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ABSTRACT 

 
In this thesis some novel designs of photonic crystal fibers and rectangular waveguides 

have been reported for the applications: i) in which the nonlinearity need to be 

eliminated (such as high power fiber lasers and amplifiers); ii) in which the nonlinearity 

need to be enhanced (such as supercontinuum and slow light generation). Large mode 

area photonic crystal fiber designs for high power fiber lasers and amplifiers have been 

achieved by tailoring the size of the air holes and introducing down doped fused silica 

rods in the selective air holes in the cladding region of the structures. The proposed 

designs offer effective single-mode operation even with large core size. Effective 

single-mode operation provides good beam quality at the output of fiber lasers. In the 

case of LMA waveguide design the trenches of lower refractive index in cladding 

region have been introduced in such a way that all the propagating modes become 

leaky.  The basic principle behind the cladding profiles is to introduce the high leakage 

loss to the higher order modes while nominal leakage loss to the fundamental mode, 

which makes the design effectively single-moded.  

Supercontiuum generation (the creation of broadband spectral components when 

an intense laser pulse passes through a highly nonlinear medium) is an area of exciting 

research that has been attracting scientific interest over last several decades. The mid-

infrared spectral domain ranging from 2 – 15 μm  is mainly important because of not 

only it contains two important windows (3 – 5 μm and 8 – 13 µm) in which the earth’s 

atmosphere is relatively transparent but also the strong characteristic vibration 

transitions of most of the molecules in this domain. Mid-infrared molecular ‘fingerprint 

region’ is applicable in various important applications in different diverse fields such as 

medical, industry, security and astronomy. In this thesis a sincere attempt has been 

done to design and analyze the dispersion engineered photonic crystal fibers and rib 

waveguide geometries for ultra broadband mid-infrared supercontinuum sources. Ever 

increased supercontinuum spectrum spanning 2 – 15 μm in As2Se3 based chalcogenide 

photonic crystal fiber and rib waveguide has been achieved using femtosecond laser 
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source of relatively low peak power. Such ultra broadband supercontinuum spectrum 

has also been achieved using equiangular spiral photonic crystal fiber geometry.  

Slow light with tunable features is investigated in doped and undoped tellurite 

fibers and As2Se3 based photonic crystal fiber geometries for telecommunication and 

computing applications. The maximum time delay up to 137 ns can be obtained using 1 

meter long photonic crystal fiber pump with 100 mW. All the PCF and waveguide 

designs which are applicable for supercontinuum and slow light generation have been 

designed such that the propagating mode is strongly confined in small core of the 

structure, which makes the designs highly nonlinear.  

Keywords: Photonic Crystal Fiber, Large Mode Area, Effective Single Mode, Low 

Bend Loss, Rib/Channel Waveguide, Supercontinuum Generation, Slow Light.  



                                                                                                                          List of Publications  

ix 

 

List of Publications 
Papers in Refereed International Journal of Repute 

1. Than Singh Saini, Ajeet Kumar, and Ravindra Kumar Sinha, “Triangular-core 
large-mode-area photonic crystal fiber with low bending loss for high power 
applications,” Applied Optics 53(31), 7246-7251 (2014). 

2. Than Singh Saini, Ajeet Kumar, and Ravindra Kumar Sinha, “Design and analysis 
of large-core multi-trench channel waveguide for high power applications,” Applied 
Optics 54(19), 6134 – 6139 (2015). 

3. Than Singh Saini, Ajeet Kumar, and Ravindra Kumar Sinha, “Broadband mid-
infrared supercontinuum spectra spanning 2 – 15 µm using As2Se3 chalcogenide 
glass triangular-core graded-index photonic crystal fiber,” IEEE/OSA J. Lightwave 
Technol. 33(18), 3914 – 3920 (2015). 

4. Than Singh Saini, Ajeet Kumar, and Ravindra Kumar Sinha, “Broadband mid-IR 
supercontinuum generation in As2Se3 based chalcogenide photonic crystal fiber: A 
new design and analysis,” Opt. Commun. 347, 13 – 19 (2015). 

5. Than Singh Saini, Ajeet Kumar, and Ravindra Kumar Sinha, “Slow light 
generation in single mode tellurite fibers,” J. Modern Optics 62(7), 508 – 513 
(2015). 

6. Than Singh Saini, Amira Bailli, Ajeet Kumar, Rim Cherif, Mourad Zghal, and 
Ravindra Kumar Sinha, “Design and analysis of equiangular spiral photonic crystal 
fiber for mid-infrared supercontinuum generation,” J. Modern Optics (In Press) 
2015; DOI: 10.1080/09500340.2015.1051600 

7. Than Singh Saini, Ajeet Kumar, and Ravindra Kumar Sinha, "Design of large-
mode-area microstructured optical fiber with single-mode operation for high power 
fiber lasers" Advanced Science Letters (In Press) 2015. 

8. Rim Cherif, Amine Bensalem, Than Singh Saini, Ajeet Kumar, Ravindra Kumar 
Sinha, and Mourad Zghal, “Design of small core tellurite photonic crystal fiber for 
slow light based application using stimulated Brillouin scattering" Opt. Engg. 
54(7), 075101 – 075101-6 (2015). 

9. Ravindra Kumar Sinha, Ajeet Kumar, and Than Singh Saini, “Analysis and Design 
of Single-Mode As2Se3-Chalcogenide Photonic Crystal Fiber for Generation of 
Slow Light with Tunable Features,” IEEE J. Sel. Topics Quant. Electron. (In 
Press) 2015.  

10. Than Singh Saini, Ajeet Kumar, and Ravindra Kumar Sinha, “Ultra Broadband 
mid-infrared supercontinuum spectrum spanning 2 – 15 µm using dispersion 
engineered As2Se3 chalcogenide rib waveguide,” IEEE J. Sel. Topics Quant. 
Electron. (Under review).  

11. Than Singh Saini, Ajeet Kumar, and Ravindra Kumar Sinha, “Design and Analysis 
of an Asymmetric Large-Mode-Area Microstructured Optical Fiber with Low 
Bending Loss,” Opt. Fiber Technol. (Under review). 



                                                                                                                          List of Publications  

x 

 

Papers in Conference/Workshop Proceedings: 
1. Than Singh Saini; Ajeet Kumar; Rim Cherif; Ravindra K. Sinha; Mourad 

Zghal, “Design and analysis of rectangular photonic crystal fiber for 
supercontinuum generation,” Proc. SPIE 9586, Photonic Fiber and Crystal 
Devices: Advances in Materials and Innovations in Device Applications IX, 
95860G (August 26, 2015); doi:10.1117/12.2187884. 

2. Kishor D. Naik; Than Singh Saini; Ajeet Kumar; Ravindra K. Sinha, “Design 
of single mode single polarization large mode area photonic crystal fiber,” Proc. 
SPIE 9586, Photonic Fiber and Crystal Devices: Advances in Materials and 
Innovations in Device Applications IX, 95860H (August 26, 2015); 
doi:10.1117/12.2187902 

3. Neerad Nandan, Than Singh Saini, Ajeet Kumar, Ravindra K. Sinha, "Design 
and analysis of chevrons shaped split ring resonator in the mid-infrared region," 
Proc. SPIE 9544, Metamaterials, Metadevices, and Metasystems 2015, 95441D 
(September 1, 2015); doi:10.1117/12.2188341 

4. Ajeet Kumar, Than Singh Saini, Kishor Dinkar Naik, Ravindra Kumar Sinha, 
“Design and analysis of rectangular-core large-mode-area photonic crystal 
fiber,” Proc. International Conference on Recent cognizance in wireless 
communication & image processing (ICRCWIP-2015), 16 – 17 January 2015, 
pp.46, Poornima Institute of Engineering & Technology, Jaipur, INDIA. 

5. Than Singh Saini, Ajeet Kumar, Ravindra Kumar Sinha, “Design and analysis 
of a nano-fiber with all-normal and flat dispersion for supercontinuum 
generation,” Proc. International Conference on Recent cognizance in wireless 
communication & image processing (ICRCWIP-2015), 16 – 17 Janary 2015, 
pp.46, Poornima Institute of Engineering & Technology, Jaipur, INDIA. 

6. Than Singh Saini, Ajeet Kumar, Ravindra Kumar Sinha, “Design of large-
mode-area microstructured optical fiber with single-mode operation for high 
power fiber lasers,” Proc. International conference on Frontiers of Spectroscopy 
(ICFS-2015), 10 – 12 January 2015, pp. 218, Banaras Hindu University, 
Varanasi, INDIA. 

7. Than Singh Saini, Ajeet Kumar, Ravindra Kumar Sinha, “Microstructured-
core photonic crystal fiber with all normal dispersion for supercontinuum 
generation,” Proc. Photonics 2014:  12th International Conference on Fiber 
Optics and Photonics @ OSA 2014, IIT Kharagpur, WB, India, December 13-
16, 2014, T3A.38  

8. Than Singh Saini, Ajeet Kumar, Ravindra Kumar Sinha, “Stimulated Brillouin 
scattering based tunable slow light in tellurite photonic crystal fiber,” Proc. 
Photonics 2014:  12th International Conference on Fiber Optics and Photonics 
@ OSA 2014, IIT Kharagpur, WB, India, December 13-16, 2014, T3A.28 

9. Than Singh Saini, Ajeet Kumar, Ravindra Kumar Sinha, “Design and analysis 
of highly nonlinear microstructured fiber for supercontinuum generation,” Proc. 
IONS Asia-6 Kharagpur conference @ OSA 2014, IIT Kharagpur, WB, India, 
December 10-12, 2014; pp. 28-29; (Received Best Paper Presentation Award) 



                                                                                                                          List of Publications  

xi 

 

10. Than Singh Saini, Ajeet Kumar, Ravindra Kumar Sinha, “Highly nonlinear 
triangular-core photonic crystal fiber with all normal dispersion for 
supercontinuum generation,” Proc. Frontiers in Optics (FiO), Tucson, AZ 
(USA), October 19-23, 2014, ISBN: 1-55752-286-3, Long Wavelength Mid-IR 
to THz Fiber Devices I, FW1D. 4; http://dx.doi.org/10.1364/FIO.2014.FW1D.4 

11. Than Singh Saini, Amira Baili, Vinita Dahiya, Ajeet Kumar, Rim Cherif, 
Mourad Zghal, Ravindra Kumar Sinha, “Design of equiangular spiral photonic 
crystal fiber for supercontinuum generation at 1550 nm,” Proc. SPIE 9200, 
Photonic Fiber and Crystal Devices: Advances in Materials and Innovations in 
Device Applications VIII, 920012 (September 5, 2014); 
doi:10.1117/12.2061806. 

12. Than Singh Saini, Vinita Dahiya, Ajeet Kumar, Ravindra Kumar Sinha, 
“Design and analysis of large-mode-area microstructured polymer optical fibre 
with single-mode operation,” Proc. SPIE 9200, Photonic Fiber and Crystal 
Devices: Advances in Materials and Innovations in Device Applications VIII, 
92000H (September 5, 2014); doi:10.1117/12.2061825; 

13. Amira Baili, Rim Cherif, Than Singh Saini, Ajeet Kumar, Ravindra Kumar 
Sinha, Mourad Zghal, “2-10 μm supercontinuum broadening using a highly 
nonlinear chalcogenide microfiber for mid-IR applications,” Proc. SPIE 9200, 
Photonic Fiber and Crystal Devices: Advances in Materials and Innovations in 
Device Applications VIII, 92000S (September 5, 2014); 
doi:10.1117/12.2061848. 

14. Amira Baili, Rim Cherif, Amine Ben Salem, Than Singh Saini, Ajeet Kumar, 
Ravindra Kumar Sinha, Mourad Zghal, “Design of single-polarisation single-
mode photonic nanowire,” Proc. SPIE 9170, Nanoengineering: Fabrication, 
Properties, Optics, and Devices XI, 917014 (August 28, 2014); 
doi:10.1117/12.2061887.  

15. Than Singh Saini, Ajeet Kumar, Ravindra Kumar Sinha, “Supercontinuum 
broadening in a highly nonlinear chalcogenide photonic crystal fiber,” Siegman 
Internation School on Lasers, Stanford University, USA, 03 -08 August 2014.  

16. Than Singh Saini, Ajeet Kumar, Ravindra Kumar Sinha, “Design and Analysis 
of Large Mode Area Photonic Crystal Fiber with Low Bend Loss,” Proc. 
International Conference on Optics & Optoelectronics (ICOL-2014), (XXXVIII 
Symposium of Optical Society of India), OSI Golden Jubilee Celebration 
Conference, Instruments Research and Development Establishment (IRDE), 
Dehradun, Uttarakhand, 5th – 8th March 2014, Paper ID: PP-FIO-19, pp. 94, 
INDIA 

17. Amira Baili, Than Singh Saini, Rim Cherif, Ajeet Kumar, Mourad Zghal and 
Ravindra Kumar Sinha, "Mid-IR supercontinuum broadening in a highly 
nonlinear As2Se3 nanofiber with low confinement loss", Proc. International 
Conference on Optics & Optoelectronics (ICOL-2014), (XXXVIII Symposium 
of Optical Society of India), OSI Golden Jubilee Celebration Conference, 
Instruments Research and Development Establishment (IRDE), Dehradun, 
Uttarakhand, 5-8 March 2014, Paper ID: OP-FIO-7, pp. 67, INDIA (Received 
Best Paper Presentation Award) 



                                                                                                                          List of Publications  

xii 

 

18. Than Singh Saini, Ajeet Kumar, Ravindra Kumar Sinha, "FEM Analysis of 
Single-Mode Microstructured Polymer Optical Fiber", SPIE- Winter School on 
Photonics, 26-29 Dec. 2013, Indian Institute of Science Education and Research 
(IISER)- Kolkata, INDIA (Received Best Paper Presentation Award) 

19. Than Singh Saini, Ajeet Kumar, Ravindra Kumar Sinha, "Two-core photonic 
crystal fiber with zero intermodal dispersion at 1.064 μm wavelength", 
Workshop on Recent Advances in Photonics (WRAP), 17-18 Dec. 2013, IIT 
Delhi, INDIA 

20. Vinita Dahiya, Than Singh Saini, Ajeet Kumar, Vipul Rastogi, and Ravindra 
Kumar Sinha, "Large-core single-mode trench assisted leaky channel 
waveguide for high-power applications", Proc. SPIE 8847, Photonic Fiber and 
Crystal Devices: Advances in Materials and Innovations in Device Applications 
VII, 88471P (September 25, 2013); doi:10.1117/12.2023466. 

21. Than Singh Saini, Ajeet Kumar, Vipul Rastogi, and Ravindra Kumar Sinha, 
"Selectively filled large-mode-area photonic crystal fiber for high power 
applications", Proc. SPIE 8847, Photonic Fiber and Crystal Devices: Advances 
in Materials and Innovations in Device Applications VII, 88471Q (September 
25, 2013); doi:10.1117/12.2023472. 

22. Than Singh Saini, Ajeet Kumar, Vipul Rastogi, Ravindra Sinha,“Leaky 
Channel waveguide for Large-Mode-Area Extended Single-Mode 
Operation," International Conference on Recent Trends in Applied Physics & 
Material Science, RAM-13, AIP Conf. Proc. 1536, 1205-06 (2013). 

23. Than Singh Saini, Ajeet Kumar, Ravindra Kumar Sinha, Ajeet Kumar, Vipul 
Rastogi, Ravindra Sinha, “Multi-trench channel waveguide for large-mode-area 
single-mode operation,” Proc. International Conference on Fiber Optics & 
Photonics- Photonics-2012, OSA Technical Digest, paper M2A.6, IIT Madras, 
INDIA. http://dx.doi.org/10.1364/PHOTONICS.2012.M2A.6 

 

 

 

 



  Contents     

xiii 
 

CONTENTS 
 

 

Certificate  

Acknowledgements 

Abstract  

List of Publications 

Contents 

List of Figures  

List of Tables 

List of Abbreviations 

1. Introduction        

2. Design of Asymmetric Large Mode Area Photonic Crystal Fibers 

with Single Mode Operation 

2.1. Introduction 

2.2. Proposed LMA PCF Structure 

2.3. Method of Analysis 

2.4. Numerical Results and Discussion 

2.5. Tolerance Analysis  

2.6. Conclusions     

3. Triangular Core Large Mode Area Photonic Crystal Fibers  

3.1. Introduction  

3.2. TC LMA PCF Geometry-I  

3.2.1. Results and discussion 

3.2.2. Tolerance analysis of geometry-I  

3.3. TC LMA PCF Geometry-II 

3.3.1. Results and discussion 

3.3.2. Tolerance analysis of geometry-II  

3.4. Conclusions  

4. Large Mode Area Multi-trench Leaky Channel Waveguide  

4.1. Introduction  

4.2. Proposed Channel Waveguide Design 

1-10 

 

11-21 

11 

12 

13 
14 

23-35 
23 

24-29 

25 
29 

37 

38 

34 

29-35 

20 

20 

30 

35 

37-47 

i 

vii 

ix 

xvii 
xxv 

v 

xiii 

xxvii 



  Contents
  
   

xiv 
 

4.3. Numerical Results and Discussions  

4.3.1. Effect of the cladding parameters  

4.3.2. Effects of the core parameters  

4.3.3. Extended single-mode operation  

4.4. Conclusions  

5. Supercontinuum Generation in Photonic Crystal Fibers 

5.1. Introduction  

5.2. Method of Analysis  

5.2.1. Linear characteristics of PCF structure  

5.2.2. Nonlinear characteristics of PCF structure  

5.3. Design of Triangular Core PCF  

5.3.1. Results and discussion  

5.3.2. Tolerance analysis of TC PCF structure 

5.4. Design of Triangular Core Graded Index PCF  

5.4.1. Results and discussion  

5.4.2. Tolerance analysis of TCGI PCF structure  

5.5. Conclusions  

6. Equiangular Spiral Photonic Crystal Fiber for Supercontinuum  

Generation  

6.1. Introduction 

6.2. Design of Proposed ES PCF Structure  

6.3. Numerical Results and Discussion  

6.4. Conclusions  

7. Dispersion Engineered Rib Waveguide for Supercontinuum  

Generation  

7.1. Introduction  

7.2. Proposed Rib Waveguide Structure  

7.3. Numerical Results and Discussion  

7.4. Tolerance Analysis of Rib Waveguide 

7.5.  Conclusions  

8. Tunable Slow Light Generation in Specialty Optical Fibers  

8.1. Introduction  

8.2. Principle of Slow Light Based on SBS  

40-46 

43 

44 

46 

46 

49-69 

49 

52-55 

52 
53 

55-62 

55 

62 

62-68 

63 

67 
69 

71-76 

72 

73 

76 

77-85 

77 

78 

80 

84 

87-100 

87 

89 

71 

85 



  Contents     

xv 
 

8.3. Slow Light Generation in Er-Doped Tellurite Fiber  

8.3.1. Results and discussion  

8.4. Slow Light Generation in Undoped Tellurite Fiber  

8.4.1. Results and discussion 

8.5. Slow Light Generation in Single Mode PCF  

8.5.1. Condition for single mode operation 

8.5.2. Results and discussion  

8.6. Conclusions  

9. Concluding Remarks and Scope for Future Work  

 References 
 Brief Bio-Data of the Author 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

91-93 

93 
95-99 

95 

96 

99 

101-102 

103-116 

91 

93-94 

117 



  Contents     

xvi 
 

 
 
 
 
 
 

 

 



                                                                                                                     List of Figures 
 

xvii 
 

LIST OF FIGURES 
 
 

2.1. The transverse cross-section view of proposed LMA PCF. 

2.2. Variation of the bend losses of LP01 and LP11 modes and the 

effective mode area of LP01 mode on pitch (Λ) of the structure at 

1.064 µm wavelength with d1 = 16 µm, d2 = d3 = 6 µm nf = 1.448 

and bend radius, R = 30 cm. 

