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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in 
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Chairman: Assoc iate  Professor Mohamad Khazani Abdullah, Ph.D. 

Faculty: Engineering 

Erbium doped fiber amplifiers and lasers have a great impact on optical 

communication due to their ideal advantages for the compensation of light 

energy during transmission through the fiber optic systems. This has been 

the focus of many research groups. Replacing the bottleneck electronic 

amplifier by the optical amplifier, a great improvement is made for the optical 

communication systems. 

New configurations have been conceived and realized in this thesis. They 

have shown a great enhancement in amplifier and laser performance 

parameters. Several new configurations, for example double pass with filter 

which also supports multiple wavelengths, have been demonstrated and 

investigated. 

The design and performance parameters of the new configurations are 

thoroughly characterized, showing an improvement in gain, noise figure, 
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output power flatness efficiency and side mode suppression ratio. 

Enhancement of results has been experimentally demonstrated, where a 

higher gain (56dB) and flat output power (<0.7dB), a higher signal to noise 

ratio (77dB) and a higher efficiency (22%) are demonstrated. 
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Abstrak tesis yang dikemukakan kepada senat Universiti Putra Malaysia 
sebagai memenuhi keperluan untuk ijazah Doctor Falsafah 

MEREKACIPTA DAN MENGANALISA PEMBESAR FIBER TERDOPAN 
ERBIUM DAN LASER 

Oleh 

BELLOUI BOUZID 

April 2004 

Pengerusi: Profesor Madya Mohd. Khazani Abdullah, Ph.D. 

Fakulti: Kejuruteraan 

Pengganda gentian pendopan Erbium (EDFA) dan laser mempunyai impak 

yang besar di dalam komukasi optik kerana kebaikannya yang dapat 

mengantikan tenaga cahaya semasa penghantaran melalui sistem gentian 

optik. Perkara ini telah difokuskan oleh banyak kumpulan penyelidikan. 

Dengan mengantikan pengganda elektronik dengan pengganda optikal, 

suatu penambahbaikan yang besar telah dapat dibuat di dalarn sistem 

komukasi optik. 

Suatu konfigurasi baru telah di perkenalkan dan telah di realisasikan di 

dalam tesis ini. Dimana ianya merupakan suatu peningkatan yang besar 

didalam parameter prestasi pengganda dan laser. Beberapa konfigurasi baru 

tersebut adalah seperti double pass dengan penapis yang mana juga boleh 

menambung multiwavelength telah di analisa dan direalisasikan. Daripada 

parameter rekabentuk dan prestasi bagi konfigurasi yang baru ini telah 
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U a b  t i  k . ~ t  A tGi,dY$lA 

dikaji dan dianalisa dan ianya menunjukan peningkatan didalam gandaan, 

tahap kebisingan, kecekapan kuasa keluaran mendatar dan SMSR. 

Keputusan yang menunjukkan peningkatan ini telah di tunjukan secara 

amali, dimana gandaan yang tinggi (56dB) dan keluaran kuasa 

mendatar(<0.7dB), mempunyai kadar isyarat kebisingan yang tinggi (77dB) 

dan kecekapaan yang tinggi (22%). 

© C
OPYRIG

HT U
PM



ACKNOWLEGMENTS 

Praise be to ALLAH the greatest, who has said: 

"upnkrs~ w ~ ~ & i c ) . y 9  DJ& LJLG 

First and foremost, I wish to express my deepest gratitude to my Associate 

Professor Dr Mohd Khazani Abdullah. I feel fortunate to have him as my 

adviser. His way of thinking, along with his brilliant ideas, deeply affects my 

thoughts on the scientific research. This work was possible because of his 

constant stimulation, keen vision and full support. I feel honored to have 

been a part of his research group for the past three years and I am sure that 

his example as both a teacher and a scientist will continue to inspire me and 

his future students. 

I am also very grateful to Associate Professor Dr. Adzir Mahdi for sharing his 

years of experience and for his excellent collaboration. His inspiring 

discussion and valuable advice have made a good contribution to this thesis. 

My special thanks go to all other members of photonic group, past and 

present, who helped me make my Ph.D. pursuit enjoyable and rewarding. My 

deepest appreciation is extended to my supervisory committee members: 

Professor Dr. Burhanuddin Mohd. Ali, Prof. Dr. Sahbudin Hj Shaari and 

Associate Professor Dr. Kaharudin Dimyati. Also many thanks to follow Ph.D. 

