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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment 

of the requirement for the degree of Doctor of Philosophy 

 

TUNABLE MULTIWAVELENGTH BRILLOUIN ERBIUM FIBER LASER 

DESIGNS FOR HIGH CAPACITY OPTICAL COMMUNICATION SYSTEM 

 

By 

 

ABDULMOGHNI ALI WAZA'A AL-ALIMI 

 

JULY 2014 

 

CHAIRMAN: MOHD HANIF YAACOB, PhD 

Faculty: Engineering 

 

This work presents the design and development of a single laser source for multiple 

wavelengths generation in C-band transmission window to meet the demand from 

optical communication systems for high transmission rate. The single laser source 

consists of Brillouin and erbium doped fiber (EDF) gain mediums. The combination 

of stimulated Brillouin scattering (SBS) effect and EDF gain medium in the same 

laser cavity forms Brillouin erbium fiber laser (BEFL). The effect of SBS inside an 

optical fiber is used to initialize Stokes lines and the EDF gain medium is used to 

compensate the cavity loss as well as to enhance the BEFL performance.  

 

Based on the Brillouin-erbium combination, four novel laser configurations have 

been designed, namely BEFL with nonlinear fiber loop mirror (NOLM), with single 

pass amplified Brillouin pump (BP) power, with double pass post-amplified BP 

power and with virtual mirror. These configurations were developed to overcome 

substantial limitations in the existing BEFL system. 

 

One of the limitations of the conventional BEFL is the requirement for high 

threshold power to generate the first Stokes line and the requirement of high EDF 

pump power to generate a large number of Stokes lines. Therefore, it is a huge 

challenge to design a BEFL cavity to reduce these requirements. To address this 

problem, the author proposed the first system that is BEFL with NOLM. A low 

threshold power was achieved by utilizing the high reflectivity feature of NOLM. 

The developed BEFL with NOLM exhibited a low threshold power ranging from 2 

mW to 3 mW and 26 stable Stokes lines with wavelength spacing of 0.089 nm 

(10.5 GHz), which were obtained at low EDF pump power of 25 mW. 

 

The second limitation of BEFL is the standard single mode fiber (SSMF) distance 

requirement for several kilometers or even longer to improve the number of Stokes 

lines generation. In this work, two new linear cavity BEFL configurations with 

amplified BP power techniques were successfully designed to enhance the number of 

Stokes lines in a short length of SSMF. In these configurations, the BP power is 

amplified once and twice in the EDF gain medium before inserting the Brillouin 

gain. The second and third configurations are based on single pass (SP) pre-amplified 

and double pass (DP) post-amplified BP power, respectively. Both BEFL based on 

SP and DP techniques have improved the number of Stokes lines generation inside 

the short length of SSMF. Up to 33 and 42 Stokes lines were generated inside SSMF 
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length of 600 m by utilizing SP and DP techniques, respectively. Also, these 

techniques are able to suppress the built-up of the self lasing over a wide range.  

 

The main disadvantage of the conventional BEFL is the existence of self lasing 

cavity modes together with the generated Stokes lines as the Brillouin wavelength 

tuned away from the EDF peak gain.  This undesirable self lasing limits the tuning 

range of the BEFL and number of Stokes lines as well. The fourth BEFL design is 

proposed with the concept of virtual mirror to eliminate the self lasing over a wide 

tuning range, which resulted in the improvement in the BEFL tuning range. Also, the 

new design improves the number of Stokes lines by inducing four wave mixing 

(FWM) inside the Brillouin gain medium. In this new BEFL configuration, the 

virtual mirror was utilized to prevent the self lasing cavity modes from circulating 

inside the cavity. Therefore, the generated Stokes lines were tuned throughout the 

whole C-band from 1532.2 nm to 1572.2 nm with the average number of 100 Stokes 

lines. Up to 160 channels can be tuned over a tuning range of 26 nm from 1539 nm 

to 1565 nm. The generated Stokes lines of this BEFL have wavelength spacing of 

0.076 nm and individual peak powers of greater than -8 dBm for the first nine Stokes 

lines. In addition, this BEFL design overcomes the requirement of BP power 

adjustment in conjunction with the adjustment of the EDF pump power in the linear 

cavity. As a result, the tunability of the generated Stokes lines is limited only by 

amplification bandwidth of linear gain medium.  

 

Different design parameters such as EDF pump power, BP power, BP wavelength 

and SSMF length were used to characterize and optimize the four BEFL systems. 