2.3. Variation of the bend losses of LP01 and LP11 modes and the 

effective mode area of LP01 mode on d1 at 1.064 µm wavelength 

with Λ = 21 µm, d2 = d3 = 6 µm nf = 1.448 and bend radius, R = 30 

cm. 

2.4. Variation of the bend losses of LP01 and LP11 modes and the 

effective mode area of LP01 mode on d2 at 1.064 µm wavelength 

with Λ = 21 µm, d1 = 16 µm, d3 = 6 µm, nf = 1.448 and R = 30 cm. 

2.5. Variation of the bend losses of LP01 and LP11 modes and the 

effective mode area of LP01 mode on d3 at 1.064 µm wavelength 

with Λ = 21 µm, d1 = 16 µm, d2 = 6 µm, nf = 1.448 and R = 30 cm. 

2.6. Variation of bend losses of LP01 and LP11 modes and the effective 

mode area of LP01 mode on the refractive index of fluorine doped 

fused silica rods (i.e. nf) at 1.064 µm wavelength, when Λ = 21 µm, 

d1 = 16 µm, d2 = d3 = 6 µm and R = 30 cm. 

2.7. Variation of bend losses of LP01 and LP11 modes and the effective 

mode area of LP01 mode on the bending radius (i.e. R) at 1.064 µm 

wavelength, when Λ = 21 µm, d1 = 16 µm and d2 = d3 = 6 µm. 

2.8. The surface plot of (a) LP01 and (b) LP11 mode; when proposed 

PCF is in straight state; (c) LP01 and (d) LP11 mode when proposed 

PCF is bend with 30 cm bend radius at 1.064 µm wavelength; with 

Λ = 21 µm, d1 = 16 µm, d2 = d3 = 6 µm and nf = 1.448. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12 

15 

16 

17 

17 

18 

19 

19 



                                                                                                                     List of Figures 
 

xviii 
 

3.1. The transverse cross-sectional view of proposed TC LMA PCF 

geometry-I. 

3.2. The variation of bending loss of LP01 & LP11 modes and the 

effective mode area of LP01 mode with Λ (when d0 =14 µm, d1 =10 

µm, R = 20 cm, nf = 1.4462 and  λ = 1.064 µm). 

3.3. The variation of bend loss of LP01 and LP11 mode and the effective 

mode area of LP01 mode with d0 (when Λ = 23 µm,  d1 =10 µm, R = 

20 cm, nf = 1.4462 and  λ = 1.064 µm). 

3.4. The variation of bending loss of LP01 and LP11 mode and the 

effective mode are of LP01 mode with d1 (when Λ = 23 µm, d0 =14 

µm, R = 20 cm, nf = 1.4462 and λ = 1.064 µm). 

3.5. The variation of bending loss of LP01 and LP11 mode and the 

effective mode are of LP01 mode with R (when Λ = 23 µm, d0 =14 

µm, d1 =10 µm, nf = 1.4462 and λ = 1.064 µm). 

3.6. Electric field distribution of (a) LP01 mode, (b) LP11 mode, when 

proposed PCF is in straight state; (c) LP01 mode, (d) LP11 mode 

when proposed PCF is in bend state with bend radius of 20 cm in 

x-direction at operating wavelength of 1.064 µm. 

3.7. The transverse cross-section of the proposed TC LMA PCF 

geometry-II. 

3.8. Effect of nf on (a) the bending loss and (b) Effective mode area. 

3.9. The variation of effective mode area of LP01 mode and bending 

losses of LP01 and LP11 modes with fiber pitch (Λ). 

3.10. The variation of the effective mode area of LP01 mode and the 

bending losses of LP01 and LP11 modes with d1. 

3.11. The variation of the effective mode area of LP01 mode and the 

bending losses of the LP01 and LP11 modes with d2. 

 

 

 

 

 

 

 

 

24 

25 

26 

26 

27 

28 

30 

29 

32 

33 

33 



                                                                                                                     List of Figures 
 

xix 
 

3.12. The variation of the effective mode area of LP01 mode and the 

bending losses of the LP01 and LP11 modes with bending radius, R. 

3.13. Contour plot of LP01 and LP11 at optimized parameters (i.e. d1 = 10 

µm, d2 = 3.6 µm, Λ = 20 µm, nf = 1.4474 and bending radius, R = 

15 cm) 

4.1. Transverse cross-sectional view of the proposed large-core size 

channel waveguide structure. 

4.2. Representation of various profiles of the multi-trench cladding 

according to the power–law expression Eq (1). 

4.3. Effect of the profile parameter q on the effective indices of the first 

two modes of the waveguide at 1.55 µm wavelength when a =5 

µm, b = 25 µm, h = 10 µm, d = 1 µm  Λ = 6 µm and t = 4  µm. 

4.4. Effect of the profile parameter q on the leakage losses of the first 

two modes of the waveguide at 1.55 µm wavelength when a =5 

µm, b = 25 µm, h = 10 µm, d = 1 µm, Λ = 6 µm and t = 4 µm. 

4.5. Normalized electric fields of the (a)  mode, (b) contour plot of 

the  mode, and the contour plot of the (c)   mode; when a =5 

µm, b = 25 µm, h = 10 µm, q = 0.5, d = 1 µm, Λ = 6 µm and t = 4 

µm and λ = 1.55 µm. 

4.6. The effect of the cladding parameter   on the leakage losses of the 

first two modes of the waveguide structure at 1.55 µm wavelength; 

when a =5 µm, q = 0.5, h = 10 µm, d = 1 µm, Λ=6 µm and t=4 µm. 

4.7. The effect of the cladding parameter t on the leakage losses of the 

first two modes of the waveguide at 1.55 µm wavelength; when a 

= 5µm, b = 25 µm, h = 10 µm, q = 0.5, d = 1 µm and Λ = 6 µm. 

4.8. The effect of the core parameter h on the Leakage losses of the first 

two modes of the waveguide at 1.55 µm wavelength when a = 5 

µm, b = 25 µm, t = 4 µm, q = 0.5, d = 1 µm and Λ = 6 µm. 

4.9. The effect of the core parameter a on the Leakage losses of the first 

two modes of the waveguide at 1.55 µm wavelength when b = 25 

µm, h = 10 µm, q = 0.5, t = 4 µm, d = 1 µm, and Λ = 6 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

34 

34 

39 

40 

41 

42 

42 

44 

44 

45 

45 



                                                                                                                     List of Figures 
 

xx 
 

4.10. The spectral variation of leakage losses on the first two modes of 

the waveguide when a = 5 µm, b = 25 µm, h = 10 µm, t = 4 µm, q 

= 0.5, d = 1 µm and Λ = 6 µm. 

5.1. (a) The transverse cross-section of the proposed TC PCF structure; 

(b) The electric field distribution of the propagating mode at 4.5 

μm. 

5.2. Influence of the pitch (Λ) on dispersion characteristics of proposed 

structure while keeping other parameters fixed (i.e. d1= 420 nm 

and d2 = 820 nm). 

5.3. Influence of the hole diameter (d1) on dispersion characteristics of 

proposed structure while keeping other parameters fixed (i.e. Λ = 

1.2 µm and d2 = 820 nm). 

5.4. Influence of the hole diameter (d2) on the dispersion characteristics 

of proposed structure while keeping other parameters fixed (i.e. Λ 

= 1.2 µm and d1 = 430 nm). 

5.5. The confinement loss of propagating mode of proposed TC PCF 

when Λ = 1.2 µm, d1 = 430 nm and d2 = 900 nm. 

5.6. The variation of effective mode area of propagating mode and 

corresponding nonlinear coefficient of proposed TC PCF with 

optimized parameters. 

5.7. Tolerance study of d1: (a) The effect on the effective mode index 

with ±1% deviation in d1; (b) the effect on the effective mode area 

with ±1% deviation in d1. 

5.8. Broadening of output spectra obtained at various lengths of TC 

PCF when peak power of incident pulse = 700 W and pulse 

duration = 50 fs. 

5.9. Influence of input peak power on the broadening of output spectra 

with 50 fs incident pulse in 6 mm length of TC PCF. 

5.10. Influence of full-width at half maximum of the input pulse on the 

broadening of output spectra with 700 W peak power in 6 mm 

length of PCF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

46 

55 

56 

57 

57 

58 

58 

58 

59 

60 

61 



                                                                                                                     List of Figures 
 

xxi 
 

5.11. (a) The transverse cross-section of proposed TCGI PCF; (b) the 

electric field distribution of propagating mode in PCF at 4.1 µm. 

5.12. The effect of the diameter of the air holes in first ring (i.e. d1) on 

chromatic dispersion profile while keeping other parameters fixed 

as: d2 = 700 nm, d3 = 800 nm, d4 = 900 nm and Λ = 1000 nm. 

5.13. The effect of the diameter of the air holes in second ring (i.e. d2) on 

chromatic dispersion profile while keeping other parameters fixed 

as: d1 =420 nm, d3 =800 nm, d4 =900 nm and Λ =1000 nm. 

5.14. The chromatic dispersion characteristic of proposed TCGI PCF 

structure with optimized parameters (i.e. d1 = 420 nm, d2 = 700, d3 

= 800 nm, d4 = 900 nm and Λ = 1000 nm). 

5.15. The confinement loss of proposed triangular-core graded-index 

photonic crystal fiber structure with optimized parameters (i.e. d1 = 

420 nm, d2 = 700, d3 = 800 nm, d4 = 900 nm and Λ = 1000 nm). 

5.16. The variation of effective mode area of propagating mode and 

corresponding nonlinear coefficient of proposed triangular-core 

graded-index photonic crystal fiber with optimized parameters (i.e. 

d1 = 420 nm, d2 = 700, d3 = 800 nm, d4 = 900 nm and Λ = 1000 

nm). 

5.17. Spectral broadening of supercontinuum spectra from various length 

of PCF; when 50 fs laser pulses with peak power of 3.5 kW 

launched at proposed triangular-core graded-index PCF structure. 

5.18. Broadening of output spectra from 5 mm long TCGI PCF obtained 

at various values of TFWHM when peak power of incident pulses = 

3.5 kW. 

6.1. The transverse cross-sectional view of the proposed ES PCF 

structure. 

6.2. Dispersion characteristics of proposed ES PCF with r0. 

6.3. Dispersion characteristics of proposed ES PCF with rh. 

6.4. Confinement loss of proposed ES PCF structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

63 

64 

64 

66 

66 

65 

67 

68 

72 

73 

74 

74 



                                                                                                                     List of Figures 
 

xxii 
 

6.5. Spectral variation of effective mode area of propagating mode and 

nonlinear coefficient of proposed ES PCF structure. 

6.6. Supercontinuum generation at different lengths of ES PCF pumped 

at 3.5 µm. 

7.1 (a) The transverse cross-sectional view of proposed rib waveguide 

structure; (b) the normalized electric field distribution of 

propagating mode in the core region at pump wavelength. 

7.2 The effect of the geometrical parameter 't' on chromatic dispersion 

profile while keeping other parameters fixed as: a = 1 µm, h = 1 

µm. 

7.3 The effect of the core height (i.e. h) on chromatic dispersion profile 

while keeping other parameters fixed as: a = 1 µm, t = 0.75 µm. 

7.4 The effect of the core width (i.e. 2a) on chromatic dispersion 

profile while keeping other parameters fixed as: t = 0.75 µm, h = 1 

µm. 

7.5 The chromatic dispersion characteristic of proposed rib waveguide 

structure with optimized parameters (i.e. a = 1.0 µm, t = 0.75 µm, 

h = 1 µm). 

7.6 The variation of effective mode area of propagating mode and 

corresponding nonlinear coefficient of proposed rib waveguide 

with optimized parameters (i.e. a = 1.0 µm, t = 0.75 µm, h = 1 

µm). 

7.7 Spectral broadening of supercontinuum spectra from 4 mm long rib 

waveguide at different peak power; when 50 fs laser pulses at 2.5 

µm launched at proposed rib waveguide structure. 

7.8 Broadening of output spectra from 4 mm long rib waveguide 

obtained at various values of pulse width (TFWHM) when peak 

power of incident pulses = 1.1 kW. 

8.1 Schematic of the principle of stimulated Brillouin scattering in 

PCF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

75 

75 

79 

80 

81 

81 

82 

83 

83 

84 

89 



                                                                                                                     List of Figures 
 

xxiii 
 

8.2 Brillouin gain of the fiber with frequency difference between pump 

and signal  in two meter Er-doped tellurite fiber. 

8.3 Effect of pump power on Brillouin gain. 

8.4 Time delay as a function of real fiber length. 

8.5 Time delay as a function of pump power. 

8.6 Brillouin gain of the fiber against the frequency difference between 

pump and signal ( in 100 meter long undoped tellurite fiber 

with 10 mW pump power. 

8.7 Brillouin gain as a function of pump power. 

8.8 Time delay per unit power with real fiber length. 

8.9 Total time delay with pump power. 

8.10 Transverse cross-sectional view of the proposed highly nonlinear 

photonic crystal fiber structure. 

8.11 Variation of 'V' parameter of the proposed PCF with d/Λ. 

8.12 Electric field distribution of fundamental mode with d/Λ = 0.4 at 

1.06 µm wavelength. 

8.13 Influence of the effective mode area and nonlinear coefficient with 

d/Λ. 

8.14 Maximum allowable pump power as a function of d/Λ. 

8.15 Confinement loss of the proposed PCF structure as a function of 

d/Λ. 

8.16 Influence of d/Λ on Brillouin gain in proposed PCF structure with 

100 mW pump power. 

8.17 Influence on time delay per unit length with incident pump power. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

92 

92 

93 

94 

94 

94 

95 

96 

96 

97 

97 

98 

98 

93 

94 

98 



                                                                                                                     List of Figures 
 

xxiv 
 

 

 

 

 

 

 

 



xxv 
 

LIST OF TABLES  
 
 

3.1. The optimized structural parameters of proposed TC PCF. 

5.1. Geometrical parameters of proposed TC PCF. 

5.2. Input pulse parameters for proposed TC PCF. 

5.3. Geometrical parameters of proposed TCGI PCF. 

5.4. Input pulse parameters for proposed TCGI PCF. 

7.1. Geometrical parameters of proposed rib waveguide. 

7.2. Input pulse parameters for proposed rib waveguide. 

8.1. Maximum allowable pump power (Pmax). 

8.2. Time delay in 1 meter long proposed PCF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

29 

61 

61 

68 

68 

85 

85 

99 

99 



xxvi 
 

 

 

 

 

 

 



xxvii 

 

LIST OF ABBREVIATIONS 
 

CW  : Continuous Wave 

EDFA : Erbium Doped Fiber Amplifier 

EMA : Effective Mode Area 

ES  : Equiangular Spiral  

FEM : Finite Element Method 

FWHM : Full Width at Half Maximum 

FWM : Four Wave Mixing 

GNLSE : Generalized Nonlinear Schrödinger Equation 

GVD : Group Velocity Dispersion 

LMA : Large Mode Area 

NA  : Numerical Aperture 

OCT  : Optical Coherence Tomography 

OWB : Optical Wave Breaking 

PCF  : Photonic Crystal Fiber 

PML  : Perfectly Matched Layer 

RK4IP : Fourth order Runge Kutta Interaction Picture 

SBS  : Stimulated Brillouin Scattering 

SCG  : Supercontinuum Generation 

SM  : Single Mode 

SPM  : Self Phase Modulation 

SRS  : Stimulated Raman Scattering 

TC  : Triangular Core 

TCGI : Triangular Core Graded Index 

XPM  : Cross Phase Modulation 

ZDW  : Zero Dispersion Wavelength 



xxviii 

 

 

 

 



“Application Specific Specialty Optical Fibers and Waveguides”- T. S. Saini 
 
 

1 
 

 
 

CHAPTER 1 
 

Introduction 
 

Albert Einstein in 1917 proposed the theoretical concept to achieve highly coherent and 

monochromatic beam of light. The first experimental demonstration of the LASER (Light 

Amplification by Stimulated Emission of Radiation) was carried out by T. H. Maiman in 

1960 [1]. A synthetic ruby rod was used as an active medium in this laser. After the 

demonstration of the Ruby laser, various efforts have been made to increase the power of 

the output beam. There are various applications of high power lasers in different diverse 

fields such as defense, biological sciences, industry and scientific research. In industrial 

applications such as cutting, welding, drilling and marking, highly intense lasers are 

required with output power of 10 W – 10 kW. To increase the power level of the lasers 

different types of active medium (i.e. solid, liquid and gas) can be used. Ali Jawan 

invented a continuous wave (CW) laser by employing mixture of He and Ne gases as a 

gain medium [2]. In 1964, C. K. N. Patel invented more powerful carbon dioxide (CO2) 

gas laser [3]. Willian Bridges in 1971 developed an Argon-Ion laser with output power of 

1 – 20 W which makes it attractive for various applications such as lithography, retinal 

surgery and pumping [4]. Mercury ion laser, Krypton ion laser and Excimer laser are the 

few more important gas lasers. The drawback of these gas lasers include their regular 

cooling system and bulky in size. Solid state lasers are relatively compact in size. By 

providing suitable pumping, Nd: YAG rod laser is able to generate several kilowatts of 

power but limited to ~10 kW. 