Students: Malik, Suhairi, Zaini, Mohamed, and Master's students that I have 
© C

OPYRIG
HT U

PM



worked with: Aiman, Amang, Latif, Fairuz, Mohammed, Sham, Mansori and 

Tariq. Most of all, my deepest gratitude goes to my parents and my family for 

their unconditional patience, support and encouragement throughout the 

many years. 

vii 

© C
OPYRIG

HT U
PM



TABLE OF CONTENTS 

Page 

DEDICATION 
ABSTRACT 
ABSTRAK 
ACKNOWLEDGEMENTS 
APPROVAL 
DECLARATION 
LIST OF TABLES 
LIST OF FIGURES 
LIST OF ABBREVIATION 

CHAPTER 

INTRODUCTION 
1.1 Introduction 
1.2 Statement of Problem and Motivation 
1.3 Scope of Works 
1.4 Objectives 
1.5 Organization of Thesis 

2 THEORETICAL BACKGROUND 
2.1 Introduction 
2.2 EDFA Fundamentals 

i . . 
11 

iv 
v 
vi 
vii 
xi 
xii 
XX 

A Brief History of Communication 
and EDFA Breakthrough 
Rare Earth and Fundamental Theory of 
Er3+ Ions in Solids 
Pump Power 
Fundamentals of Gain and Noise Figure 
2.2.4.1 Gain 
2.2.4.2 Noise Figure 
Amplified Spontaneous Emission 
Bit-Error Rate and Receiver Sensitivity 
Modeling of Light Amplification in 
Erbium-Doped Single-Mode Fiber 2.17 
2.2.7.1 Atomic Rate Equations For Three-Level 

Laser System 2.19 
2.2.7.2 Atomic rate Equations In Stark Split 

Amplifier System 2.2 1 
2.3 EDFL Fundamentals 

2.3.1 Historical Overview of Fiber Laser 
2.3.2 Threshold and Output Power 
2.3.3 Slope Efficiency 
2.3.4 Spectral Width 

© C
OPYRIG

HT U
PM



2.3.5 TuningRange 
2.3.6 Side Mode Suppression Ratio (SMSR) 
2.3.7 Longitudinal Mode Operation of Fiber Lasers 

EDFA AND EDFL: CRITICAL REVIEW 
3.1 Introduction 3.1 
3.2 A Critical Review of Erbium Doped Fiber Amplifier 3.2 

3.2.1 Critical Review of Gain and Noise Figure 3.2 
3.2.2 Critical Review of Materials 3.9 
3.2.3 Critical Review of Flattening and Bandwidth 3.12 

3.3 A Critical Review of Erbium Doped Fiber Laser 3.16 
3.3.1 - CR of Power, Narrow Linewidth and Efficiency 3.17 
3.3.2 Critical Review of Bismuth Based EDF 3.19 
3.3.3 Critical Review of Flattening, Tunability and SMSR 3.20 

3.4 A Critical Review of the Designs of EDFA and EDFL 3.24 
3.4.1 SPSS and SPDS 3.25 
3.4.2 DPSS and DPDS 3 .27 
3.4.3 DP for Broadband Amplifier 3.28 
3.4.4 Erbium Doped Fiber Ring Laser 3.30 
3.4.5 Erbium Doped Fiber Linear Cavity Laser 3.3 1 

EDFA EXPERIMENTAL RESULTS (I): ANALYSIS AND DISCUSSION 
OF SINGLE PASS CONFIGURATIONS 4.1 
4.1 Introduction 4.1 
4.2 Major Equipments 4.2 

4.2.1 Optical Spectrum Analyzer (OSA) 4.2 
4.2.2 Laser Diode Controller 980nm and 1480nm (LDC) 4.2 
4.2.3 Tunable Laser Source (TLS) 4.3 
4.2.4 Related Fiber Laser and Amplifier Components 4.4 

4.2.4.1 EDF as Active Medium and Splicer 4.4 
4.2.4.2 WDMandDWDMMux/Demuxcoupler 4.5 
4.2.4.3 Optical Circulators 4.6 
4.2.4.4 Optical Filters 4.6 

4.3 Bi-EDFA Using SPSS 4.7 
4.3.1 FW, BW and BI Pumping of ASE 4.8 
4.3.2 FW, BW and BI Pumping of Gain and NF 4.9 

4.4 Si-EDFA Using SP Configuration 4.15 
4.4.1 FW, BW and BI Pumping of ASE 4.15 
4.4.2 FW, BW and BI Pumping of Gain and NF 4.20 

