

RP  Raman Pump 

RI                    Refractive Index 

SBS  Stimulated Brillouin Scattering 

SRS                Stimulated Raman Scattering 

SMF  Single-Mode Fiber 

SMSR  Side-Mode Suppression Ratio 

SNR  Signal to Noise Ratio 

SOA  Semiconductor Optical Amplifier 

SPM  Self-Phase Modulation 

TLS  Tunable Laser Source 

UV                  Ultra-Violet 

VOA             Variable optical attenuator 

WDM             Wavelength Division Multiplexing 

WSC               Wave Selective Coupler                 

XPM               Cross Phase Modulation 

ZDW               Zero-dispersion wavelength 

  

 

 

 