Solid-state lasers are having rod shaped rare earth doped active medium. The output 

beam quality of conventional rod-type lasers degrade due to power induced thermo-

optical problems such as thermal lensing and thermally induced birefringence. To 

mitigate the thermal effects, various special types of architectures of lasing materials have 

been developed [5-7]. Among all these special designs, the fiber laser concept is most 
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suitable due to following reasons: i) the heat generated by lasing process is distributed 

over a long fiber length; ii) large surface to active volume ratio of fiber which leads to 

outstanding heat dissipation. Due to its special geometry, the fibers doped with rare earth 

elements have intrinsic property to eradicate the thermo-optical problems. Fiber has a 

good heat dissipation property due to its large surface to active volume ratio which is 

helpful to restrain the thermal lensing effect in fibers [8].  

Since the fiber leads to the insignificant thermal distortion to the optical beam, the 

beam quality of the fiber laser output becomes power independent. In the fiber laser 

systems, the beam quality is defined by the fiber structure. In the fibre geometry it is 

possible to propagate the pump and laser radiation simultaneously inside the active doped 

core region, which maintains the intensity of the optical beam over the entire length of the 

fibre and is not limited to the Rayleigh length. Thus, the fibre lasers can be a good 

alternative of the bulk solid state lasers for numerous applications.  

However, the idea of the development of fiber lasers and amplifiers by doping of 

rare earth elements is not new. This concept was first reported by Snitzer in 1961 [9]. 

After that Nd-doped fiber lasers were developed. Initially, the efficiency of the first Nd-

doped fiber laser was very low and could only work in spatial multimode regime [10]. 

The longitudinal pumping was used to improve the efficiency of fiber laser [11]. In 1987, 

Mears et al. demonstrated a high gain erbium doped fiber amplifier (EDFA) operating at 

1.54 µm [12]. An EDFA has made significant contribution to the long distance optical 

communication and became the standard for long distance communication.  However, 

EDFA does not go well with the high power fiber lasers and amplifiers where the high 

power density damages the fibre. Recently, the output power from fiber laser up to 101.3 

kW at wavelength 1070 nm has been presented by Shcherbakov [13]. However, the 

challenges still exist. The performances of such laser systems are limited by the various 

unwanted nonlinear optical effects such as self phase modulation (SPM), cross phase 

modulation (XPM), four wave mixing (FWM), optical wave breaking (OWB), stimulated 

Brillouin scattering (SBS) and stimulated Raman scattering (SRS). At high power level, 

reduction in optical damage threshold due to tight confinement of light over the long 

interaction length in the fibers is also a serious problem. The temporal, spectral and 

spatial characteristics of the laser emission can be destroyed by these unwanted nonlinear 

effects.  
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To avoid the nonlinear effects at high power level, the preferred way is to use large-

mode-area (LMA) fibers which allow a dramatic reduction of the guiding intensity. The 

large-mode-area can be achieved by increasing the core size of the fiber. However, too 

much large core size can allow the higher order modes to propagate through it. In 

multimode fiber laser the mode competition and intermodal dispersion can destroy the 

output of the fiber laser. Single mode (SM) operation provides good beam quality at the 

output of the fiber lasers. Therefore, LMA fibers or waveguides with single-mode 

operation are the preferred designs for high power delivery devices such as high power 

fiber lasers, amplifiers, high-power microwave detection and high-efficiency photovoltaic 

applications. Tremendous efforts have been made earlier to increase the effective-mode-

area in fiber geometries with effective single-mode operation for applications in optical 

communications and high power fiber lasers and amplifiers [14-32]. The effective mode 

area of fiber can be enhanced by controlling the refractive index profile in the core or the 

relative index difference between core and cladding [16-18]. Using single material 

photonic crystal fiber is another way to design LMA fiber [19-22]. In most of these 

approaches, the effective SM operation have been achieved via higher-order mode 

discrimination techniques such as matched excitation [23], bending of fiber [24],  using 

leaky cladding [25 – 27], resonant filtering [27, 28] and delocalization of higher order 

modes [29].  

In matched excitation technique, the seed radiation is injected carefully in such a 

way that only fundamental mode of the fiber is excited. Mode matching technique is used 

for few-mode fibers. However, this technique of higher order mode discrimination is not 

efficient for high-power fiber lasers and amplifiers. Bending the fiber is another common 

technique for higher order mode discrimination. Bending introduces a differential 

propagation loss (bending loss) between the fundamental and higher order modes. Higher 

order modes can also be discriminate by using multiple leaky cladding of uniform 

refractive index. Resonant filtering of higher order modes can be achieved by designing 

the cladding in such a way that the effective indices of cladding modes match with the 

effective indices of higher order modes. However, realization of fiber based on this 

technique is more challenging. Higher order modes delocalization is used for very large 

mode area rod type fiber. It includes the concept that due to relatively larger overlap of 

the fundamental with potentially doped core region in comparison to higher order modes, 
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the higher-order modes get poorly amplified. This difference in the overlap leads to the 

discrimination of higher-order-modes. 

 Now-a-days a lot of attention has been made to design and analyses of special 

kinds of optical fibers such as photonic crystal fibers (PCFs) or holy fibers or 

microstructured optical fibers because of their unique properties which can not be 

achieved using conventional fibers [19-22, 33]. In 1996, after trying various different 

approaches, the first silica-air solid-core PCF (single material fiber having air holes in its 

cladding region) was demonstrated by staking 216 silica capillary [34]. Later this led to 

the discovery of endlessly single-mode PCF [35]. During the year of 2000, based on 

shape, size, position, arrangement and orientation of air holes in the cladding region, 

various PCF designs have been explored such as dispersion compensating PCF,  multi-

core PCF, polarization-maintaining PCF and rare-earth doped PCF laser [36 – 38]. By 

using the asymmetric design of air holes and/or the doped dielectric rods in air holes of 

PCF structure, researchers are able to control the bend loss of photonic crystal fibers 

which make it applicable in Fiber-To-The-Home technology [39]. The guiding 

mechanism of these PCFs is based on total internal reflection and photonic band gap 

guidance. For compact and portable high power devices we need to maintain the size of 

the devices as small as possible. For this purpose the LMA PCF has to be bent in the 

loops. Although in comparison to the conventional optical fibers the bending loss of PCF 

is very low. But, for LMA PCF the core size is very large (~ 40 µm or more) which 

increases the bend loss. The issue of bend loss of LMA PCF is tried to solve as a part of 

the research work in this thesis.   

For several other applications such as optical coherence tomography (OCT), 

frequency comb generation, security and detection of bio-molecules a white light 

(broadband) laser sources are required [40 – 43]. Incandescent and fluorescent lamps 

have broad spectrum (>1000 nm) but limited by the low intensity, lack of spatial 

coherence and ordinary beam quality. However, laser sources have high spatial coherence 

and very high brightness which enables optimum coupling to the fiber and outstanding 

single-mode beam quality. But these laser systems are limited by their monochromatic 

nature. If we required more than one wavelength extra lasers of a specific wavelength are 

needed to cover a broad spectrum. Supercontinuum generation (the creation of broadband 

spectral components when an intense laser pulse passes through a highly nonlinear 

medium) bridges this gap by providing ultra broadband white-light spectrum, single-
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mode beam characteristics, excellent pointing stability and brightness of a laser. The 

phenomenon of supercontinuum generation (SCG) has been reported first time in glass in 

the year of 1970 [44]. The spectral brightness of supercontinuum is million times brighter 

than that of the conventional light sources. SCG is the result of combined response of 

various nonlinear mechanisms including SPM, SRS, OWB, FWM and XPM along with 

the dispersion properties of the medium. Spectral broadening due to SPM is due to the 

maximum phase shift (𝜙𝑚𝑎𝑥 = 𝛾𝑃0𝐿𝑒𝑓𝑓) induced by SPM, where 𝛾 is the nonlinear 

coefficient of the medium, P0 is the peak power of input pulse and Leff is the effective 

length of medium. SRS creates the new frequency components on the longer wavelength 

side only. However, FWM is responsible for generating sidebands on both sides of the 

pulse spectrum when phase matching condition is satisfied.  

The mid-infrared spectral domain ranging from 2 – 15 μm  is mainly important 

because of not only it contains two important windows (3 – 5 μm and 8 – 13 µm) in 

which the earth’s atmosphere is relatively transparent but also the strong characteristic 

vibration transitions of most of the molecules in this domain [42]. Mid-infrared molecular 

‘fingerprint region’ is applicable in various important applications in different diverse 

fields such as medical, industry, security and astronomy [45 – 49]. Therefore, researchers 

are trying very hard to achieve mid-infrared broadband supercontinuum spectrum in 

various conventional, photonic crystal fibers [50 – 53] and waveguide geometries [54 – 

60]. Among all non-silica glasses, the chalcogenide glasses are excellent candidates for 

mid-infrared region because some of its compositions possess optical transparency upto 

25 μm in this region [61]. The As2Se3 glass has shown excellent optical transparency 

between 0.85 – 17.5 µm with attenuation coefficient of less than 1 cm-1 [61]. In addition 

to broadband mid-infrared transmission window, chalcogenide glasses have also very 

large linear and nonlinear refractive indices which make them promising candidates for 

mid-infrared SCG [62]. However, the spectral broadening of supercontinuum spectrum 

spanning 2 – 15 μm range in fiber or waveguide geometries has not been reported yet. 

In this thesis, some novel PCF and waveguides geometries for the applications i) in 

which the nonlinearity need to be eliminated (such as high power fiber lasers and 

amplifiers); ii) in which the nonlinearity need to be enhanced (such as supercontinuum 

and slow light generation) have been reported. LMA PCF designs for high power fiber 

lasing and amplification have been achieved by tailoring the size of the air holes and 

introducing down doped fused silica rods in the selective air holes in the cladding region 
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of PCF. In the case of LMA waveguide design the trenches of lower refractive index in 

cladding region have been introduced in such a way that all the propagating modes 

become leaky.  The basic principle behind the cladding profiles is to introduce the high 

leakage loss to the higher order modes while nominal leakage loss to the fundamental 

mode, which makes the designs effectively single-moded. All the PCF and waveguide 

designs which are applicable for supercontinuum and slow light generation have been 

designed such that the propagating mode is strongly confined in small core of the 

structure, which makes the designs highly nonlinear. Since dispersion is one of the most 

important parameter in the broadening of supercontinuum spectrum, PCF with all-normal 

dispersion characteristic is desirable for smooth and coherent SCG [63]. Therefore, 

PCF/waveguide designs have been engineered to achieve all-normal dispersion profile. 

Dispersion, leakage losses and effective area of the modes have been calculated by 

employing commercially available software 'COMSOL Multiphysics' based on full 

vectorial finite element method (FEM). Broadening of supercontinuum spectrum has 

been simulated by solving the generalized nonlinear Schrödinger equation (GNLSE). 

Outline 

The outcome of the research work carried out during the four years of PhD has been 

arranged in nine chapters of this thesis. First chapter is the Introduction, which presents 

the motivation for the designs of specialty fibers and waveguides and brief summary of 

literature review of the topic.  

Chapter 2 reports a design of an asymmetric PCF for low bend loss large-mode-

area with effective single-mode operation at 30 cm bend radius. The design works on the 

principle of bend induced mode filtering. The proposed fiber can be designed by i) 

introducing down doped material rods in place of nine air holes of inner ring near the core 

of structure;  ii) increasing the diameter of rest of the three air holes of the same ring in 

the direction of bending. These three air holes together with nine down doped material 

rods control the mode field inside the core region and hence the bending losses of the 

modes. The single-mode operation is ensured by introducing high bend loss for first 

higher order mode and very low bend loss for fundamental mode. Numerical results show 

that effective-single-mode operation can be ensured with mode area as large as 1530 µm2 

at bend state with bend radius of 30 cm. The proposed PCF structure with such a large-
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mode-area can have potential applications in compact high power delivery devices such 

as, high power fiber lasers and amplifiers 

Chapter 3 provides two designs of triangular core large-mode-area photonic crystal 

fiber structure which offers low bending loss at 1.064 μm wavelength. One of the 

photonic crystal fiber structure is optimized for low bending loss even at 15 cm bending 

radius while other at 20 cm bending radius. The designs work on the principle of bend 

induced mode filtering. Effects of the design parameters have been numerically 

investigated using full vectorial finite-element method. In order to improve the effective 

mode area of fundamental mode along with the differential bending loss, five down-

doped material rods have been introduced in place of five air holes in the first ring. And 

the diameters of rest three air holes are considered relatively larger than that of the others. 

First structure offers effective-mode-area of propagating mode as large as 875 µm2 with 

bending loss of 0.038 dB/m at bend radius of 20 cm. Second structure supports effective 

mode-area of fundamental mode as large as 794 µm2 with nominal bend loss of 

propagating mode 0.064 dB/m at the bend radius of 15 cm. Structures are able to suppress 

all unwanted nonlinear effects and can be a potential candidate for designing compact 

high power delivery devices such as high power fiber lasers and amplifiers. 

Chapter 4 presents a multi-trench leaky channel waveguide design that supports 

effective single-mode operation even with large-core size. The proposed waveguide 

structure has uniform rectangular core and a cladding which is geometrically designed in 

such a way that all the confined modes become leaky. The effective single-mode 

operation has been achieved by choosing the geometrical parameters of proposed channel 

waveguide in such a way that it induces a very large leakage losses for higher order 

modes while very low leakage loss for fundamental mode. A profile for cladding 

geometry is considered based on power-law, which is solved by finite element method. 

By choosing the suitable cladding parameters, proposed channel waveguide structure 

ensure extended single-mode operation in the wavelength range 1.25 – 2 µm with the 

rectangular core area as large as 100 µm2. Such large core area waveguide structure 

efficiently suppresses unwanted nonlinear optical effects. Proposed channel waveguide 

structure with large core size is suitable for high power delivery devices such as high 

power waveguide lasers and amplifiers. 
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Chapter 5 describes two dispersion engineered triangular-core photonic crystal fiber 

structures in As2Se3 based chalcogenide glass for supercontinuum generation.  The first 

design is optimized for all-normal dispersion profile by tailoring the diameters of air 

holes in second ring of air holes in the cladding of the structure. Structure offers nonlinear 

coefficient as high as 5449 W-1Km-1 at pump wavelength (i.e. 4.5 µm) with effective 

mode area of 6.15 µm2. The influences of PCF length, input pulse peak power and full-

width at half maximum on output spectral intensity have been investigated. Ultra-

broadband SC spectra have been generated in a very small length of PCF with relatively 

low peak power of incident pulse. Simulated results indicate that the ultra-broadband 

supercontinuum spectrum extending from 1.9 µm to 10 µm at the -30 dB level can be 

generated in only 6 mm long PCF with an input pulse peak power of 700 W in 

femtosecond regime. Second design is optimized for all-normal dispersion profile by 

taking the size of air holes in increasing order for successive rings. This design of PCF 

structure offers supercontinuum spectrum spanning 2 – 15 µm with peak power of 3.5 

kW at 4.1 µm. Such broadband mid-infrared supercontinuum spectrum is obtained in 

relatively short length (i.e. 5 mm) of PCF, using a sub-harmonic generation source of the 

mode-locked thulium 50 fs pulsed fiber laser at 4.1μm. To the best of our knowledge the 

supercontinuum in PCF with such broadband spectra has been reported first time. These 

highly nonlinear photonic crystal fiber structures can be a good candidate for generating 

efficient supercontinuum which is applicable for various nonlinear applications such as 

optical coherence tomography, pump-probe spectroscopy, metrology, gas sensing, food 

quality control, frequency combs generation and early cancer diagnostics.  

Chapter 6 explains the design and analysis of an equiangular spiral (ES) PCF in 

As2Se3 chalcogenide glass for mid-infrared supercontinuum generation. A full vectorial 

finite element method has been used to investigate the dispersion properties of the 

proposed fiber. Simulated results show that the proposed ES PCF structure is highly 

nonlinear with very low and flat dispersion characteristic. Proposed ES PCF structure is 

able to achieve broadband supercontinuum spectrum with femtosecond laser pulses of 

very low peak power. This is the first time to our knowledge that a new design of an 

equiangular spiral photonic crystal fiber in As2Se3 chalcogenide glass is used to generate 

an ultra-broadband, coherent  and stable supercontinuum spectrum spanning from 1.2 – 

15 µm in only 8 mm fiber length with very low peak power of laser pulses of 500 W at 

3.5 µm. 
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Chapter 7 reports a dispersion engineered As2Se3 based chalcogenide rib 

waveguide which can be used for mid-infrared supercontinuum generation across 

molecular 'fingerprint region'. Proposed rib waveguide design offers nonlinear coefficient 

as high as 18250 W-1 Km-1 with effective mode area of 2.07 μm2 at 2.5 µm pump 

wavelength. Supercontinuum spectrum spanning 2 – 15 μm, which not only covers the 

both atmospheric transparent windows (3 – 5 µm and 8 – 13 μm) in mid-infrared domain 

but also important molecular ‘fingerprint domain’,  is obtained using only 4 mm long rib 

waveguide. To the best of our knowledge such broadband mid-infrared supercontinuum 

spectrum in As2Se3 based chalcogenide waveguide geometry is reported first time. 

Proposed design of rib waveguide has potential for robust, integrated and low cost 

supercontinuum sources for various applications including optical coherence tomography, 

frequency comb generation, chemical sensing, food quality control and early cancer 

diagnostics. 

In chapter 8, the theoretical investigation of stimulated brillouin scattering-based 

tunable slow light in three different designs of (i) Er-doped tellurite fiber, (ii) undoped 

tellurite fiber and (iii) single mode photonic crystal fibers is provided. Using Er-doped 

fiber design Brillouin gain up to ~91 dB and time delay of 140 ns can be achieved with 

1100 mW pump power in 2 m long fiber. While, using undoped tellurite fiber, Brillouin 

gain up to ~86 dB and time delay of ~227 ns with 23 mW pump power in 100 m long 

fiber can be achieved. We have found that Brillouin gain upto ~ 88 dB/m and time delay 

up to ~137 ns can be obtained from 1 meter long photonic crystal fiber pumped with 100 

mW. Simulated results indicate that the time delay in fibers can be tuned with the pump 

power to obtain tunable slow light features in these fibers. We feel that detailed 

theoretical investigations and simulations carried out in the study have potential impact in 

the design and development of slow light-based photonic devices. 