4.5 EDFA Using DSSP with Bi-EDFA and Si-EDFA 4.24 
4.5.1 ASE in DS Si-EDF and Bi-EDF 4.25 
4.5.2 Flattening Analysis in DS Si-EDF and Bi-EDF 4.27 

xii 

© C
OPYRIG

HT U
PM



EDFA EXPERIMENTAL RESULTS(I1): ANALYSIS AND DISCUSSION 
OF DOUBLE PASS CONFIGURATIONS 5.1 
5.1 Introduction 5.1 
5.2 Si-EDFA Using Double Pass Single Stage 5.2 

5.2.1 Si-EDFA Using DPSS With and Without TBF 5.2 
5.2.1.1 Gain and NF Analysis 5.4 
5.2.1.2 BERAnalysis 5.6 
5.2.1.3 Output Power Analysis 5.9 

5.2.2 Si-EDFA Using DPSS With and Without Mux/Dmux 5.10 
5.2.2.1 Gain and NF Analysis 5.14 
5.2.2.2 SNR Analysis 5.16 

5.2.3 Si-EDFA Using DPSS for Wide Broadband Amplifier 5.16 
5.2.3.1 Gain Analysis 
5.2.3.2 Output Power Analysis 

5.3 Si-EDFA Using DPDS Forward Pumping 
5.3.1 Si-EDFA Using DSDP With and Without Filters 

5.3.1.1 Gain and Noise Figure Analysis 
5.3.1.2 Sensitivity Analysis of DPDS 

5.3.2 Si-EDF Using DSDP With and Without 
Mux/Dmux Filters 
5.3.2.1 Gain and N F  Analysis 

5.4 Si-EDFA Using DSDP Bi-directional Pumping With Filters 
5.4.1 Gain and NF Analysis 
5.4.2 Gain and Output Power Analysis 

EDFL EXPERIMENTAL RESULTS: ANALYSIS AND DISCUSSION 6.1 
6.1 Introduction 6.1 
6.2 EDFL Utilizing Bi-EDF 6.2 

6.2.1 Bi-EDF Utilizing FRL 6.2 
6.2.1.1 Output Power and SMSR Analysis 6.3 

6.3 EDFL Utilizing Si-EDF 6.8 
6.3.1 Si-EDF Utilizing FRL 6.8 

6.3.1.1 Output Power and SMSR Analysis 6.10 
6.3.1.2 Tuning Range Analysis 6.13 

6.3.2 Si-EDFL Utilizing FLM in a LC BI Pumping with SW 6.14 
6.3.2.1 Flat Output Power and SMSR Analysis 6.15 

6.3.3 Si-EDF Utilizing FLM in LC FW Pumping with SW 6.18 
6.3.3.1 Output Power and Efficiency Analysis 6.19 
6.3.3.2 Tuning Range Analysis 6.2 1 

6.3.4 Si-EDF Utilizing FLM in a LC With DW 6.23 
6.3.4.1 Dual-Wavelength Flattening Analysis 6.24 
6.3.4.2 SMSR Analysis 6.26 

. . . 
X l l l  

© C
OPYRIG

HT U
PM



CONCLUSION 
7.1 Conclusion 
7.1 Future Work 

REFERENCES 
APPENDICES 
BIODATA OF THE AUTHOR 
PUBLICATION 

xiv 

© C
OPYRIG

HT U
PM



LIST OF TABLES 

Figure 

3.1 EDFA properties and performance. 

3.2 Compactness influenced by concentration and materials. 

Page 

3.3 Comparison table showing the Gain, NF, output power and t ~ n i n g ~ . ~ ~  
range of the published report and the results found in the thesis. 

3.4 Comparison table showing the output power, efficiency, tuning 
range and flatness of the published report and the results found 3.33 
in the thesis. 

4.3 Specifications of the EDF Used in this thesis. 

4.3 Comparison specification using two active medium 
Si-EDF and Bi-EDF. 

© C
OPYRIG

HT U
PM



LIST OF FIGURES 

Figure 
Page 

Diagram of the experimental scheme shows: EDFA: erbium doped 
fiber amplifier; Bi-EDF: bismuth based EDF; Si-EDF: silica based 
EDF; SPSS: single pass single stage; SPDS: single pass dual-stage; 
DP: double pass; DSDP: dual stage double pass; TBF: tunable band 
pass filter and DWDM: dense wavelength division multiplexer. 