The effects of these design parameters on the BEFL system performance such as 

threshold power, number of Stokes lines, total output power, self lasing cavity 

modes, stability and tuning range, have been analyzed and discussed. 
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 

memenuhi keperluan untuk ijazah Doktor Falsafah   

 

 

PEMBANGUNAN LASER FIBER BRILLOUIN ERBIUM BOLEH TALA 

PANJANG GELOMBANG BERBILANG 

 

Oleh 

 

ABDULMOGHNI ALI WAZA'A AL-ALIMI 

 

JULAI 2014 

 

PENGERUSI: MOHD HANIF YAACOB, PhD 

Fakulti: Kejuruteraan 

 

Kerja ini mengenai rekaan dan pembangunan sumber laser tunggal untuk penjanaan 

panjang gelombang berbilang dalam tetingkap penghantaran jalur-C bagi memenuhi 

permintaan kadar penghantaran tinggi dalam sistem komunikasi optik. Sumber laser 

tunggal tersebut terdiri daripada medium gandaan Brillouin dan fiber terdop erbium 

(EDF). Kombinasi kesan serakan Brillouin terangsang (SBS) dan medium gandaan 

EDF di dalam rongga laser yang sama membentuk laser fiber Brillouin erbium 

(BEFL). Kesan SBS di dalam fiber optik telah digunakan untuk memulakan garisan 

Stokes dan medium gandaan EDF telah digunakan untuk mengimbangi kehilangan 

rongga serta meningkatkan prestasi BEFL tersebut. 

 

Berdasarkan kombinasi Brillouin-erbium tersebut, empat konfigurasi laser terbaru 

telah direkabentuk, iaitu BEFL dengan cermin gelung fiber tak linear (NOLM), 

dengan kuasa pam Brillouin (BP) laluan tunggal terkuat, dengan kuasa BP laluan 

berganda terkuat dan dengan cermin maya. Konfigurasi-konfigurasi ini dibangunkan 

untuk mengatasi kelemahan nyata di dalam sistem BEFL sedia ada. 

 

Salah satu kelemahan BEFL konvensional adalah keperluan kuasa ambang yang 

tinggi untuk menjana garisan Stokes pertama dan keperluan kuasa pam EDF yang 

tinggi untuk menjana sejumlah besar garisan Stokes. Oleh yang demikian, cabaran 

yang besar dalam merekabentuk satu rongga BEFL untuk mengurangkan keperluan 

ini. Untuk mngatasi masalah ini, pengarang telah mencadangkan sistem pertama iaitu 

BEFL  dengan NOLM. Kuasa ambang yang rendah dicapai dengan menggunakan 

sifat reflektiviti tinggi NOLM.  BEFL dengan NOLM yang dimajukan telah 

menunjukkan kuasa ambang rendah antara 2 mW ke 3 mW dan 26 garisan Stokes 

yang stabil dengan ruang panjang gelombang 0.089 nm (10.5 GHz), telah dicapai 

pada kuasa pam EDF serendah 25 mW. 

 

Kelemahan kedua BEFL adalah keperluan jarak fiber mod tunggal standard (SSMF) 

untuk beberapa kilometer atau lebih jauh dari itu bagi meningkatkan penjanaan 

bilangan garisan Stokes. Di dalam kerja ini, dua konfigurasi BEFL baru dengan 

rongga linear serta teknik kuasa BP terkuat telah berjaya direka untuk meningkatkan 

bilangan garisan Stokes dalam jarak SSMF yang pendek. Dengan konfigurasi ini,  

kuasa BP dikuatkan sekali dan dua kali di dalam medium gandaan EDF sebelum 

kemasukan gandaan Brillouin. Konfigurasi kedua dan ketiga ini, masing-masing 
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berasaskan kuasa BP pra-kuatan laluan tunggal (SP) dan kuasa BP pasca-kuatan 

laluan berganda (DP). Kedua-dua konfigurasi berasaskan teknik SP dan DP telah 

meningkatkan penjanaan bilangan garisan Stokes  di dalam jarak SSMF yang 

pendek. Sebanyak 33 dan 44 garisan Stokes telah dijana di dalam SSMF sepanjang 

600 m, masing-masing  dengan menggunakan teknik SP dan DP. Teknik-teknik ini 

juga berjaya menekan pembinaan pelaseran sendiri dalam julat yang lebar.  