Chapter 9 presents the concluding remarks and the future research scope coming up 

from the current thesis work. In this thesis some novel specialty fiber and waveguide 

designs have been reported for the applications of high power fiber lasers and amplifiers, 

supercontinuum generation and tunable slow light generation. For high power 

applications the PCF and waveguide structures are designed based on the principle of 

bend induced mode filtering. The designed LMA PCF structures offer effective single-

mode operation even with large core size. For supercontinuum generation (white light 

laser source) we have optimized the triangular core PCF and rib waveguide structures for 
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all-normal dispersion and large nonlinearity. Ultra broadband spercontinuum spectrum 

spanning 2 -15 µm is achieved first time in As2Se3 chalcogenide glass PCF and rib 

waveguide geometries. The numerical simulation for tunable slow light in doped and 

undoped tellurite fibers and As2Se3 based photonic crystal fiber geometries is carried out. 

The LMA PCF and channel waveguide designs presented in this thesis can be extended to 

active materials to access the actual performance of the device. In the future, the 

coherence property of supercontinuum spectrum from the proposed PCF and rib 

waveguide structures can be studied. The light can be further slowed down in graded 

index PCF structure.  
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CHAPTER 2 
 

Design of Asymmetric Large Mode Area 
Photonic Crystal Fiber with Single Mode 

Operation∗

  

 

2.1 Introduction 

Designing of specialty optical fibers are one of the main exciting research topics 

because of their unique properties which cannot be achieved in conventional optical 

fibers [15, 39, 64 – 70]. The nonlinearity and low optical damage threshold arising due 

to high power density are the major challenges in designing of high power fiber laser 

systems. This problem can be mitigated by using LMA fiber because the nonlinearity is 

inversely proportional to the effective-mode-area (EMA). EMA of the fiber can be 

increased by increasing its core size. But, too much core size makes the fiber multi-

moded, which affects the beam quality and the stability of the laser output.  

To stripe off all the higher order modes from large-core of the optical fiber 

various methods are reported in the literature [71, 72]. Earlier, several efforts have been 

made in this direction using standard silica glass fibers [23 – 27, 73, 74]. It is difficult 

to achieve very LMA in standard silica fibers because of its large bending loss and 

limitation on index contrast. However, in case of PCF geometries it can be possible to 

attain simultaneously both the low bending loss and LMA characteristics. PCFs have 

large number of degree of freedom than those of standard silica glass fibers. The 

presence of air holes or lower index material doped silica rods in the cladding region of 

PCFs allow to have a very low numerical aperture (NA). 

                                                           
∗A part of the results presented in this chapter has been submitted to Optical Fiber Technology.  
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Various novel LMA PCF designs have been reported earlier [75 – 79]. A novel 

type of effectively single-mode holy fiber with large effective-mode-area and low 

bending loss has been proposed based on the resonance of higher order mode in the 

outer ring core [75]. An LMA fiber structure with single-mode operation has been 

proposed using microstructured multi-core instead of a single large-core [76]. Morasse 

et al. proposed a multimode high NA ytterbium doped fiber which is used in single 

mode operation for high power lasers and amplifiers [77]. LMA leakage channel fibers 

are also reported in the literature using asymmetric structure with microstructured core 

[80, 81].  

In this chapter an asymmetric design of solid core LMA PCF is presented. The 

proposed structure offers effective single-mode operation in spite of large core size. 

The design is based on introducing down doped (i.e., fluorine doped) material rods in 

place of nine air holes in the opposite direction of bending and having relatively larger 

air holes in the direction of bending. Our aim is to increase the differential bend loss 

between the first two modes (i.e., LP01 & LP11) of proposed structure. 

2.2 Proposed LMA PCF Structure 

The transverse cross-sectional view of proposed LMA PCF structure has been shown 

in the Fig. 2.1. 

 

Fig. 2.1: The transverse cross-section view of proposed LMA PCF. 
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As shown in Fig.2.1, the design is characterized by the air holes arranged in triangular 

lattice in the silica dielectric. In order to construct the large core, seven air holes from 

the central part of PCF structure have been removed. The innermost ring located near 

the core has twelve holes. Out of which, nine air holes have been modified by 

introducing fluorine doped fused silica rods while rest three air holes are with relative 

larger diameters along the positive x-direction. The pitch is same for all the holes and it 

is represented by Λ. The diameters of three larger air holes in the first ring are taken as 

d1; the diameters of nine fluorine doped diffuse silica rods in the same ring are 

considered as d2. The diameters of air holes arranged in outer two rings are taken as d3. 

The refractive indices of fluorine doped fused silica rods have been assumed as nf. The 

PCF structure is simulated when it is in bent state having bend radius of R in positive x-

direction. The refractive index of background material (i.e. fused silica) is taken as 1.45 

at 1.064 µm wavelength. 

2.3 Method of Analysis 

The proposed PCF structure is simulated by well known computational technique finite 

element method (FEM) [82]. For this purpose we have used commercially available 

software 'COMSOL Multiphysics'. To calculate the accurate bend loss of the proposed 

PCF, An anisotropic perfectly matched layer (PML) has been used as a boundary 

condition [83]. In the bend state of PCF, the refractive index profile of structure gets 

deformed. In order to calculate bend loss of structure the bent structure is transformed 

into its equivalent straight structure with equivalent refractive index profile neq. The 

equivalent index profile neq of structure is defined by the following relation [84]; 

𝑛𝑒𝑞 = 𝑛(𝑥, 𝑦)𝑒𝑥𝑝 �
𝑥
𝑅
�                                            (2.1) 

where, R is the bending radius, x is the transverse distance from the centre of the 

proposed PCF structure, and n(x, y) is the refractive index profile of the structure 

when it is in straight state. 

In the finite element scheme the following Maxwell vector equation has to be solved 

[85] 

∇ × ([𝑠]−1 ∇ × 𝐸) − 𝑘02 𝑛2[𝑠]𝐸 = 0                  (2.2) 
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[𝑠] = �
𝑠𝑦/𝑠𝑥 0 0

0 𝑠𝑥/𝑠𝑦 0
0 0 𝑠𝑥𝑠𝑦

�                             (2.3) 

where, E is the electric field vector. 𝑘0 = 2𝜋
𝜆

 , is the wave number in the vacuum, and λ 

is the operating wavelength. n is the refractive index, [s] is the PML matrix, sx and sy 

are the PML parameters. 

For the PCF structure the solution of the Eq. (2.2) gives the complex propagation 

constant. The real part of the propagation constant provides the effective index of the 

mode while the imaginary part of propagation constant gives the bend loss of the mode. 

Bend loss of the PCF can be calculated by the imaginary part of propagation constant 

using the following relation [86] 

𝐿 �
𝑑𝐵
𝑚
� =  

40 𝜋
ln(10)𝜆

𝐼𝑚�𝑛𝑒𝑓𝑓 � = 8.686𝑘0 𝐼𝑚�𝑛𝑒𝑓𝑓�    (2.4) 

where, Im(neff) is the imaginary part of propagation constant and λ is the free space 

wavelength in µm.  

The effective mode area of propagating mode of PCF structure can be calculated 

by transverse electric field of mode according to the following equation [41]; 

𝐴𝑒𝑓𝑓 =  
(∬|𝐸|2 𝑑𝑥 𝑑𝑦)2

(∬|𝐸|4𝑑𝑥 𝑑𝑦)
                                                   (2.5) 

where, E denotes the transverse electric field vectors. 

2.4 Numerical Results and Discussion  

An asymmetric PCF design has been presented to realize the bend induced mode 

filtering keeping in mind that such bending should not introduce significantly high 

bend loss to fundamental mode. To analyse the proposed LMA PCF structure, initially 

we have chosen the values of parameters as: d1=16 µm, d2 = 6 µm, d3 = 6 µm, nf = 

1.448, R = 30 cm and λ = 1.064 µm. The effect of various parameters of the structure 

have been studied and summarized in Figs 2.2 – 2.8.  

Figure 2.2 shows the variation of bend losses of the first two modes (i.e. LP01 & 

LP11) on pitch (Λ) of the proposed PCF structure. The bend loss of first higher order 

mode (LP11) is always quite large than that of LP01 mode. The bend losses of both the 
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modes increase on increasing the pitch of proposed structure. The effective mode area 

of LP01 mode is also increases on increasing the value of Λ. This is because of the 

increment in core size on increasing the value of Λ. Higher the value of pitch larger is 

the core size, i.e. higher is the effective mode area. The bend losses of both the modes 

increase on increasing the pitch. It is because the index contrast between the core and 

holy cladding decreases while increasing the value of pitch. 

 

Fig. 2.2: Variation of the bend losses of LP01 and LP11 modes and the effective mode area of LP01 mode 

on pitch (Λ) of the structure at 1.064 µm wavelength with d1 = 16 µm, d2 = d3 = 6 µm nf = 1.448 and 

bend radius, R = 30 cm. 

It has been observed that the loss of the first higher order mode is smaller than 

that of other higher order modes for this PCF structure. Therefore, only first two modes 

(i.e. LP01 and LP11) have been included in our study to investigate the bend 

performance of the proposed PCF structure. It is quite evident from the Fig. 2.2 that, if 

the value of Λ is below 20 µm, the bend loss of both LP01 and LP11 mode is small. It 

means, below 20 µm value of Λ, proposed PCF structure would be multi mode even in 

bent state with 30 cm bend radius. When Λ ˃ 21 µm, the value of bend loss of first 

higher order mode is larger and fundamental mode also attenuate rapidly.  

At Λ = 21µm, the value of bend loss for LP01 mode is 0.25 dB/m, while the value 

of the bend loss of LP11 mode is as large as 29.22 dB/m. The bend loss of LP11 mode is 

large enough to leak out from the fiber core while the LP01 mode is the guiding mode 

with a little attenuation. Such a bending can introduce more than 55 dB loss to LP11 

mode and only 0.47 dB loss to LP01 in a single turn of bending. Therefore, the proposed 

PCF structure would offer effective single-mode operation with effective mode area as 

large as 1530 µm2. Using the same parameters in straight state, the proposed structure 
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offers confinement losses 4.64×10-5 dB/m and 1.28×10-3 dB/m for LP01 and LP11 

modes respectively with mode area of LP01 mode as large as 2388 µm2. Therefore, the 

PCF would be multimode at straight state. 

 

 

 

 

 

 

 

Fig. 2.3: Variation of the bend losses of LP01 and LP11 modes and the effective mode area of LP01 mode 

on d1 at 1.064 µm wavelength with Λ = 21 µm, d2 = d3 = 6 µm nf = 1.448 and bend radius, R = 30 cm. 

Figure 2.3 illustrates the variation of the effective mode area of LP01 mode and 

the bend losses of LP01 and LP11 modes of the proposed PCF structure with the 

parameter d1. The bend losses of LP01 and LP11 modes decrease on increasing the value 

of d1. It is because of the fact that when d1 increases the index contrast also increases 

which compel the field to tightly confine within the core, thus, resulting in reduction of 

bend losses of both the modes. As shown in Fig. 2.3, it is clear that for d1 > 14 µm, the 

proposed design introduces more than 21 dB/m loss to higher order modes and less 

than 0.5 dB/m loss to the fundamental mode. Thus, d1 > 14 µm would be favourable for 

designing the fiber for effective SM operation.    

 The effects of the diameter of fluorine doped diffuse silica rods (i.e. d2) on single-

mode performance of the proposed design have been investigated and presented in Fig. 

2.4. The effective mode area of LP01 mode and bend losses of LP01 and LP11 modes 

decreases on increasing d2, however, the differential bending loss would remain almost 

same in the  order of magnitude. This property can be used to tune the absolute losses 

of the modes without much changing the differential loss.  

Figure 2.5 shows the effect of cladding parameter d3 on effective SM operation 

of the structure. The effective mode area of LP01 mode decreases with d3 and the bend 

losses of first two modes also decrease very sharply on increasing the value of d3. This 
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is due to increment in the index contrast between core and cladding on increasing the 

value of d3. However, care should be taken while choosing this parameter as bending 

loss sharply changes with this parameter. For example: at d3 = 4 µm, even LP01 mode 

suffers from 2.7 dB/m bending loss which is large enough to leak even LP01 mode. 

Further increase in d3 reduces the bending losses of both the modes; however, at d3 

beyond 7 µm, the bending loss of LP11 mode becomes even smaller than 7 dB/m. In 

both the cases structure would not be able to show SM operation. Thus for given design 

parameters 4 µm < d3 < 7 µm would be appropriate value of d3 for filtering the higher 

order modes. Therefore, care should be taken while optimizing the value of d3.  

 

Fig. 2.4: Variation of the bend losses of LP01 and LP11 modes and the effective mode area of LP01 mode 

on d2 at 1.064 µm wavelength with Λ = 21 µm, d1 = 16 µm, d3 = 6 µm, nf = 1.448 and R = 30 cm. 

 

 

Fig. 2.5: Variation of the bend losses of LP01 and LP11 modes and the effective mode area of LP01 mode 

on d3 at 1.064 µm wavelength with Λ = 21 µm, d1 = 16 µm, d2 = 6 µm nf = 1.448 and R = 30 cm. 
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The variation of effective mode area of LP01 mode and bend losses of first two modes 

with the refractive index of fluorine doped fused silica rods (i.e. nf) have been shown in 

Fig. 2.6. Bend losses of first two modes of structure increase on increasing the value of 

nf. If nf= 1.442, the bend loss of LP11 mode is 3.31 dB/m and the bend loss of LP01 

mode is 0.05 dB/m. If nf = 1.448, the bend loss of LP01 mode is 0.25 dB/m, which is 

within its acceptable range and the bend loss of LP11 mode is 29.22 dB/m which is 

large enough to leak out from the fiber. The effective mode area also increases on 

increasing the value of nf. The reason of increasing bent losses of modes on increasing 

the refractive index of fluorine doped material rods is that the index contrast between 

core and cladding decreases, which allow the field to spread and hence bend losses and 

effective mode area increases.  

 

 

 

 

 

 

 

 

Fig. 2.6: Variation of bend losses of LP01 and LP11 modes and the effective mode area of LP01 mode on 

the refractive index of fluorine doped fused silica rods (i.e. nf) at 1.064 µm wavelength, when Λ = 21 µm, 

d1 = 16 µm, d2 = d3 = 6 µm and R = 30 cm. 

The effect of different bend radii of the proposed PCF structure on the bend 

losses of LP01 & LP11 modes and the effective mode area of LP01 has been depicted in 

Fig.2.7 at 1.064 µm. The bend losses of LP01 & LP11 modes decrease on increasing 

bend radius. However, the differential bend loss between LP01 & LP11 modes increases 

on increasing the bend radius. At R = 30 cm, the differential bend loss is sufficiently 

large (˃  102) and reaches ˃  10 3 for bend radius larger than 40 cm. Below 30 cm bend 

radius, the differential bend loss between LP01 & LP11 modes is small.  Therefore, bend 

radius of 30 cm is the critical radius at which the higher order mode can be strike out 
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from the core of the proposed PCF structure. The effective mode area of LP01 mode 

increases with bend radius which is quite obvious. 

 

 

Fig. 2.7: Variation of bend losses of LP01 and LP11 modes and the effective mode area of LP01 mode on 

the bending radius (i.e. R) at 1.064 µm wavelength, when Λ = 21 µm, d1 = 16 µm, d2 = d3 = 6 µm. 

 

 

Fig. 2.8: The surface plot of (a) LP01 and (b) LP11 mode; when proposed PCF is in straight state; (c) 

LP01 and (d) LP11 mode when proposed PCF is bend with 30 cm bend radius at 1.064 µm wavelength; 

with Λ = 21 µm, d1 = 16 µm, d2 = d3 = 6 µm and nf = 1.448. 
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Figure 2.8 illustrates all the features of proposed PCF structure which have already 

been described in the above discussion. Fig. 2.8 (a & b) show the surface plot of LP01 

and LP11 respectively when the proposed fiber is in straight state. Fig. 2.8 (c & d) 

illustrate the surface plot of LP01 and LP11 modes respectively in bent state of PCF with 

bend radius of 30 cm. It is clear from these figures that the LP01 mode is less leaky and 

well confined while the LP11 mode leaks significantly in the cladding region. The bend 

losses of both the modes are very less when the proposed PCF structure is in straight 

state. 

2.5 Tolerance Analysis: 

It is also very important for fabrication purposes, to investigate the tolerance of the 

proposed PCF design with respect to the various design parameters. After investigating 

the effect of variations in the values of d1, d2, d3 and Λ we have found that the 

magnitude of bend losses of first two modes of the design and the effective mode area 

of LP01 modes are less sensitive to the structure parameters. For example, 1% variation 

in d1 changes the bend losses of LP01 and LP11 modes by 2.4% and 2.5% respectively 

and changes the effective mode area of LP01 mode by 1%. Similarly, 1% variation in Λ 

changes the bend losses of LP01 and LP11 modes by 5% and changes the effective mode 

area of LP01 by 3%. 

Finally, from the manufacturing point of view our proposed PCF structure can 

be fabricated using popularly known ‘stack and draw’ technique.  

2.6 Conclusions 

An asymmetric design of LMA PCF with SM operation and low bend loss is proposed 

in this paper. The SM operation is achieved by optimizing the structure parameters in 

such a way that it introduces very low bend loss for fundamental mode while very large 

bend loss for higher order modes. The effective mode area of LP01 mode of proposed 

PCF is as large as 1530 µm2 with bend radius of 30 cm. In spite of such large effective 

mode area the proposed fiber structure offers very low bend loss for LP01 mode (i.e. 

0.25 dB/m) while very large bend loss for LP11 mode (i.e. 29.22 dB/m). Therefore, such 

a bending can introduce more than 55 dB loss to LP11 mode, while only ~ 0.47 dB loss 

to LP01 in a single turn of bending with 30 cm bend radius. All the structural parameters 

i.e. d1, d2, d3, Λ and nf have effective control over the bend losses of fundamental and 
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first higher order mode. Proposed PCF structure has potential applications in compact 

high power delivery devices such as high power fiber lasers and amplifiers. 
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CHAPTER 3 
 

Triangular Core Large Mode Area 

Photonic Crystal Fibers∗

  

 

3.1 Introduction 

LMA in fiber geometry can be achieved by increasing its core size. However, a large 

core size can allow the higher order modes to propagate through it. Tremendous efforts 

have been made earlier to enlarge the effective mode area in fibers for applications in 

optical communications and high power fiber lasers and amplifiers [15 – 31, 87, 88]. 