Diagram illustrating the different schemes followed in the 
experimental demonstration of the laser phenomenon where; Bi-EDF: 
bismuth based erbium doped fiber, Si-EDF: silica based erbium doped 
fiber, FRL: fiber ring laser, LCFL: linear cavity fiber loop, DW: dual- 12 
wavelength. SW: single wavelength. 

Experimental results of absorption cross-section vs wavelength of Er3+ 
ion. 2.5 

Schematic representation of the energy diagram without and with 
electron-host interaction. 2.6 

Schematic representation shows the diagram of the three energy 2-20 
levels. 

2.4 Schematic representation shows the diagram of the energy levels with 
stark split manifolds. 2.2 1 

2.5 Experimental output power against pumping power a t  40% and 90% 
output reflectivities. 2.26 

2.6 Spectrum shows the laser output power vs the wavelength of the 
spectral width. 2.28 

2.7 Experimental spectrum of optical signal showing the SMSR 
measurement. 2.3 1 

3.1 ASE in single mode erbium doped fiber. 

3.2 Dual-stage single pass EDFA using Si-EDF for the first stage and Bi- 
EDF for the second stage. 3.26 

3.3 Single stage bi-directional EDFA using bismuth as a host. 

3.4 The output ASE spectrum of the single pass configuration. 

xvi 

© C
OPYRIG

HT U
PM



Experimental configuration of the broadband EDFA using double pass 
amplification. 3.29 

The output ASE spectrum of the double pass configuration. 

Experimental configuration of ring laser. 

Experimental configuration of erbium doped fiber ring laser cavity 
used for dual wavelengths (classical configuration). 3.3 1 

Diagram of the experimental scheme shows: EDFA: erbium doped 
fiber amplifier; Bi-EDF: bismuth based EDF; Si-EDF: silica based 
EDF; SPSS: single pass single stage; SPDS: single pass dual-stage. 4.1 

Experimental configuration of the bi-directional pumping of Bi- EDF 4.8 

FW, BW and BI pumping of the ASE. 

Experimental net gain and NF versus pumping power for input signal 
power Pin = -10 dBm obtained using the FW, BW and Bi-directional 
pumping. 4.10 

Experimental net gain and NF versus input pumping power for input 
signal power Pin= -10 dBm at h= 1550 nm using bi-directional 
pumping (BI). 4.11 

4.6 Experimental net gain vs pumping power for input signal power Pin = - 

10 dBm obtained at  two different wavelengths with different 4-12 
configurations. 

4.7 Experimental net gain vs output power for input signal power Pin = - 
10 dBm obtained at  two wavelengths h = 1530 nm (o), h= 1540 nm 
and h= 1560 nm (A). 4.13 

4.8 Experimental net gain vs signal wavelength a t  different pumping 
power at  h= 1550 nm with Pin = -10 using bi-directional pumping (BI). 4.14 

4.9 Bi-directional, backward, and forward pumping with input signal 
power Pin = -12dBm. 4.15 

4.10 Bi-directional pumping using input signal power Psi, = -10dBm and 
pumping power P,I =P,2= 130 mW with h = 1532 nm. 4.14 

4.11 The bi-directional pumping (a) forward pumping (b) and backward 
pumping (c. 4.16 

xvii 

© C
OPYRIG

HT U
PM



4.12 Forward pumping with and without input power signal. 

5.13 Backward pumping with and without input signal. 

4.14 ASE spectrum forward and backward pumping. 

4.15 Signal input without pumping. 

4.16 Forward, backward and bi-directional pumping with input signal 
power. 4.2 1 

4.17 Experimental gain and NF vs pumping power at  -12dBm input signal 
power and at  different wavelength. 4.22 

4.18 Experimental output power and NF vs the pump power at  -12 dBm 
input signal power and at  different wavelengths. 4.23 

4.19 Optimum pump position for single pass amplifier at  - 10dBm input 
signal power. 4.24 

4.20 Experimental gain vs input signal wavelength a t  different pumping 
power at -10dBm input signal power. 4.24 

4.21 Experimental measure of the net gain against the output power at - 
lOdBm input signal power. 4.25 

4.22 Experimental configuration of SPDS-EDF amplifier. 

4.23 Configuration showing the different power which existed in the 4.27 
system. 

4.24 ASE of the Si-EDF and signal filtered after the first stage. 

4.25 ASE flattened and signal filtered of SPDS-EDF. 

4.26 Configuration showing the different power existed in the systems. 

4.27 ASE flattened and signal filtered of DS-EDF the pump power P+,2 = 

PPp2 = 30 mW and the P-,I = 124 mW. 