 

Satu kelemahan utama BEFL konvensional adalah kewujudan mod rongga pelaseran 

sendiri berserta garisan Stokes yang terjana apabila panjang gelombang Brillouin 

ditala jauh daripada gandaan puncak EDF tersebut. Pelaseran sendiri yang tidak 

diingini ini menghadkan julat talaan BEFL tersebut dan juga bilangan garisan Stokes. 

Rekabentuk BEFL keempat telah dicadangkan dengan konsep cermin maya untuk 

menghapuskan pelaseran sendiri dalam julat talaan lebar, sekaligus menambahbaikan 

julat talaan BEFL tersebut. Disamping itu, rekabentuk baru tersebut meningkatkan 

bilangan garisan Stokes dengan mendorong percampuran empat gelombang (FWM) 

di dalam medium gandaan Brillouin. Di dalam konfigurasi BEFL baru ini, cermin 

maya telah digunakan untuk mencegah mod rongga pelaseran sendiri daripada 

berlegar di dalam rongga tersebut. Jadi, garisan Stokes yang terjana telah ditala 

sepanjang kesemua jalur-C daripada 1532.2 nm ke 1572.2 nm dengan purata 100 

bilangan garisan Stokes. Sehingga 160 saluran boleh ditala melalui julat penalaan 26 

nm dari 1539 nm ke 1565 nm. Garisan Stokes BEFL yang terjana  mempunyai jarak 

panjang gelombag 0.076 nm, dan kuasa puncak individu lebih 

daripada -8 dBm untuk sembilan garisan Stokes terawal. Tambahan daripada itu, 

rekabentuk BEFL keempat mengatasi keperluan pelarasan kuasa BP bersempena 

dengan pelarasan kuasa pam EDF di dalam rongga linear. Hasilnya, penalaan garisan 

Stokes yang terjana telah dihadkan oleh hanya penguatan jalur lebar medium 

gandaan linear. 

 

Parameter-paremeter rekabentuk berbeza seperti kuasa pam EDF, kuasa BP, panjang 

gelombang BP dan jarak SSMF telah digunakan untuk menciri dan 

mengoptimumkan keempat-empat sistem BEFL tersebut. Kesan parameter 

rekabentuk ini kepada prestasi sistem BEFL tersebut seperti kuasa ambang, bilangan 

garisan Stokes, jumlah kuasa output, mod rongga pelaseran sendiri, kestabilan dan 

julat penalaan juga telah dianalisa dan dibincangkan. 

 

 

  



© C
OPYRIG

HT U
PM

v 

 

ACKNOWLEDGEMENTS 

Praise be to Allah the almighty, for His help and support during the course of life and 

moment of truth.  

 

I would like to thank my dear Dr. Mohd Hanif Yaacob, the chair man of my 

supervisory committee for his insightfully advice, endless encouragement and 

understanding, for his supervision style and the smile that never quite. Without all 

that nothing would be have accomplished.  I would like to thank him again for his 

trust in me throughout my doctoral journey. 

 

My special thanks go to Associate Prof. Dr. Ahmad Fauzi Abas for his support of my 

early work, encouragement and light discussions. I also extend my thanks to 

supervisory committee members, Prof. Dr. Mohd Adzir Mahdi, Associate Prof. Dr. 

Mohammed Haydar Al-Mansoori, Dr. Makhfudzah Binti Mokhtar, for their 

professional and constructive inputs throughout my research, and insightful reviews 

in my work. 

 

Last but defiantly not least, I would like to thank my family:  my wife, Najwa for all 

her love and understanding, my parents, brothers and sisters for their love, sacrifice 

and moral support. 

 

 

 

  



© C
OPYRIG

HT U
PM

vi 

 

I certify that a Thesis Examination Committee has met on (24
th

 July 2014) to conduct 

the final examination of (Abdulmoghni Ali Waza'a Al-Alimi) on his thesis entitled 

"Tunable Multiwavelength Brillouin Erbium Fiber Laser Designs For High 

Capacity Optical Communication System" in accordance with the Universities and 

University Colleges Act 1971 and the Constitution of the Universiti Putra Malaysia 

[P.U.(A) 106] 15 March 1998. The Committee recommends that the student be 

awarded the (Doctor of Philosophy). 