Rastogi et al. presented LMA fiber structure by using azimuthally segmented cladding 

profile [30, 31]. LMA waveguide design with effective SM operation has also been 

analyzed in rectangular geometry [89]. Recently, LMA PCF with a triangular core (TC) 

structures have been proposed for compact high power fiber lasers [79, 90]. However, 

these TC PCF structures are restricted by bending radius up to 30 cm. Therefore, for 

design and development of compact high power delivery devices, it is desirable to 

design a new PCF structure which offers the LMA at even below 30 cm bending radius. 

In this chapter, two geometries (I & II) of TC LMA PCF which offer effective 

SM operation with low bending loss at 1.064 µm are reported. Geometry-I is able to 

offer a low bending loss at 20 cm bend radius with effective mode area of 875 µm2. 

While, the  geometry-II is able to offer effective SM operation even at 15 cm bending 

                                                           
∗Parts of the results presented in this chapter have been reported in research publications:  
1. T. S. Saini, A. Kumar, R. K. Sinha, “Triangular-core large-mode-area photonic crystal fiber with 

low bending loss for high power applications,” Applied Optics 53(31), 7246-7251 (2014); 
2. T. S. Saini, A. Kumar, R. K. Sinha, "Design of large-mode-area microstructured optical fiber with 

single-mode operation for high power fiber lasers" Advanced Science Letters, In Press (2015). 
  
 



Chapter 3: Triangular Core Large Mode Area Photonic Crystal Fibers  
 
 

24 
 

radius with EMA as large as ~800 µm2. Simulated results indicate that the proposed 

structure can be a useful candidate for design and development of compact high power 

delivery devices such as high power fiber lasers and amplifiers. 

3.2 TC LMA PCF Geometry-I  

The transverse cross-sectional view of proposed TC LMA PCF geometry-I is shown in 

Fig. 3.1. The air holes are drawn in triangular lattice pattern in the silica glass along the 

length of the PCF. Three air holes are removed to make the triangular core of the 

structure. Six air holes of the first ring are replaced by six down-doped silica material 

rods (gray circles in Fig. 3.1) and rest three air holes have relatively larger diameters. 

The diameter of three bigger air holes in the first ring is considered as d0 while the 

diameter of smaller air holes and the down doped silica rods in the cladding is 

considered as d1. The centre to centre distance (i.e. pitch) of the air holes is constant 

and represented by Λ. To insure LMA with effective SM operation, the structural 

parameters of PCF geometry are optimized accordingly. The optimized structural 

parameters are summarized in Table-3.1. The refractive indices of fused silica and 

down doped material rods are taken as 1.45 and 1.4462 respectively at operating 

wavelength. All the simulations in this chapter are carried out at operating wavelength 

of 1.064 µm. The method of analysis is the same as described in the Section-2.3. 

 

 

 

Fig. 3.1: The transverse cross-sectional view of proposed TC LMA PCF geometry-I. 
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3.2.1 Results and discussion 

TC LMA PCF design has been presented to realize the bend induced mode filtering 

keeping in mind that such bending should not introduce significant bend loss to 

fundamental mode. It is worthwhile to mention here that the bending loss of proposed 

structure increases on increasing the mode-order. Therefore, only first two modes (i.e. 

LP01 & LP11) of the fiber structure have been included in the study. For optimization of 

structural parameters, the effects of bending losses of LP01 & LP11 modes and effective-

mode-area of LP01 mode have been studied by varying a particular parameter while 

keeping other parameters fixed.  

The influence of pitch (Λ) on bending losses of LP01 & LP11 modes and the 

effective-mode-area of LP01 mode is illustrated in Fig.3.2. It can be noted that, in 

general, the bending losses of LP01 & LP11 modes increases with Λ.  

 

Fig. 3.2: The variation of bending loss of LP01 & LP11 modes and the effective mode area of LP01 mode 

with Λ (when d0 =14 µm,  d1 =10 µm, R = 20 cm, nf = 1.4462, and  λ = 1.064 µm). 

There is a resonance peak in the bending loss of LP11 mode at Λ = 23 µm, which 

is the signature of strong resonance of LP11 mode to the cladding at this value of Λ. 

Below this value of Λ, the bending loss of the first higher order mode decreases 

sharply. This indicates that the SM operation is difficult to achieve with the values of Λ 

below 22.5 µm. At higher value of the Λ, the LP01 mode attenuated rapidly. At Λ = 23 

µm the bending loss of LP11 mode is  ̴7 dB/m, which is sufficient to stripe off the LP11 

mode from the core. The effective mode area of LP01 mode increases with Λ. It is due 
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to increase in core size while increasing the pitch. The effective mode area of LP01 

mode is 875 µm2 at Λ = 23 µm. 

Fig. 3.3: The variation of bend loss of LP01 and LP11 mode and the effective mode area of  LP01 mode 

with d0 (when Λ = 23 µm,  d1 =10 µm, R = 20 cm, nf = 1.4462, and  λ = 1.064 µm). 

 

Fig. 3.4: The variation of bending loss of LP01 and LP11 mode and the effective mode are of LP01 mode 

with d1 (when Λ = 23 µm, d0 =14 µm, R = 20 cm, nf = 1.4462, and λ = 1.064 µm). 

 

The variation of the diameter of bigger air holes (i.e. d0) on bending losses of 

LP01 & LP11 modes and effective-mode-area of LP01 mode is shown in Fig. 3.3. The 

bending loss of LP01 mode is decreases with d0. The bending loss of LP11 mode shows a 

peak at d0 = 13 µm, which is the indication of resonance of the LP11 mode to the outer 
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cladding at this value. At the same time the bending loss of LP01 mode is ~0.62 dB/m, 

which is also relatively high loss for fundamental mode. The bending loss of LP01 and 

LP11 modes are 0.038 dB/m and 6.94 dB/m at d0 = 14 µm. The bending loss of LP11 

mode is sufficiently large to leak out from the core of proposed TC PCF after travelling 

3 meter distance. The effective mode area of LP01 mode is 875 µm2 at d0 = 14 µm. The 

effective-mode-area of LP01 mode is not changing significantly with variation of d0. 

Throughout the range of d0, the effective-mode-area varies between 873 µm2 – 880 

µm2. 

The variations of the diameter of smaller air holes (i.e. d1) on the bending losses 

of LP01 & LP11 modes and the effective-mode-area of LP01 mode have been illustrated 

in Fig. 3.4. The bending loss of LP01 mode decreases on increasing d1. It is clear from 

the Fig. 3.4 that the bending loss of LP11 mode shows a resonance peak at d1 = 10 µm. 

For d1 < 10 µm, bending losses of both the modes are significantly large. The bending 

loss of LP01 and LP11 modes at d1 = 10 µm are 0.038 dB/m and 6.94 dB/m respectively 

with effective-mode-area of 875 µm2. The bending losses of both the modes are less on 

the higher values of d1. At the higher values of d1 the proposed TC PCF structure would 

be multimode. Therefore, d1 = 10 µm is the optimized value for insuring LMA with 

effective SM operation. The effective-mode-area of LP01 mode varies between 843 µm2 

to 912 µm2 with throughout the range of d1.  

Fig. 3.5: The variation of bending loss of LP01 and LP11 mode and the effective mode are of LP01 mode 

with R (when Λ = 23 µm, d0 =14 µm, d1 =10 µm, nf = 1.4462, and λ = 1.064 µm). 
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The performance of proposed TC PCF structure on the bend state has been depicted in 

Fig. 3.5. As the bend radius (i.e. R) increases the bend losses of LP01 & LP11 modes 

decrease while the effective-mode-area of LP01 mode increases. At R = 10 cm the bend 

loss of LP11 mode is large and the effective mode area is less (i.e. 732 µm2). When R is 

greater than 20 cm the bending loss of LP11 mode decreases rapidly. The proposed fiber 

structure becomes multimode for the value of R more than 20 cm. 

 

Fig. 3.6: Electric field distribution of (a) LP01 mode; (b) LP11 mode; when proposed PCF is in straight 

state; (c) LP01 mode; (d) LP11 mode; when proposed PCF is in bend state with bend radius of 20 cm in x-

direction at operating wavelength of 1.064 µm. 

At R = 20 cm the bending losses of LP01 & LP11 modes are 0.038 dB/m and 6.94 

dB/m respectively with effective-mode-area of 875 µm2. The loss of LP11 mode 

becomes more than 20 dB after travelling 3 m long fiber. While, the LP01 mode suffer 

with 0.11 dB loss in same length of proposed TC PCF. Therefore ~3 m long proposed 

TC PCF is sufficient to offer effective SM operation with effective mode area of 875 

µm2. 

All the features of proposed TC PCF structure which have already been described 

in the above discussion have been depicted in Fig. 3.6. The surface plots of LP01 and 

LP11 when the proposed TC PCF is in straight state are shown in Fig. 3.6(a) and Fig. 

3.6(b) respectively. The surface plots of LP01 and LP11 modes in bent state of TC PCF 

with bend radius of 20 cm are illustrated in Fig 3.6(c) and Fig. 3.6(d) respectively. It is 

clear from these figures that the LP01 mode is less leaky and well confined in the fiber 

core, while the LP11 mode leaks significantly in the cladding region. The bend losses of 

both the modes are small when the proposed fiber is in straight state. 
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3.2.2 Tolerance analysis of geometry-I 

It is also very important for fabrication purposes to investigate the tolerance of the 

proposed design with respect to the various design parameters. After investigating the 

effect of variations in the values of d0, d1, and Λ we have found that the magnitude of 

bend loss of first two modes of design and the effective mode area of LP01 modes are 

less sensitive to the structure parameters. For example, 1% variation in d0 changes the 

bend losses of LP01 and LP11 modes by ~2% and ~3% respectively and changes the 

effective mode area of LP01 mode by 1%. 

 

Table-3.1: The optimized structural parameters of proposed TC PCF. 

 

3.3. TC LMA PCF Geometry-II 
The transverse cross-section of the proposed TC LMA PCF geometry-II has been 

shown in Fig. 3.7.  

 

Fig. 3.7. The transverse cross-section of the proposed TC LMA PCF geometry-II 

 

As shown in Fig. 3.7, proposed structure consists of two different sizes of air 

holes. Relatively larger air holes on the right side (along positive x-direction) of the 

core have diameter d1, while the smaller air holes on the left side of the core have 

diameter d2. All the simulations have been performed by considering that the PCF 

structure is bent at bending radius of 15 cm along positive x-direction. However, 

Parameter name d0 (µm) d1 (µm) Λ (µm) R (cm) 
Parameter value 14 10 23 20 
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bending the fiber reduces the mode area. To avoid the reduction in mode area, five 

down doped material rods (black circles in Fig.3.7) of refractive index, nf = 1.4474 

have been introduced in place of five air holes of first ring in the opposite direction of 

bending. Larger air holes in the bending direction reduce bending losses of the modes. 

The centre to centre distance, i.e., pitch (Λ) for all the holes are same. The operating 

wavelength is taken as 1.064 µm. The method of analysis of this TC PCF structure is 

same as discussed in Section 2.3. 

3.3.1 Results and discussion 

In our simulation, we have taken following parameters unless stated otherwise: d1 = 10 

µm, d2 = 3.6 µm, Λ = 20 µm, and R = 15 cm. To investigate the possibility of LMA 

with effective SM operation of the proposed structure, the effects of various structure 

parameters on the bending losses of first two modes have been investigated. Full 

vectorial finite element method has been employed to investigate the modal properties 

of the proposed TC PCF structure. 

 

 
Fig. 3.8: Effect of nf on (a) the bending loss and (b) Effective mode area. 

 
It is very important to optimize the nf in terms of bending loss and EMA. To 

optimize the nf, we have studied the effects of nf on bending loss and EMA and 

presented in Fig. 3.8(a) & (b). Bending loss of LP01 mode is almost constant; however, 

we can see a clear peak in the loss curve of LP11 mode. This peak in the bending loss of 

LP11 mode is due to the resonance coupling of LP11 mode to cladding mode for nf 

=1.4474. Such a strong resonance coupling improves the differential bending loss and 

makes the fiber able to leak all the higher-order modes by introducing more than 20 dB 

loss within ~ 1 m of propagation length. We have also calculated the bending loss of 
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the LP11 mode for nf =1 (air holes). Our calculation shows that with five air holes, LP11 

mode suffers from only 2.72 dB/m bending loss, and would not leak out from the fiber. 

Thus the fiber with five air holes would not be a single mode fiber. We have also 

studied the effect of nf on EMA and presented in Fig. 3.8(b). One can note that the 

EMA increases from 735 to 800 µm2 by replacing the five air hole with the doped rods 

of nf = 1.4474. From above discussion one can conclude that nf is very important 

parameter for achieving effective SM operation with improved LMA.  

The variation of bending loss of the fundamental mode and first higher order 

mode with fiber pitch (Λ) is shown in Fig. 3.9. It can be noted that, the bending losses 

of modes increase with mode order. Therefore, the bending losses of only first two 

modes (i.e. LP01 and LP11) have been included in the investigation of the proposed PCF 

structure. The EMA and the bending losses of modes increase with Λ. It is because of 

increasing the core size while increasing Λ.  

The loss ratio, which is defined as the ratio of the first higher order mode to 

fundamental mode, is greater than the order of 102 in the entire range of pitch and 

reaches to the value greater than the order of 103 for Λ = 18 µm. However, at smaller 

pitch, the bending loss of the LP11 mode becomes too small to leak the unwanted 

modes. Thus, the suitable parameters are those parameters which can ensure the higher-

order mode filtering with nominal loss to fundamental mode. For example: at Λ = 20 

µm, the loss of LP01 is only 0.064 dB/m and LP11 mode is ~20 dB/m. A fiber design 

with such parameter ensures the effective SM operation in the proposed structure only 

after 1 meter of propagation length. Thus, we have chosen 20 µm pitch of the structure 

to achieve larger loss ratio with minimum loss of fundamental mode in further analysis 

of structure. The EMA of fundamental mode is 794 µm2 with 15 cm bending radius.  

Next, the diameter of bigger air holes d1 within the range of 8 -12 µm is varied 

and the effect on the EMA of LP01 mode and the bending losses of LP01 and LP11 

modes have been investigated. This feature of proposed PCF structure has been 

illustrated in Fig. 3.10. The figure indicates that the parameter d1 has good control over 

the bending losses of LP01 and LP11 modes. The bending loss of LP11 mode is always 

larger than 6 dB/m during the entire variation range of d1. The large bending loss ratio 

(≥ 102) between LP11 to LP01 mode has been achieved when d1 is near about 10 µm. 

Therefore, at this value of d1, the proposed PCF structure offers effective SM operation 

in spite of large EMA. The variation of EMA with d1 shows an oscillatory nature which 
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is due to the weak resonance of the LP01 mode with cladding mode in the direction of 

bending. The signature of small resonance can also be seen in the corresponding loss of 

LP01 mode. However, the EMA remains in the range of ~800-875 µm2 and maintain the 

LMA operation.  

The variation of structure parameter d2 has been illustrated in Fig. 3.11. The 

parameter d2 plays an important role for keeping the bending loss of fundamental mode 

very low with very high bending loss ratio (~103) throughout the range of d2 within 3.2 

– 5.2 µm. The minimum loss of LP11 mode is ~18 dB/m while the maximum bending 

loss of LP01 is only ~0.1 dB/m. The EMA of LP01 mode varies from 752 - 800 µm2. 

The PCF structure of such large EMA is able to suppress all unwanted nonlinear effects 

efficiently. 

 

Fig. 3.9: The variation of effective mode area of LP01 mode and bending losses of LP01 and LP11 modes 

with fiber pitch (Λ). 

 

From Fig.3.12 it is clear that the bending has a critical effect on the LMA 

operation of proposed TC PCF. Bending losses of the modes decrease on increasing the 

bending radius, but, the differential bending loss increases with bending radius. The 

loss ratio is sufficiently large (~102) when bending radius is equal to 15 cm and reaches 

to more than 103 for bending radius larger than 20 cm. It is important to note that there 

is a sharp variation in the bending losses of both the modes around R = 15 cm. This 

feature of proposed PCF informs that the bending radius below 15 cm will cause the 

rapid decay in fundamental mode and the bending above 15 cm will support the LP11 
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mode to propagate. Therefore, 15 cm is the appropriate bending radius for proposed TC 

PCF structure. The EMA of LP01 mode increases on increasing the bending radius 

which is quite obvious and shown in Fig. 3.12. 

 

 
Fig.3.10: The variation of the effective mode area of LP01 mode and the bending losses of LP01 and LP11 

modes with d1. 

   
Fig. 3.11: The variation of the effective mode area of LP01 mode and the bending losses of LP01 and LP11 

modes with d2. 
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Fig. 3.12: The variation of the effective mode area of LP01 mode and the bending losses of LP01 and LP11 

modes with bending radius, R. 

Finally, the contour plots of LP01 and LP11 modes have been shown in Fig.3.13 at 

wavelength, λ = 1.064 µm. It is noticed that LP01 mode is well confined within the core 

with nominal bending loss while LP11 mode suffers from larger bending loss.  

 

Fig. 3.13: Contour plot of LP01 and LP11 at optimized parameters (i.e. d1 = 10 µm, d2 = 3.6 µm, Λ = 20 

µm, nf = 1.4474 and bending radius, R = 15 cm). 

3.3.2 Tolerance Analysis of Geometry-II 

After investigating the effect of small variations in the values of d1, d2, d3 and Λ, it is 

found that the magnitude of bending loss of first two modes and the effective mode area 

of LP01 mode are less sensitive to the structural parameters.  
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From the manufacturing point of view the proposed structures can be fabricated 

using popularly known ‘stack and draw’ technique. 

3.4 Conclusions 

Two TC LMA PCF structures offering low bending loss with effective single mode 

operation have been presented in this chapter. For geometry-I the effective mode area 

of LP01 mode is as large as 875 µm2 with bend radius of 20 cm. In spite of such large 

effective mode area the proposed TC PCF structure offers very low bend loss for LP01 

mode (i.e. 0.038 dB/m) while very large bend loss for LP11 mode (i.e. 6.94 dB/m). 