4.28 ASE flattened and signal filtered of DS-EDF power P+,z = P-,2 = 60 
mW and the P-,I = 124 mW. 

4.29 ASE flattened and signal filtered of DS-EDF by decreasing the pump 
in the first stage. 4.3 1 

xviii 

© C
OPYRIG

HT U
PM



Diagram of the experimental scheme shows: EDFA: erbium doped 
fiber amplifier; DP: double pass; DSDP: dual stage double Pass; DPSS: 
double Pass single stage; TBF: tunable band pass filter and DWDM: 
dense wavelength division multiplexer. 5.1 

Experimental configuration showing the Double Pass Technique 
(a)with Filter, DPF for single wavelength applications and (b) with 
DWDM Mux/Demux to support DWDM systems. 5.3 

Experimental gain and noise figure versus input Pumping power using 
DPF and DPOF a t  h= 1550nm. 5.5 

Experimental gain and noise figure versus input signal power using 
DPF and DPOF a t  A= 1550nm. 5.6 

(a) Diagram block of the set-up for the BER measurement. (b) BER 
measurement using the DPF. 5.7 

Four channels before and after amplification a t  100 mW pumping 
power. 5.8 

Experimental results of output power vs input signal power at 
different pumping power. 5.9 

Experimental results of output power vs pumping power at  different 
input signal power. 5.10 

5.9 Experimental configuration showing the Double Pass Technique (a) 
with the MUXIDMUX Filter, DPM for four wavelength applications (b) 
without the MUX/DMUX Filter, DPOM for four wavelength 
applications. 5.12 

5.10 Experimental gain versus input pumping power using DPM DPOM at 
Pin = -50 dBm. 5.13 

5.11 Experimental noise figure versus input pumping power using DPM 
and DPOM at Pin = -50 dBm. 5.13 

5.12 Experimental gain versus input signal power using DPM and DPOM at 
Pin = -50 dBm. 5.15 

5.13 Experimental noise figure versus input signal power using DPM and 
DPOM at Pin = -50 dBm. 5.15 

5.14 Experimental SNR versus wavelength using DPM and DPOM at Pin = - 
50 dBm. 5.16 

xix 

© C
OPYRIG

HT U
PM



(a) Experimental configuration of the broad band using double pass 
amplification. (b)Experimental configuration of the broad band using 
single pass amplification. 

Comparison of Experiment gain vs wavelength between 
technique. 

Comparison of Experiment output power vs wavelength 
and SP technique. 

Comparison of Experiment SNR vs wavelength between 
technique. 

DP and SP 
5.19 

between DP 
5.20 

DP and SP 
5.2 1 

Experimental configuration of the DSDP amplifier: (a) with tunable 
bandpass filters, (b) without bandpass filters. 5.22 

Experimental gain against pump power a t  signal wavelength of 
1550nm obtained using the DSDP amplifier with filters and without 
filters . 5.24 

Experimental noise figure against pump power a t  signal wavelength 
of 1550nm obtained using the DSDP amplifier with filters and 
without filters. 5.25 

5.22 Saturation behaviors of gain and noise figure against signal power at  
signal wavelength of 1550nm obtained using the DSDP amplifier with 
filters and without filters. 5.26 

5.23 Experimental configuration of the DSDP amplifier with tunable 
bandpass filters. 5.28 

5.24 Spectrum of the signal at 1535nm before and after the proposed 
amplifier at  90 mW pump power for each stage. 5.29 

5.25 Experimental gain and N F  against wavelength of the DSDP amplifier 
with tunable bandpass filters at  90mW pumping power. 