Members of the Thesis Examination Committee were as follows: 

 

Alyani Binti Ismail, PhD 

Associate Professor   

Faculty of Engineering 

Universiti Putra Malaysia 

(Chairperson) 

 

Salasiah Binti Hitam, PhD 

Associate Professor   

Faculty of Engineering 

Universiti Putra Malaysia 

(Internal Examiner) 

 

Md. Zaini Jamaludin, PhD 

Professor   

Faculty of Engineering 

Universiti Tenaga Nasional 

Malaysia 

(External Examiner) 

 

Preecha P. Yupapin, PhD 

Professor   

Department of physics 

King Mongkut's Institute of Technology 

Thailand 

(External Examiner) 

 

 

 

 

  
 

BUJANG KIM HUAT, PhD 

Professor and Deputy Dean 

School of Graduate Studies 

Universiti Putra Malaysia 

 

Date: 

 



© C
OPYRIG

HT U
PM

vii 

 

This thesis was submitted to the Senate of Universiti Putra Malaysia and has been 

accepted as fulfilment of the requirement for the degree of Doctor of Philosophy. 

The members of the Supervisory Committee were as follows: 

 

Mohd Hanif Yaacob, PhD 

Senior Lecturer 

Faculty of Engineering 

Universiti Putra Malaysia 

(Chairperson) 

 

Ahmad Fauzi Bin Abas @ Ismail, PhD 

Associate Professor Dr.Ing 

Faculty of Engineering 

Universiti Putra Malaysia 

(Member) 

 

Mohd Adzir Bin Mahdi, PhD 

Professor 

Faculty of Engineering 

Universiti Putra Malaysia 

(Member) 

 

Makhfudzah Binti Mokhtar, PhD 

Senior Lecturer 

Faculty of Engineering 

Universiti Putra Malaysia 

(Member) 

 

Mohammed Hayder Al-Mansoori, PhD 

Associate Professor  

Faculty of Engineering 

Sohar University, Oman 

(External Member) 

 

 

APPROVAL  

 

  

 

BUJANG KIM HUAT, PhD 

Professor and Dean 

School of Graduate Studies 

Universiti Putra Malaysia 

 

Date: 

 

http://www.researchgate.net/profile/Mohammed_Al-Mansoori/


© C
OPYRIG

HT U
PM

viii 

 

Declaration by Graduate Student  

  

I hereby confirm that:  

 This thesis is my original work;  

 Quotations, illustrations and citations have been duly referenced;  

 This thesis has not been submitted previously or concurrently for any other            

degree at any other institutions;  

 Intellectual property from the thesis and copyright of thesis are fully-owned             

by Universiti Putra Malaysia, as according to the Universiti Putra Malaysia            

(Research) Rules 2012;  

 Written permission must be obtained from supervisor and the office of 

Deputy Vice-Chancellor (Research and Innovation) before thesis is published 

(in the form of written, printed or in electronic form) including books, 

journals, modules, proceedings, popular writings, seminar papers, 

manuscripts, posters, reports, lecture notes, learning modules or any other 

materials as stated in the Universiti Putra Malaysia (Research) Rules 2012;  

 There is no plagiarism or data falsification/fabrication in the thesis, and             

scholarly integrity is upheld as according to the Universiti Putra Malaysia 

(Graduate Studies) Rules 2003 (Revision 2012-2013) and the Universiti Putra 

Malaysia (Research) Rules 2012. The thesis has undergone plagiarism 

detection software.  

  

Signature: _______________________ Date:   

  

Name and Matric No.: Abdulmoghni Ali Waza'a Al-Alimi (GS27754) 

 

  



© C
OPYRIG

HT U
PM

ix 

 

Declaration by Members of Supervisory Committee  

  

This is to confirm that:  

 The research conducted and the writing of this thesis was under our 

supervision;  

 Supervision responsibilities as stated in the Universiti Putra Malaysia 

(Graduate Studies) Rules 2003 (Revision 2012-2013) are adhered to.  

  

   

  

  

  

Signature:      

Name of  

Chairman of  

Supervisory  

Committee:  Dr. Mohd Hanif Yaacob 

 

Signature:  

Name of  

Member of 

Supervisory  

Committee:   Prof. Mohd Adzir Mahdi 

 

Signature:  

Name of  

Member of 

Supervisory  

Committee: Dr. Makhfudzah Mokhtar 

 

Signature:  

Name of  

Member of 

Supervisory  

Committee:  

 



© C
OPYRIG

HT U
PM

x 

 