Therefore, such a bending can introduce more than 20 dB loss to LP11 mode, while only 

~ 0.11 dB loss to LP01 in a three meter length of PCF. For geometry-II the effective 

mode area of LP01 mode has been achieved as large as ~800 µm2 with 15 cm bend 

radius at 1.064 µm; which confirms the elimination of unwanted nonlinear effects. 

Proposed geometry-II offers very low bending loss (i.e. 0.064 dB/m) for LP01 and very 

large bending loss (i.e. ~20 dB/m) for LP11 mode. The loss ratios of LP01 and LP11 

modes for both the structures have been achieved as large as the order of ≥10 2 which 

confirms the effective SM operation. These features of proposed TC PCF structures 

have made it applicable for compact high power delivery devices such as high power 

fiber lasers and amplifiers. 
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CHAPTER 4 
 

Large Mode Area Multi-trench Leaky 

Channel Waveguide∗

  

 

4.1 Introduction 

Integrated optic waveguide lasers have always been a matter of inquisitiveness for their 

compactness and possibility of integrating several components [91 – 96]. Significant 

efforts have already been made to enhance the output power of waveguide lasers. Use 

of competent pumping schemes, suitable rare earth materials, and LMA waveguide 

designs with SM operation are some of the schemes to raise the power output of 

waveguide laser [89, 97 – 101]. In this regard, during the last two decades, researchers 

are trying very hard to attain LMA waveguides with SM operation for applications in 

compact integrated optical devices and high power waveguide lasers and amplifiers [98 

– 101]. Single-mode operation in large-core waveguide has been achieved by deep 

etching in semiconductor waveguide and using small index contrast in polymer 

waveguide [98, 99]. A large core polymer waveguide has been demonstrated for large 

alignment tolerance and high attenuation efficiency [98]. Use of rib waveguide and 

shallow rib waveguide are another method to enlarge core dimension for effective 

single-mode operation [99]. However, these waveguides are sensitive to severe corner 

losses, crosstalk and background scattering [100]. Controlling the mode shape is also a 

challenging task in shallow rib waveguide. Single-mode performance of the shallow 

etched waveguide is very sensitive to the etch depth and is difficult to achieve precisely 

over the entire wafer. In order to overcome, these problems, Heaton et al. have 
                                                           
∗A part of the results presented in this chapter has been reported in a research publication:  
T. S. Saini, A. Kumar, R. K. Sinha, “Design and analysis of large-core multi-trench channel waveguide 
for high power applications,” Applied Optics 54(19), 6134 – 6139 (2015).  
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presented theoretical and experimental demonstration of deep etched GaAs/AlGaAs 

waveguides with core thickness and width of 4.8 and 5.7 µm  [100]. The advantage of 

deep-etched waveguides is that the etching depth is not a critical parameter for SM 

operation and etching can be done using conventional reactive ion etching method. 

However, a more complex cladding design is required to achieve SM operation by this 

deep etched waveguide. Recently, leaky cladding has been utilized to achieve the LMA 

SM operation in slab geometries [89, 101, 102]. A graded index design is utilized in 

planar and channel waveguide to show effective waveguide geometry [89, 101].  These 

designs provide more than twice the mode-area for SM operation in comparison to 

convention design. However, fabrication of graded-index profile is difficult. In order to 

simplify the design, a leaky planar waveguide structure with alternatively low and high 

index multi-layered in cladding is proposed [102]. This multilayered geometry of 

waveguide is easier to fabricate in contrast to the waveguide geometries proposed in 

[89, 101].  

In this chapter, a large-core multi-trench rectangular channel waveguide structure 

for effective single-mode operation has been designed. This design offers the SM 

operation with relatively two times larger mode area than that of deep-etched 

waveguide and can be fabricated by reactive-ion etching technique. The design is based 

on the principle of higher-order mode filtering. The effective single-mode operation has 

been achieved by choosing the waveguide parameters in such a way that it induces a 

very high leakage loss for higher order mode while very low leakage loss for 

fundamental mode. A power law profile for trench-assisted cladding is considered, 

which is solved by using commercially available software ‘COMSOL Multiphysics’ 

based on FEM. With suitable cladding parameters, proposed structure ensures extended 

SM operation in the spectral range of 1.25 – 2.0 µm with the rectangular core-area as 

large as 100 µm2. 

4.2. Proposed Channel Waveguide Design 

Figure 4.1 shows the transverse cross-sectional view of the proposed large-core size 

channel waveguide structure, which is characterized by a rectangular core and trench -

assisted geometrically shaped cladding. The refractive index of core is high which is 

taken as nf and it is formed on substrate of lower refractive index ns. The thickness of 

core is h and width is taken as 2a.  
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Fig. 4.1: Transverse cross-sectional view of the proposed large-core size channel waveguide structure. 

 

To make the cladding, we inserted low-index multi-trenches around both sides of 

the core. The width of low index trenches is taken as d and the distance between two 

trenches is taken as 𝛬 − 𝑑. Where, Λ is the pitch of the trench. The cladding is made by 

the same material as that of the core. The structure is covered by another lower index 

material of refractive index nc. As shown in the Fig. 4.1, the height of first trench from 

the core-substrate interface is taken as constant and it is represented by t at y = ±a.  The 

height of other trenches are decided by the following power-law equation: 

𝑥2(𝑦) =  ℎ2 − (ℎ2 − 𝑡2) ��
𝑏 − 𝑦
𝑏 − 𝑎

�
𝑞

� ,     𝑎 ≤ 𝑦 ≤ 𝑏     (4.1) 

where, q is a cladding parameter which characterized the shape of the profile and 

hence the heights of the trenches. A similar expression can be written for −𝑎 ≤ 𝑦 ≤ −𝑏 

i.e. for the left side of the core. In order to have the comprehensive study of the multi-

trench cladding (i.e. the position and height of the trench) on the single-mode 

performance of waveguide we have utilized a more general power-law profile. The 

profile with q = 0 will represent a multi-trench waveguide in which all the trenches will 

start from the same height t. The profile, q = ∞ will represent a W-shaped channel 

waveguide. The other possible shape of the cladding is shown in the Fig. 4.2. All the 

modes which exist in this structure are leaky due to the high-index cladding reaching at 

the same height as that of the core. The cladding parameters t, q and b control the 

leakage losses of the modes in the core of the waveguide. Such cladding structure 

allows us to achieve effective SM operation with a large-core size waveguide structure 
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for extended range of wavelengths. The method of analysis is the same as shown in 

Section 2.3 of Chapter 2. 

 

 
Fig. 4.2: Representation of various profiles of the multi-trench cladding according to the power–law 
expression Eq (4.1). 

 

4.3. Numerical Results and Discussion 

The parameters which we use for designing of the proposed waveguide structure are: nf 

=1.5448, ns = 1.444, nc = 1.512, Λ = 6 µm, d = 1 µm, h = 10 µm, a = 5 µm, b = 25 µm 

and t = 4 µm. These parameters are typical of a polymer waveguide fabricated on silica 

substrate. This proposed large-core size channel waveguide can be fabricated by well 

known reactive ion etching technique. All the simulating results illustrated in the Figs. 

4.3 – 4.10 are performed at 1.55 µm wavelength. In order to choose the allowed 

operating range of parameters, the maximum loss for 𝐸11𝑥  mode is set to 1.0 dB/mm 

while the minimum loss for 𝐸21𝑥  mode is set to 4.0 dB/mm. Thus, a waveguide of length 

less than 5 mm is required to show effective SM operation.    

Figure 4.3 shows the variations of effective mode indices of fundamental and first 

higher order mode of waveguide with the cladding profile parameter q at 1.55 µm. It is 

clear from this figure that the leaky cladding has trivial effect on the effective indices of 

the modes. It is observed that the leakage losses of other higher-order modes are higher 

than that of 𝐸21𝑥  mode. Therefore, in order to achieve effective SM operation, it is 

sufficient to show the filtering of 𝐸21𝑥  mode from the waveguide. The x-polarized mode 

is studied to illustrate the properties of the proposed channel waveguide.  
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From Fig. 4.4 it is clear that leakage losses of the both the modes increase with q 

and saturates for q > 1.  Differential leakage loss can be made as large as 102. It is clear 

that for q > 1, the loss of 𝐸11𝑥   mode becomes higher than 1.0 dB/mm, however, for q < 

0.25, the loss of 𝐸21𝑥   becomes lower than 4 dB/mm. Hence 0.25 < q < 1.0 meets the 

criteria of effective SM operation with the proposed waveguide parameters. In order to 

explain the process of effective-single-mode (ESM) operation, the current study only 

considers the leakage losses of the first two modes of the waveguide structure. Material 

loss and surface roughness have not been included in the present study for ESM. 

However, the additional losses (material and roughness) would further help in filtering 

the unwanted modes.  

 For example, a channel waveguide with a = 5 µm, h = 10 µm, q = 0.5, t = 4 µm 

and b = 25 µm introduces a loss of 0.25 dB/mm for 𝐸11𝑥  mode and a loss of 8.73 dB/mm 

for the 𝐸21𝑥  at 1.55 µm wavelength. A 2.3 mm long such waveguide introduces more 

than 20 dB loss to 𝐸21𝑥  mode, while the 𝐸11𝑥  mode suffers only by 0.57 dB loss. 

Therefore, the waveguide is practically SM after the short propagation length of 2.3 

mm. We have taken q = 0.5 to study the effects of other parameters for effective SM 

operation.  

 

 

 
Fig. 4.3: Effect of the profile parameter q on the effective indices of the first two modes of the waveguide 
at 1.55 µm wavelength when a =5 µm, b = 25 µm, h = 10 µm, d = 1 µm  Λ = 6 µm and t = 4 µm. 
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Fig. 4.4: Effect of the profile parameter q on the leakage losses of the first two modes of the waveguide at 
1.55 µm wavelength when a =5 µm, b = 25 µm, h = 10 µm, d = 1 µm, Λ = 6 µm and t = 4 µm. 

 

 

 

 

 
(a)     (b) 

 
 
 
 

 
      (c) 

Fig. 4.5: Normalized electric fields of the (a) 𝐸11𝑥  mode, (b) contour plot of the 𝐸11𝑥  mode, (c)the contour 
plot of the 𝐸21𝑥  mode; when a =5 µm, b = 25 µm, h = 10 µm, q = 0.5, d = 1 µm, Λ = 6 µm and t = 4 µm 
and λ = 1.55 µm. 
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To show the leakage mechanism in proposed waveguide, the normalized electric 

field and surface plot of the 𝐸11𝑥  mode have been shown in Figs. 4.5(a) & (b). 

Fundamental mode is well confined inside the core region. The calculated effective 

mode-area of the 𝐸11𝑥  mode is 68.5 µm2. Waveguide with such a large mode area is 

suitable for high power applications such as high power waveguide lasers and 

amplifiers. In Fig. 4.5(c) the surface electric field of 𝐸21𝑥  mode along with the 

waveguide structure is shown. It is quite obvious from the contour plot of 𝐸21𝑥  mode 

that sufficient field is spreading in the leaky cladding region. This makes the mode 

highly leaky.  

4.3.1 Effect of the cladding parameters 

In the proposed waveguide structure the cladding parameters are q, t, and b. These 

parameters control the SM operation of the waveguide. The effects of the profile 

parameter q on the effective index and leakage loss of 𝐸11𝑥   and 𝐸21𝑥   modes have already 

been shown in Figs. 4.3 & 4.4. Parameter q does not affect the dispersion properties of 

the waveguide. However, the leakage losses of both the modes are significantly affected 

by q. Leakage losses of the modes increase on increasing the value of q, while the 

differential leakage loss decreases with q. The leakage loss of the particular mode 

depends upon the distance between core and leaky cladding. Larger the distance, 

smaller is the leakage loss. The differential leakage loss between first two modes of 

proposed waveguide structure depends on the relative leaking distances of the modes. 

From above discussion, we can conclude that q is an important parameter for designing 

the waveguide for SM operation. 

The effect of the parameter b on the leakage losses of first two modes is shown in 

Fig. 4.6. The figure indicates that leakage losses of both the modes decrease with b. 

This is due to fact that at large value of b, the leaky cladding moves away from core and 

reduces the loss of individual mode. It is also to be noted that the differential leakage 

loss of modes decrease on increasing b. One can conclude that 18 < b < 36 µm are the 

allowed values for LMA SM operation. Figure 4.7 illustrates the effect of cladding 

parameter t at 1.55 µm wavelength. As the value of parameter t increases the leakage 

loss of first two modes of waveguide increases. It is because of the index contrast 

between core and cladding decreases on increasing the value of t. From Fig. 4.7 we 

conclude that 2 < t < 5 µm are the allowed values of t to achieve SM operation.  
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Fig. 4.6: The effect of the cladding parameter  𝑏 on the leakage losses of the first two modes of the 
waveguide structure at 1.55 µm wavelength; when a =5 µm, q = 0.5, h = 10 µm, d = 1 µm, Λ = 6 µm 
and t = 4 µm. 

 

 

 
Fig. 4.7: The effect of the cladding parameter t on the leakage losses of the first two modes of the 
waveguide at 1.55 µm wavelength; when a = 5µm, b = 25 µm, h = 10 µm, q = 0.5, d = 1 µm and Λ = 6 
µm. 

4.3.2 Effect of the core parameters 

The effect of the core parameters (i.e. core thickness h and width of core a) are studied 

and shown in Figs. 4.8 & 4.9, with cladding parameter b = 25 µm, q = 0.5 µm, t = 4 µm 

and λ = 1.55 µm. From Fig.4.8 it is clear that the leakage losses of both the modes 

decrease with increase in the thickness of core. High value of h provides better 

confinement to the modes inside the rectangular core. Thus, only a small portion of 

electrical field penetrates into the leaky cladding and reduces the loss of the mode. 



“Application Specific Specialty Optical Fibers and Waveguides”- T. S. Saini 
 

45 
 

Differential leakage loss increases with increase in h. 8 < h < 15 µm are the allowed 

values of h for the designers to fabricate the waveguide for LMA SM operation.  

Further, the effect of core width a is studied to find out the allowed range of core 

width for effective LMA operation. As illustrated in Fig. 4.9, due to enhancement in the 

confinement of the both the modes, the leakage losses decrease with core size. The 

absolute leakage loss reduces more rapidly with a. Thus, one has to be very careful 

while choosing the core width. The allowed values of core width for LMA SM are 4.3 

< a < 5.6 µm.    

 

 
Fig. 4.8: The effect of the core parameter h on the Leakage losses of the first two modes of the waveguide 
at 1.55 µm wavelength when a = 5 µm, b = 25 µm, t = 4 µm, q = 0.5, d = 1 µm and Λ = 6 µm. 

 

 

Fig. 4.9: The effect of the core parameter a on the Leakage losses of the first two modes of the waveguide 
at 1.55 µm wavelength when b = 25 µm, h = 10 µm, q = 0.5, t = 4 µm, d = 1 µm, and Λ = 6 µm. 
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4.3.3 Extended single-mode operation 

The proposed channel waveguide exhibits extended SM operation due to dispersive 

cladding. To explain the extended SM operation characteristics of waveguide, the 

spectral variation   of the leakage loss is studied and summarized in Fig. 4.10. The 

leakage loss of 𝐸21𝑥  mode is always larger than that of the 𝐸11𝑥  mode throughout the 

spectral range. At λ = 2.0 µm, 𝐸11𝑥  mode experiences 0.46 dB/mm, however, 4 dB/mm 

loss is experienced by 𝐸21𝑥  mode at λ = 1.25 µm. Thus, a 5 mm long waveguide is able 

to demonstrate the effectively SM over the entire spectral range of 1.25 – 2.0 µm 

without introducing more than 1 dB loss to fundamental mode. The core area of this 

channel waveguide structure is 100 µm2. At λ =  1.55 µm, the 𝐸11𝑥   mode of waveguide 

suffers with 0.25 dB/mm leakage loss and 𝐸21𝑥  mode suffers with 8.73 dB/mm leakage 

loss. Therefore, 2.3 mm long waveguide can stripe off all the higher-order modes and 

ensure effective SM operation at 1.55 µm. 

 
Fig. 4.10: The spectral variation of leakage losses on the first two modes of the waveguide when a = 5 
µm, b = 25 µm, h = 10 µm, t = 4 µm, q = 0.5, d = 1 µm and Λ = 6 µm. 

 

4.4. Conclusions 

In this chapter, a large-mode-area multi-trench leaky channel waveguide structure has 

been reported. The proposed waveguide structure offers effective SM operation. The 

waveguide consists of a uniform rectangular large-core and the low-index trench 

assisted leaky multi-cladding. Initially waveguide is multimode. After a short distant 

when the entire higher order mode stripe off, the waveguide becomes single-mode. 

The effective mode-area of fundamental mode of the proposed channel waveguide 
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design is as large as 68.4 µm2 at 1.55 µm wavelength. Simulated results show that the 

waveguide with core area as large as 100 µm2 can provide effective SM operation 

over the spectral range from 1.25 – 2.0 µm. Such large-core channel waveguide can 

effectively able to suppress nonlinear optical effects and increase the power handling 

capability of the waveguide. This kind of waveguide structure has potential 

applications in high power delivery devices such as high-power waveguide lasers and 

amplifiers, high-power microwave detection and high-efficiency photovoltaic 

applications.  
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CHAPTER 5 
 

Supercontinuum Generation in Photonic 

Crystal Fibers∗

  

 

5.1 Introduction 

SCG in optical fibers is an active and exciting research topic since last decade. Large 

number of new light sources have been created which are finding applications in 

different diverse fields such as optical coherence tomography [43, 103], optical 

communications [41], frequency metrology [104], fluorescence lifetime imaging 

[105], gas sensing [46, 106], food quality control [107] and early cancer diagnostics 

[47]. Supercontinuum is generated when a large number of nonlinear processes such as 

SPM, XPM, SRS and FWM act together upon a pump beam in order to cause extensive 

spectral broadening of the original pump beam. The breakthroughs in recent years have 

raised scientific concerns to understand and model how all these nonlinear processes 

interact together to generate supercontinuum and how parameters can be engineered to 

control and enhance the supercontinuum (SC) spectra.  