5.26 Experimental BER versus input signal power of the DSDP amplifier 
using STM- 1 at h = 1554nm. 

5.27 Spectrum of the signal at 1550nm showing the influence of the 
increase of the input signal power with 3dB from -50 dBm at the back 
graph to OdBm at the front. 5.3 1 © C

OPYRIG
HT U

PM



5.28 Experimental configuration showing the dual-stage double pass 
technique (a) with the MUX/DMUX Filters, DPM and (b) without the 
MUX/DMUX Filters, DPOM for four wavelength applications. 5.33 

5.29 Experimental gain versus input pumping power using the DSDPM and 
the DSDPO at Pin = -50 dBm. 5.36 

5.30 Experimental noise figure versus input pumping power using the 
DSDPM and the DSDPO at Pin = -50 dBm. 5.36 

5.3 1 Experimental gain versus input signal power using the DPM and the 
DPOM at Pin = -SO dBm. 

5.37 

5.32 Experimental noise figure versus input signal power using the DPM 
and the DPOM at  Pin = -50 dBm. 5.38 

5.33 Experimental SNR versus wavelength using the DPM and the DPOM 
at Pin = -50 dBm. 5.38 

5.34 Experimental configuration of the DSDPF. 

5.35 Experimental gain and noise figure against pumping power at  h= 1550 5.41 
nm obtained using the DSDPF. 

5.36 Experimental gain against output signal power a t  h= 1550 nm 
obtained using the DSDPF. 

5.42 

5.37 Experimental gain and output signal power against input signal power 
at h = 1550 nm obtained using the DSDPF. 5.43 

5.38 Experimental gain and noise figure against pumping power at  h= 
1550nm obtained using the DSDPF. 5.43 

5.39 Experimental gain and noise figure against input signal power at  h= 
1550nm obtained using the DSDPF. 5.43 

6.1 Diagram illustrating the different schemes followed in the 
experimental demonstration of the laser phenomenon where; Bi-EDF: 
: Bismuth based EDF, Si-EDF: Silica based EDF, FRL: fiber ring laser, 
LCFL: linear cavity fiber laser, SW: single wavelength, DW: dual- 
wavelength. 6.1 

6.2 Setup of the fiber ring laser configuration. 

6.3 Experimental results of peak power Vs pump power of Bi-EDF. 
6.4 Experimental results of peak power vs reflectivity of Bi-EDF. 

xxi 

© C
OPYRIG

HT U
PM



Experimental results of SMSR vs wavelength of Bi-EDF. 6.5 

Experimental results of peak power against Wavelength of Bi-EDFL. 6.6 

Experimental results of SMSR against Pump Power of Bi-EDFL. 6.6 

Experimental results of SMSR against Reflectivity of Bi-EDF. 6.7 

Experimental setup of the Er-doped fiber ring laser. 6.8 

Tuning characteristics of the EDF Ring laser. 

Output power against peak power using different coupling ratio 6.9 
values. 

Output power against reflectivity using different pumping power 6 
values. 

Experimental results of SMSR against wavelength using different 
reflectivity. 6.11 

Experimental results of SMSR against the reflectivity using different 
pumping power at  h = 1554nm. 6.12 

Experimental results of SMSR against pumping power a t  h = 1554nm. 6.12 

6.16 Tuning range against pumping power at  h = 1554nm. 

6.17 Output spectra for laser wavelength between 1528 nm and 
1563 nm. 

6.18 Architecture of erbium-doped fiber laser employing fiber loop mirrors 
embedded with a tunable bandpass filter. 6.15 

6.19 Experimental output power at  1550nm lasing wavelength against 
reflectivity at  different pump powers per 980nm laser diode. 6.16 

6.20 Output power and SMSR against lasing wavelength a t  different pump 
powers per 980nm laser diode. 6.17 

6.21 Output spectrum of the proposed laser system at 1530nm and 
1550nm with OSA resolution bandwidth of 0. lnm. 

6.22 Architecture of a linear cavity erbium-doped fiber laser employing 
fiber loop mirrors with an embedded tunable bandpass filter. 6.20 

xxii 

© C
OPYRIG

HT U
PM



6.23 Experimental laser output power against pump power at  different 
reflectivities at  1550nm lasing wavelength. 6.20 

6.24 Output power as function of lasing wavelength a t  different pump 
powers. 6.2 1 

6.25 Tuning characteristics of the proposed laser system from 1525nm and 
1565nm with a n  OSA resolution bandwidth of 0. lnm. 6.22 

6.26 Configuration of the dual wavelength bi-directional pumped dumbbell 
EDFL. 6.24 

6.25 6.27 OSA spectrum of the laser output. 

6.28 Characteristic curves of the system. 

6.29 The characteristic curves of the SMSR vs. pump power. 

xxiii 

© C
OPYRIG

HT U
PM