TABLE OF CONTENT 

  
Page 

 
ABSTRACT i 

ABSTRAK iii 

ACKNOWLEDGMENTS v 

APPROVAL vii 

LIST OF TABLES xii 

LIST OF FIGURES xiii 

LIST OF ABBREVIATIONS xx 

CHAPTER 

1 INTRODUCTION 1 
1.1 Background 1 

1.2 Problem Statement 3 

1.3 Research Objectives 4 

1.4 Scope of This Thesis 5 

1.5 Thesis Organization 6 

2 LITERATURE REVIEW AND THEORETICAL BACKGROUND 7 
2.1 Introduction 7 

2.2 Type of Laser 7 

2.2.1 Fiber Laser 8 

2.2.2 Fiber Laser Advantages 9 

2.3 Review on Multiwavelength Fiber Laser Sources 10 

2.4 Critical Review on Multiwavelength BEFL 13 

2.4.1 Review on Tunable Brillouin Erbium Fiber Laser (BEFL) 17 

2.5 Phenomena of Scattering in Optical Fiber 22 

2.6 Stimulate Brillouin Scattering (SBS) 23 

2.6.1 Basic Theory 23 

2.6.2 Stimulated Brillouin Scattering (SBS) Gain 25 

2.6.3 Stimulated Brillouin Scattering (SBS) Threshold 26 

2.6.4 Application of SBS 27 

2.7 Erbium Doped Fiber Amplifier 28 

2.7.1 Principle of optical amplification in EDFA 31 

2.7.2 Two-level Atomic Rate Equation in EDFA 32 

2.8 Summary 35 

3 RESEARCH METHODOLOGY 36 
3.1 Introduction 36 

3.2 Design of Multiwavelength BEFL with Different Techniques 36 

3.2.1 Design of Multiwavelength BEFL with Nonlinear Fiber Loop 

Mirror 37 

3.2.2 Design of Multiwavelength BEFL with Single Pass Pre-amplified 

and Double Pass Post-amplified Brillouin Pump Power 

Techniques 38 

3.2.3 Design of Four Wave Mixing (FWM) based Multiwavelength 



© C
OPYRIG

HT U
PM

xi 

 

BEFL with Virtual Mirror 38 

3.3 Characterization of the Multiwavelength BEFL 40 

3.3.1 Threshold Power 40 

3.3.2 Peak Power and Total Output Power of the Stocks Lines 41 

3.3.3 Optical Signal to Noise Ratio (OSNR) 42 

3.3.4 BEFL Stokes Lines Number 44 

3.3.5 Self Lasing Cavity Modes 45 

3.3.6 Tuning Range 46 

3.4 Summary 46 

4 MULTIWAVELENGTH BEFL PERFORMANCE WITH NONLINEAR 

FIBER LOOP MIRROR 48 
4.1 Introduction 48 

4.2 Nonlinear Fiber Loop Mirror (NOLM) Characterization 48 

4.3 Experimental Setup of BEFL with NOLM 53 

4.4 Operation Principle of BEFL 54 

4.5 Performance Parameters of BEFL 54 

4.6 Summary 75 

5 MULTIWAVELENGTH BEFL PERFORMANCE WITH PRE-

AMPLIFIED BP POWER TECHNIQUES 76 
5.1 Introduction 76 

5.2 Experimental Setup of BEFL with Amplified BP Power Techniques 76 

5.3 Operation Principle of the BEFL with amplified BP Techniques 78 

5.4 Results and Discussion 79 

5.4.1 EDF Pump Power Effect on BEFL System Performance 79 

5.4.2 Brillouin Pump Wavelength Effect on BEFL Performance 92 

5.4.3 Brillouin Pump Power Effect on BEFL Performance 93 

5.5 Summary 99 

6 PERFORMANCE OF MULTIWAVELENGTH BEFL WITH A VIRTUAL 

MIRROR AND INDUCED FOUR WAVE MIXING 101 
6.1 Introduction 101 

6.2 Multiwavelength BEFL Experimental Setup 102 

6.3 Operation Principle of Multiwavelength BEFL 104 

6.4 Double Pass EDFA characterization 106 

6.5 Operation of Multiwavelength BEFL Assisted by Four Wave Mixing 108 

6.5.1 Results and Discussion 109 

6.6 Summary 117 

7 CONCLUSION AND RECOMMENDATION FOR FUTURE WORK 119 
7.1 Conclusion 119 

7.2 The contribution of this work 122 

7.3 Recommendation and Future Work 123 

REFERENCES 124 

BIODATA OF THE STUDENT 139 

LIST OF PUBLICATIONS 140 


	TUNABLE MULTIWAVELENGTH BRILLOUIN ERBIUM FIBER LASER DESIGNS FOR HIGH CAPACITY OPTICAL COMMUNICATION SYSTEM
	ABSTRACT
	TABLE OF CONTENT
	CHAPTERS
	REFERENCES