The mid-infrared region is important because the fundamental molecular 

vibration absorption bands are stronger than the overtones and combination vibration 

absorption bands situated in the near-infrared region. Mid-infrared spectroscopy is able 

                                                           
∗Parts of the results presented in this chapter have been reported in the research publications:  

1. T. S. Saini, A. Kumar, R. K. Sinha, “Broadband mid-IR supercontinuum generation in As2Se3 
based chalcogenide photonic crystal fiber: A new design and analysis,” Opt. Commun. 347, 13 – 
19 (2015) 

2. T. S. Saini, A. Kumar, R. K. Sinha, “Broadband mid-infrared supercontinuum spectra spanning 2 
– 15 µm using As2Se3 chalcogenide glass triangular-core graded-index photonic crystal fiber,” 
Journal of Lightwave Technol. 33(18), 3914 – 3920 (2015) 
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to provide thorough understanding of the molecular structure of matter and to perform 

non-intrusive diagnostics of composite systems of physical, chemical and biological 

interest. SC spectra spanning visible to near-infrared in silica based fibers have been 

generated previously for various applications [108 – 110]. However, the broadening of 

SC spectra in silica fibers is limited by the strong material absorption beyond 2.5 μm 

wavelength, which effectively limits the spectral evolution into the mid-infrared region. 

For this reason a large number of non-silica glasses such as tellurite, ZBLAN, bismuth, 

fluoride and chalcogenide have been proposed for SCG in mid-infrared region [111 – 

114]. 

Among all non-silica glasses, the chalcogenide glasses are excellent candidates 

for mid-infrared region because some of its compositions possess optical transparency 

upto 25 μm in this region [61]. The As2Se3 glass has shown excellent optical 

transparency between 0.85 – 17.5 µm with attenuation coefficient of less than 1 cm-1 

[61]. In addition to broadband mid-infrared transmission window, chalcogenide glasses 

have also very large linear and nonlinear refractive indices which make them promising 

candidates for mid-infrared SCG [62]. Shaw et al. [115] presented an experimental 

demonstration of SCG in the spectral range from 2.1 to 3.2 μm using hexagonal 

structure of As2Se3 based chalcogenide PCF. Recently, Hu et al. [116] gave a design 

procedure, which can be used to maximize the band-width of supercontinuum 

generation in As2Se3 chalcogenide PCFs, for more than 4 µm band-width of SC. Kubat 

et al. [117] presented a numerical design optimization of ZBLAN fibers for mid-

infrared SC sources using direct pumping with 10 ps pulses from mode-locked Yb and 

Er lasers to obtain broad spectra ranging from 1− 4.5 μm. Klimczak et al. [63] achieved 

SC broadening between 930 nm to 2170 nm spectral range using all-solid soft glass 

microstructured optical fiber. In Ref. [118] the authors have experimentally 

demonstrated the SCG covering 0.9 − 9 μm with the help of commercially available 

ZBLAN fiber and commercially available chalcogenide PCF. Recently, Kubat et al. 

[52] presented numerical modelling of broadband mid-infrared SCG spanning from 3 – 

12.5 μm in step-index fiber pumped at 4.5 μm with 0.75 kW pump power. Petersen et 

al. [53] demonstrated broadband mid-infrared supercontinuum spectra covering the 

range of 1.4 – 13.3 µm in mid-infrared regime using ultra-high NA chalcogenide step-

index fiber. 

In comparison to SCG in standard optical fibers, PCF requires input laser pulses 
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with very less initial peak power. The higher order dispersion effects are stronger in 

PCF and play a much more significant role in pulse propagation. The dramatic spectral 

broadening with relatively low-intensity laser pulses in PCF is very interesting 

phenomena and can be used in various fascinating applications such as frequency 

metrology.  

The broadening mechanism of supercontinuum spectrum mainly depends upon 

the dispersion profile of optical fiber structure as well as input pulse characteristics. In 

the anomalous group velocity dispersion regime when highly intense laser pulse 

incident on nonlinear medium it evolves towards the higher-order solitons [41]. For the 

femtosecond pumping, the higher-order solitons are affected by the higher-order 

dispersion and stimulated Raman scattering. Consequently, the higher order solitons 

become unstable and breakup into several fundamental solitons through the fission 

process. Such chaotic soliton fission process causes shot-to-shot noise in the 

supercontinuum spectrum [119, 120]. But in case of normal group velocity dispersion 

regime, for femtosecond pulses SPM is the only reason for ultra wide spectral 

broadening [120]. This makes such broad-band SC suitable for time-resolved 

applications such as optical coherence tomography, pump-probe spectroscopy and 

nonlinear microscopy. One of the possibilities for generating SC in the normal 

dispersion regime is to pump the fiber far below the zero dispersion wavelength 

(ZDW), so that the generated spectrum does not extend into the anomalous dispersion 

region. However, this would require high power or very short pulses to overcome the 

short effective interaction length due to high value of dispersion. It is worthwhile to 

mention here that the broadening of SC demonstrated in [53] is the largest achieved in 

fiber geometry till date. However, possibility of broadening of SC spectra beyond 20 

µm is being discussed in scientific news and views [121]. 

Mid-infrared domain in the range of 2 – 15 µm of electromagnetic spectrum is of 

particular importance because of the molecular fingerprint of biological tissue lie within 

this domain. This domain is useful to determine a tissue spectral map which provides 

very important information about the existence of diseases such as cancer. Therefore, it 

is necessary to develop broadband supercontinuum sources in mid-infrared domain. 

The chalcogenide glasses have this potential to provide such broadband mid-infrared 

supercontinuum sources. 

In this chapter, analysis, design and numerical modeling of two novel PCF 

geometries (i.e., triangular-core PCF and triangular-core-graded-index PCF) are 
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presented for ultra broadband mid-infrared supercontinuum spectra spanning 2 – 15 

µm. To obtain efficient broadband supercontinuum spectrum in mid-infrared regime, 

proposed structures have been specifically designed for all-normal dispersion 

characteristic. Such broadband mid-infrared supercontinuum spectrum is obtained  in 

relatively short length (i.e. 5 mm) of PCF, using a sub-harmonic generation source of 

the mode-locked thulium 50 fs pulsed fiber laser at 4.1µm [122].  

5.2 Method of Analysis 

5.2.1 Linear characteristics of PCF structure 

To simulate the effective index of fundamental mode propagating through proposed 

triangular-core graded-index photonic crystal fiber, a full vectorial FEM based software 

‘COMSOL Multiphysics’ has been employed. For calculating the wavelength 

dependent refractive index of As2Se3 based chalcogenide material following two terms 

Sellmeier equation has been used [123]. 

𝑛2 − 1 = 𝐴0 + �
𝐴𝑛𝜆2

𝜆2 − 𝑎𝑛2

2

𝑛=1

        (5.1) 

In above Eq. (5.1) A0,  An and an are the sellmeier coefficients with A0=3.3344, 

A1=3.3105, A2=0.89672, a1=0.43834 µm and a2=41.395 µm for As2Se3 based 

chalcogenide glass which we have used as a fiber material in this work.  

The group velocity dispersion plays an important role in SCG because it 

determines the extent to which different spectral components of an ultra-short pulse 

propagate at different phase velocities in the photonic crystal fiber. The group velocity 

dispersion 𝐷(𝜆) is calculated from wavelength dependent effective indices of 

propagating mode using the following relation [41] 

𝐷(𝜆) = −
𝜆
𝑐
𝜕2𝑅𝑒�𝑛𝑒𝑓𝑓�

𝜕𝜆2
              (5.2) 

where, c is the velocity of light in free space, Re(neff) is the real part of the effective 

index. Both material and waveguide dispersion are included in the above equation as 

Sellmeier equation is taken into account while calculating neff. 

The effective area of propagating mode in the PCF is calculated using the relation 

given below [41, 52]. 
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𝐴𝑒𝑓𝑓 =  
�∬ |𝐸|2∞

−∞ 𝑑𝑥 𝑑𝑦�
2

�∬ |𝐸|4𝑑𝑥 𝑑𝑦∞
−∞ �

            (5.3) 

where, E is the electric field distribution derived by solving the eigenvalue problem 

drawn from Maxwell’s equations. 

5.2.2 Nonlinear characteristics of PCF structure 

Nonlinearity in PCF is the most important parameter which must be studied more 

rigorously in order to get accurate results. The nonlinear coefficient (γ), offered by PCF 

structure, related to the nonlinear refractive index of material of PCF and the effective 

area of propagating mode as follows [41] 

𝛾 =
2𝜋𝑛2

𝜆𝐴𝑒𝑓𝑓(𝜆)
                                (5.4) 

where, n2 is the nonlinear refractive index of material (n2 = 5.2×10-18 m2/W at 4.5 µm 

wavelength [52]), λ is the pump wavelength and Aeff is the effective area of fundamental 

mode and its value depends on the wavelength. For broader supercontinuum spectra the 

nonlinear refractive index (i.e. n2) should be as high as possible and Aeff should be as 

small as possible. Wavelength dependent effective mode area is obtained using Eq.(5.3) 

as mentioned in Ref. [52]. The value of  𝛾 can be enhanced by taking material with high 

non linear refractive index and/or by designing a PCF with lower effective mode area. 

To simulate SC spectrum, the following GNLSE has been solved for output pulse 

envelope, A (z, t) using split-step Fourier method [108]  

𝜕𝐴
𝜕𝑧

+
𝛼
2
𝐴 − ��𝛽𝑛

𝑖𝑛+1

𝑛!
𝜕𝑛𝐴
𝜕𝑡𝑛

𝑛≥2

�

= 𝑖γ �1 +
𝑖
𝜔𝜊

𝜕
𝜕𝑡
� �𝐴(𝑧, 𝑡)� 𝑅(𝑡′)  |𝐴(𝑧, 𝑡 − 𝑡′)|2𝑑𝑡′

∞

−∞
�       (5.5) 

The left hand side of Eq. (5.5) deals with linear propagation effects while the 

right hand side of this deals with nonlinear effects of PCF structure. α represents the 

power losses in the PCF as the light travels through it. We have included both the 

material and confinement losses in all the simulations. A constant material loss 

coefficient of 0.6 cm-1 has been considered for 2 – 15 µm spectral range [61]. For 

designed triangular core graded index (TCGI) PCF the typical value of simulated 
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confinement loss is ~3.9×10-5 dB/mm at 4.1 μm. The propagation constant (β) at any 

frequency (𝜔), relative to pulse central frequency(𝜔0), can be expanded as Taylor 

series expansion [108] 

𝛽(𝜔) =  𝛽(𝜔0) +  𝛽1(𝜔0)(𝜔 − 𝜔0) +
1
2!
𝛽2(𝜔0)(𝜔 − 𝜔0)2 +

1
3!
𝛽3(𝜔0)(𝜔 − 𝜔0)3

+ ⋯                                                                           (5.6) 

where, 𝛽𝑛(𝜔0) = 𝑑𝑛 𝛽
𝑑𝜔𝑛, first term in the right hand side of Eq. (5.6) gives the effective 

refractive index of the propagating mode and the second and third terms are related to 

the group velocity and the group velocity dispersion (GVD) of the pulse respectively. 

We have evaluated higher order dispersion up to the order of 9th from the group 

velocity dispersion curve. 

R (t') is the nonlinear response function and takes account of the electronic and 

nuclear contributions and expressed as follows: 

𝑅(𝑡′) = (1 − 𝑓𝑅)𝛿(𝑡′ − 𝑡𝑒) + 𝑓𝑅 ℎ𝑅(𝑡′)       (5.7) 

where, 𝑓𝑅 is the fractional contribution of the Raman response to the total linear 

response. For As2Se3 chalcogenide glasses the fractional contribution 𝑓𝑅=0.115 [124]. 

The electronic contribution is treated in this analysis as occurring instantaneously 

because te ≈ 1 fs. hR (𝑡′) is the Raman response function and contains information on 

the vibration of material molecules as light passes through the fiber.  

The Raman response function hR (𝑡′) can be calculated by most common and 

approximate analytic form which is given by the following relation: 

ℎ𝑅(𝑡′) =
𝜏12 + 𝜏22

𝜏1𝜏22
𝑒𝑥𝑝 �−

𝑡′

𝜏2
� sin�

𝑡′

𝜏1
�       (5.8) 

where, Raman period τ1=23.1fs and life time τ2=195 fs for As2Se3 based glasses 

[124]. 

In our study, we consider the hyperbolic secant pulse as input pulse which is 

expressed as the relation given below: 

𝐴(𝑧 = 0, 𝑡) = �𝑃0 . 𝑠𝑒𝑐ℎ �
𝑡
𝑡𝜊
�                       (5.9) 

where, t0=TFWHM/1.7627 and P0 is peak power of input pulse. TFWHM is pulse width 

(i.e. the full-width at half maximum of input pulse). 
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5.3 Design of Triangular Core PCF 

A new TC PCF structure with four layers of air holes arranged in triangular lattice 

pattern in As2Se3-based chalcogenide glass has been designed as shown in Fig. 5.1 (a). 

Three air holes have been removed from the centre to make triangular-core of the PCF. 

The center to center distance of holes is taken as constant and represented by 𝛬. The 

diameter of air holes in first, third and fourth rings have been considered identical and 

defined by d1, while the diameter of air holes in second ring is d2, which is 

comparatively larger than d1. Simulated electric field distribution of propagating mode 

in proposed TC PCF at operating wavelength of 4.5 μm has been shown in Fig.5.1 (b). 

 
Fig. 5.1: (a) The transverse cross-section of the proposed TC PCF structure; (b) The electric field 
distribution of the propagating mode at 4.5 μm. 

 

5.3.1 Results and discussion 

In order to obtain efficient ultra-broad-band SC in proposed TC PCF, the structural 

parameters (i.e. Λ, d1 and d2) are optimized for all-normal flat-top dispersion. For this 

purpose, initially the effect of various values of pitch (Λ) on dispersion characteristic 

have been simulated while keeping other parameters fixed (i.e. d1 = 420 nm and d2 = 

820 nm) within the spectral range from 2.5 µm to 5.5 µm. This feature of structure has 

been shown in Fig. 5.2. It is to be noted that, at Λ = 1 µm the dispersion curve lies in 

both normal and anomalous dispersion regime and it start to shift towards normal 
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dispersion regime on increasing the value of Λ. When Λ = 1.2 µm the dispersion curve 

lies in normal regime within the entire spectral range of 2.5 – 5.5 μm. 

 

 
Fig. 5.2: Influence of the pitch (Λ) on dispersion characteristics of proposed structure while keeping 

other parameters fixed (i.e. d1= 420 nm and d2 = 820 nm). 

Now, influence of the hole diameter, d1 (while keeping other parameters fixed; 

i.e. Λ = 1.2 µm and d2 = 820 nm) on the dispersion characteristics of proposed structure 

has been illustrated in Fig. 5.3. It is clear from this figure that the dispersion 

characteristic does not change significantly on changing d1. Therefore, it seems very 

difficult to get desire dispersion characteristic of structure using d1. However, 

dispersion characteristic of structure can be tuned easily with air hole diameter d2 in 

second ring of PCF structure. This feature of proposed structure has been illustrated in 

Fig. 5.4. The dispersion curve starts to shift toward the anomalous dispersion regime 

from normal dispersion regime on increasing d2. It is to be noted that all-normal flat-top 

dispersion characteristic with dispersion value approximately -2 ps/(nm.km) within the 

spectral range from 4.4 µm to 4.8 µm can be achieved when d2 = 900 nm. The above 

analysis and simulated results lead us to conclude that by careful choice of the 

structural parameter d2 one can control and obtain the desired dispersion characteristic 

of proposed TC PCF. 

The confinement loss of propagating mode in the spectral range of 2 – 10 μm is 

shown in Fig. 5.5. At pump wavelength, (i.e. 4.5 μm) the structure offers 0.03 dB/mm 

loss for propagating mode. For optimized geometrical parameters (as shown in Table-

5.1), the wavelength dependent effective mode area of propagating mode and 
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corresponding nonlinear coefficient have been illustrated in Fig. 5.6. Simulated results 

show that the proposed TC PCF structure offers nonlinear coefficient (𝛾) as high as 

5449 W-1km-1 with effective mode area of 6.15 µm2 at 4.5 µm input pulse wavelength. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.3: Influence of the hole diameter (d1) on dispersion characteristics of proposed structure while 

keeping other parameters fixed (i.e. Λ = 1.2 µm and d2 = 820 nm). 

 

 

 
Fig. 5.4: Influence of the hole diameter (d2) on the dispersion characteristics of proposed structure while 

keeping other parameters fixed (i.e. Λ = 1.2 µm and d1 = 430 nm). 
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Fig. 5.5: The confinement loss of propagating mode of proposed TC PCF when Λ = 1.2 µm, d1 = 430 nm 
and d2 = 900 nm. 
 

 
Fig. 5.6: The variation of effective mode area of propagating mode and corresponding nonlinear 

coefficient of proposed TC PCF with optimized parameters. 

Fig. 5.7: Tolerance analysis of d1: (a) The effect on the effective mode index with ±1% deviation in d1; 

(b) effect on the effective mode area with ±1% deviation in d1. 
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In order to get flat, smooth and broad supercontinuum spectra the pump wavelength is 

selected at 4.5 µm in normal dispersion regime with very small dispersion value of -2 

ps/nm×Km for the proposed TC PCF.  In the simulation study, the peak power of 

incident pulse is 700 W with full-width at half maximum of 50 fs. The calculated 

output spectra with different propagating length of PCF have been shown in Fig. 5.8. It 

has been observed that the spectral bandwidth starts to be broadened in only a few 

millimeter of propagation length.   

 

 
Fig. 5.8: Broadening of output spectra obtained at various lengths of TC PCF when peak power of 

incident pulse = 700 W and pulse duration = 50 fs. 

This feature of structure can be interpreted by comparing the nonlinear and dispersion 

length. The calculated values of nonlinear length (𝐿NL = 1/𝛾𝑃0) and dispersion 

length (𝐿D = 𝑡02/𝛽2) for proposed TC PCF are 2.62×10-4 m and 6.49×10-2 m 

respectively at 4.5 µm pump wavelength. Since the nonlinear effect is stronger than 

dispersion effect, many of the new spectral components would be generated in a short 

length. After that the spectrum gets broadened due to the group velocity dispersion 

(GVD) effect. It is to be noted that the output spectrum becomes constant in the 1.9 – 

10 µm spectral range at the PCF length of 6 mm. In the initial phase of pulse 

propagation, SPM is responsible for symmetrical spectral broadening. As the PCF 

length is further extended, the Raman effect comes into account and extends the SC. 
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Within 6 mm length of PCF an ultra-broadband SC extending from 1.9 – 10 µm at -30 

dB level has been generated with peak power of 700 W and 50 fs duration of input 

pulse. The power level up to -30 dB is considered to compare the results with Ref. [45]. 

With further propagation the SC spectra does not change anymore. 

 

 

Fig. 5.9: Influence of input peak power on the broadening of output spectra with 50 fs incident pulse in 6 
mm length of TC PCF. 

Figure 5.9 illustrates the influence of input peak power on the bandwidth of 

output spectral intensity in 6 mm long PCF. The full-width at half maximum of the 

input pulse is fixed at 50 fs. Initially, the output spectra get broadened as the peak 

power of incident pulse increases. At high peak power, SPM effect dominants over 

dispersion effect. It has been observed that the maximum broadening in SC spectra is 

achieved at 700 W. Beyond this, no significant change in broadening has been 

observed, however, the flatness of SC spectra increases with further increase in peak 

power.  

Finally, the influence of TFWHM on the bandwidth of output spectral intensity in 6 

mm long PCF has been shown in Fig. 5.10. The input peak power is fixed at 700 W. It 

is clear from the figure that output spectra become narrow with increase in TFWHM. This 
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is due to SPM effect. It is to be noted that the short pulse is better to get broader SC 

spectra. The optimized values of input pulse are summarized in Table 5.2. It is to be 

mentioned that the coherence is also an important property of the SC spectra. However, 

in the current work, our focus is on the broad bandwidth of SC spectra using low pump 

power in a very small length of proposed TC PCF. Flatness and the coherence property 

is the subject of further investigation. 

 

Fig. 5.10: Influence of full-width at half maximum of the input pulse on the broadening of output spectra 

with 700 W peak power in 6 mm length of PCF. 

 

Table 5.1: Geometrical parameters of proposed TC PCF 

Parameter name Pitch d1 d2 

Parameter value 1.2 µm 430 nm 900 nm 

 

Table 5.2: Input pulse parameters for proposed TC PCF 

 

 

Parameter name Peak power TFWHM Pulse shape 

Parameter value 700 W 50 fs hyperbolic secant 
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5.3.2 Tolerance analysis of TC PCF strucrue 

For fabrication purposes it is also very important to investigate the tolerance of the 

proposed structure with respect to the various design parameters. After investigating the 

effect of small variations in the values of d1, d2 and Λ, it is found that the magnitude of 

dispersion and the effective mode area of propagating mode are less sensitive to the 

structural parameters. As shown in Fig. 5.7 (a & b), at 4.5 µm wavelength 1% 

deviations in d1 changes the effective index value by ~ 0.03 % and it also changes the 

effective mode area by ~ 0.56 %. Similarly, 1% deviation in d2 changes the effective 

index by ~ 0.01 % and changes the effective mode area by 0.40% while, 1% deviation 

in Λ changes the effective index by 0.13 % and changes the effective mode area by 2.31 

%. From the manufacturing point of view our proposed structure can be fabricated by 

standard extrusion and stacking methods. 

5.4 Design of Triangular Core Graded Index PCF 

A novel TCGI PCF structure with four layers of air holes arranged in triangular lattice 

pattern in As2Se3-based chalcogenide glass is presented. As shown in Fig. 5.11 (a) three 

air holes have been removed from the centre to construct a triangular-core of the PCF. 

The center to center distance of air holes is taken as constant and represented by 𝛬. The 

diameters of air holes in first, second, third and fourth ring are d1, d2, d3 and d4 

respectively. For our design d1 < d2 < d3 < d4, i.e. the air filling fraction (dn/Λ, n = 1, 2, 

3, 4) of cladding increases with 'n'. Where ‘n’ is the number of rings of air holes. In 

other words the effective refractive index of cladding successively decreases for first, 

second, third and fourth rings of air holes. That is why the structure of PCF is named as 

'graded-index'. The structure is surrounded by the cylindrical perfectly matched layer 

(PML) for eliminating the back reflection effect at the boundary. The reason of 

designing triangular-core of PCF is to get all-normal and nearly zero dispersion 

characteristic at desire pump wavelength. Graded index profile increases the 

confinement which gives higher nonlinearity and therefore TCGI PCF is selected for 

ultra broadband SCG. Simulated electric field distribution of propagating mode in 

proposed triangular-core graded-index PCF at 4.1 μm has been illustrated in Fig.5.11 

(b). 
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Fig. 5.11: (a) The transverse cross-section of proposed TCGI PCF; (b) the electric field distribution of 

propagating mode in PCF at 4.1 µm. 

5.4.1 Results and discussion 

In order to obtain ultra broadband SC in proposed PCF structure, the structural 

parameters (i.e. Λ, d1, d2, d3 and d4) have been optimized to achieve all-normal 

chromatic dispersion profile. The effect of various values of air hole diameter in first 

ring, d1 on dispersion characteristic, while keeping other parameters fixed, is illustrated 

in Fig. 5.12. Similarly the effect of diameter of air holes in second ring on the 

dispersion profile of proposed triangular-core PCF is shown in Fig. 5.13. It is to be 

noted here that the effect of the diameter of air holes in third and fourth ring are 

relatively less sensitive on dispersion characteristic of proposed PCF structure (not 

shown in figure).  

For optimized geometrical parameters (as shown in Table-5.3), the chromatic 

dispersion profile of proposed TCGI PCF is shown in Fig. 5.14. The proposed PCF 

structure offers flat dispersion across 3.35 – 4.20 µm spectral range within the 

dispersion value of approximately –2 ps/(nm×Km). Confinement loss is very improtant 

parameter for generating SC spectra in fibers. We have simulated the confinement loss 

of our proposed PCF structure and shown in Fig. 5.15. Proposed PCF structure offers 

low confinement loss of ~ 3.9×10-5 dB/mm at pump wavelength (i.e. 4.1μm). However, 

the loss at 10 μm is ~14 dB/mm. Since the higher wavelengths (˃8  µm) generate at 5 



Chapter 5: Supercontinuum Generation in Photonic Crystal Fibers 
 
 

64 
 

mm length of the PCF, the broadening of supercontinumm spectrum would not be 

affected by higher losses at higher wavelengths.  

 

 
Fig. 5.12: The effect of the diameter of the air holes in first ring (i.e. d1) on chromatic dispersion profile 

while keeping other parameters fixed as: d2 = 700 nm, d3 = 800 nm, d4 = 900 nm, and Λ = 1000 nm. 

 

 

 

 

 

 

 

 

 
 
 

Fig. 5.13: The effect of the diameter of the air holes in second ring (i.e. d2) on chromatic dispersion 

profile while keeping other parameters fixed as: d1 =420 nm, d3 =800 nm, d4 =900 nm, and Λ =1000 nm. 
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Fig. 5.14: The chromatic dispersion characteristic of proposed TCGI PCF structure with optimized 

parameters (i.e. d1 = 420 nm, d2 = 700, d3 = 800 nm, d4 = 900 nm, and Λ = 1000 nm). 

 

The wavelength dependent EMA of propagating mode and corresponding 

nonlinear coefficient is illustrated in Fig. 5.16. Simulated results show that the proposed 

TCGI PCF structure offers nonlinear coefficient (𝛾) as high as 1944 W-1×Km-1 with 

EMA of 4.1 µm2 at 4.1 µm input pump wavelength. As illustrated in Fig. 5.17, by 

launching the laser pulses of proper parameters (pulse parameters are shown in Table-

5.4) we are able to obtain broadband spectra ranging 2 – 15 µm in only 5 mm length of 

proposed TCGI PCF. The calculated values of nonlinear length (𝐿NL = 1/𝛾𝑃0) and 

dispersion length (𝐿D = 𝑇02

𝛽2 
;  𝑇0 = 𝑇FWHM/1.763), for proposed TCGI PCF are 

1.47×10-4 m and 5.2×10-2 m respectively for 50 fs laser pulse at 4.1 µm. Within 5 mm 

length of the TCGI PCF an ultra-broadband SC extending from 2 – 15 µm has been 

generated with 50 fs laser pulses of peak power of 3.5 kW. As shown in Fig. 5.17, 

beyond 5 mm length of the proposed structure, the broadening of SC spectra does not 

increase significantly. This is because of the lower nonlinearity and higher losses 

corresponding to higher wavelengths (˃ 15 µm) for proposed TCGI PCF structure. 
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Fig. 5.15: The confinement loss of proposed triangular-core graded-index photonic crystal fiber 

structure with optimized parameters (i.e. d1 = 420 nm, d2 = 700, d3 = 800 nm, d4 = 900 nm, and Λ = 

1000 nm). 

 

 

 
Fig. 5.16: The variation of effective mode area of propagating mode and corresponding nonlinear 

coefficient of proposed triangular-core graded-index photonic crystal fiber with optimized parameters 

(i.e. d1 = 420 nm, d2 = 700, d3 = 800 nm, d4 = 900 nm, and Λ = 1000 nm). 
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Fig. 5.17: Spectral broadening of supercontinuum spectra from various length of PCF; when 50 fs laser 

pulses with peak power of 3.5 kW launched at proposed triangular-core graded-index PCF structure. 

Finally, the influence of the input pulse width i.e. full width at half maximum on 

the bandwidth of output spectrum in 5 mm long TCGI PCF has been revealed in Fig. 

5.18. The input peak power is fixed at 3.5 kW. When the value of TFWHM increases the 

output spectra start to get narrower. This is due to the SPM effect. It is to be noted here 

that the short pulse is better to get broader SC spectra. The optimized values of input 

pulse are summarized in Table-5.4. 

5.4.2 Tolerance analysis of TCGI PCF structure 

After investigating the effect of small variations in the values of d1, d2, d3, d4 and Λ we 

have found that the magnitude of dispersion and the EMA of propagating mode are less 

sensitive to the structural parameters. For example, at 4.1 µm wavelength 1% variation 
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in d1 changes the dispersion value by ~ 4 % and changes the effective mode area by 

0.8%. These changes produce only ~1% changes in the spectral broadening of SC 

spectra. Proposed TCGI PCF structure can be fabricated by standard extrusion and 

stacking based methods. 

 

 
Fig. 5.18: Broadening of output spectra from 5 mm long TCGI PCF obtained at various values of TFWHM 

when peak power of incident pulses = 3.5 kW. 

 

Table 5.3: Geometrical parameters of proposed TCGI PCF 

Parameter name Pitch d1 d2 d3 d4 

Parameter value 1000  nm 420 nm 700 nm 800 nm 900 nm 

 

 

Table 5.4: Input pulse parameters for proposed TCGI PCF 

Parameter name Peak power TFWHM Pulse shape 

Parameter value 3.5 kW 50 fs hyperbolic secant 
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5.5 Conclusions 

Two new designs (i.e., TC PCF & TCGI PCF) of PCFs in As2Se3 based chalcogenide 

glass have been presented in this chapter for mid-infrared supercontinuum generation. 

Proposed TC PCF structure is able to offer ultra-broadband SC spectrum spanning 1.9 – 

10 µm at the -30 dB level using only 6 mm long PCF pumped with 50 fs laser pulses of 

peak power of 700 W at 4.5 µm. Ultra-broadband SCG in mid-infrared regime covering 

atmospheric transparent windows (i.e. 3 – 5 µm, and 8 – 13 µm of spectrum region) and 

the molecular ‘fingerprint region’ from 2 – 15 µm, is achieved using 5 mm long PCF 

pumped with 50 fs laser pulses from mode-locked Tm-doped fiber laser of peak power 

of 3.5 kW at 4.1 µm. These PCF structures can be a good candidate for generating 

efficient supercontinuum which is applicable for various nonlinear applications such as 

optical coherence tomography, metrology, and frequency combs generation, gas 

sensing, food quality control and early cancer diagnostics.  
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CHAPTER 6 
 

Equiangular Spiral Photonic Crystal Fiber 

for Supercontinuum Generation∗

  

 

6.1 Introduction 

Mid-infrared SCG is one of the most exciting research topics due to its major impact on 

spectroscopy, security and molecular sensing. In order to obtain broadband 

supercontinuum spectra in mid-infrared region, several efforts have been made during 

the last few years. Supercontinuum spectrum extending from 800 – 2500 nm has been 

observed in a regular hexagonal – lattice tellurite PCF using 150 fs long pulses at 1580 

nm [125]. Mid-IR SC spectra spanning 1.795 – 6.525 µm has been achieved using only 

8 mm length of As2Se3 nanofiber with input pulse energy of 100 nJ [126]. SCG 

covering 0.9 − 9 μm has been demonstrated experimentally with the help of 

commercially available ZBLAN fiber and commercially available chalcogenide PCF 

[118]. In Chapter-5 of this thesis two novel PCF geometries for ultra broadband mid-

infrared supercontinuum spectrum have been reported. 

In this chapter, an ES PCF in As2Se3 chalcogenide glass has been designed for 

mid-infrared supercontinuum generation. A full vectorial finite element method has 

been used to investigate the dispersion properties of the proposed fiber. Simulated 

results show that the proposed ES PCF structure is highly nonlinear with very low and 

flat dispersion characteristic. Proposed ES PCF structure is able to achieve broadband 

supercontinuum spectrum with femtosecond laser pulses of very low peak power. This 
                                                           
∗A part of the results presented in this chapter has been reported in a research publication:  
T. S. Saini, A. Kumar, R. K. Sinha, “Design and Analysis of Equiangular Spiral Photonic Crystal Fiber 
for Mid-infrared Supercontinuum Generation,” J. Modern Optics, In Press (2015).  
DOI: 10.1080/09500340.2015.1051600 
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is the first time to our knowledge that a new design of an ES PCF in As2Se3 

chalcogenide glass is used to generate an ultra-broadband, coherent, and stable 

supercontinuum spectrum. Ultra broadband SC spectrum spanning 1.2 – 15 µm has 

been generated using only 8 mm long ES PCF pumped with laser pulses of peak power 

of 500 W at 3.5 µm. 

 

6.2. Design of Proposed ES PCF Structure 

The transverse cross-sectional view of proposed ES PCF has been shown in Fig. 6.1. 

Eight spiral arms (having five air holes in each) are arranged in As2Se3 chalcogenide 

glass. The diameter of each air hole is taken as dh. The position of the first air hole of 

each arm is at a distance r0 from the centre of PCF structure. The radial and angular 

position of other air holes in each arm are represented by rn and θn (n =1,2,3,4). θn is the 

angle between the first and (n+1)th air hole in each arm. In general, the nth air hole in 

each arm is at a distance rn = (rn-1 + 0.9 dh). In the simulations the values of rh and r0 

have been optimized to obtain all-normal dispersion characteristic of the proposed ES 

PCF structure. The method of analysis is the same as described in Section 5.2 of 

Chapter 5. 

 

 

 

 
Fig. 6.1: The transverse cross-sectional view of the proposed ES PCF structure. 
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6.3 Numerical Results and Discussion 

In order to acquire efficient ultra-broadband SC in proposed ES PCF, the structural 

parameters (i.e. r0 and dh) have been optimized for all-normal and flat-top dispersion 

profile. For this purpose, initially the effects of various values of r0 and rh on dispersion 

characteristic have been simulated while keeping other parameter fixed. Careful 

optimization of these parameters provides better control over dispersion profile of 

proposed ES PCF structure.  

The variations of the structural parameters on the dispersion characteristic of the 

proposed ES PCF have been illustrated in Figs. 6.2 and 6.3. As shown in Fig. 6.2, the 

dispersion profile of the structure is shifting in the normal dispersion region and 

becoming flat more and more as the value of r0 increases. At r0 = 1.4 µm the structure 

offers all normal dispersion characteristic with very low dispersion value of 

approximately -2.9 ps/(nm.km) at 3.5 µm wavelength. Therefore, the wavelength of 3.5 

µm has been considered as a pump wavelength in the simulation of supercontinuum 

spectrum. The variations of dispersion characteristics on rh are shown in Fig. 6.3. When 

the value of rh increases the dispersion curve shifts from normal to anomalous 

dispersion region.  

 

 

 

Fig. 6.2: Dispersion characteristics of proposed ES PCF with r0. 
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Fig. 6.3: Dispersion characteristics of proposed ES PCF with rh. 

The confinement loss of the structure is also a very important parameter to study 

the supercontinuum generation. The confinement loss of the proposed ES PCF structure 

is simulated and shown in Fig.6.4. The proposed structure introduces a confinement 

loss of ~ 0.17 dB/mm at the pump wavelength.   

The effective mode area and nonlinear coefficient of proposed ES PCF structure 

is shown in Fig. 6.5. The nonlinear coefficient decreases when effective mode area 

increases. At pump wavelength (i.e. 3.5 µm) the proposed structure possesses 

nonlinearity as high as 12474 W-1 km-1 with an effective mode area of 3.31 µm2. 

 

Fig. 6.4: Confinement loss of proposed ES PCF structure 
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Fig. 6.5: Spectral variation of effective mode area of propagating mode and nonlinear coefficient of 

proposed ES PCF structure. 

Figure 6.6 shows the SC spectra as the pulse propagates through the proposed ES 

PCF. It has been found that during the initial phase of its propagation, the pulse 

undergoes a symmetrical spectral broadening under the effect of self-phase modulation 

(SPM). Within 8 mm fiber length a broadband SC spectrum spanning 1.2 – 15 µm is 

generated.  The primary reason behind the flatness of SC generated for our structure 

lies in dispersion curve and non-linearity.  

 

Fig. 6.6: Supercontinuum generation at different lengths of ES PCF pumped at 3.5 µm. 
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6.4 Conclusions 

In this chapter an ES PCF in As2Se3 chalcogenide glass is reported for mid-infrared 

supercontinuum generation. Proposed structure possesses very high nonlinearity (γ = 

12474 W-1 Km-1) at 3.5 µm with very low and flat dispersion -2.9 ps/(nm.Km). We 

have generated a broadband supercontinuum spectrum spanning 1.2 – 15 µm in only 8 

mm length of proposed ES PCF with very low peak power of laser pulses of 500 W at 

3.5 µm. Such ultra-broadband supercontinuum spectrum demonstrates perfect 

coherence property over the entire bandwidth and is applicable for mid-infrared 

spectroscopy, gas sensing, early cancer diagnostics and free space communication. 
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CHAPTER 7 
 

Dispersion Engineered Rib Waveguide for 

Supercontinuum Generation∗

  

 

7.1 Introduction 

Supercontinuum generation is one of the most fascinating nonlinear effects due to its 

major impact on spectroscopy, security and molecular sensing [41]. The selection of the 

pump wavelength acts a very critical role in the process of SCG [127]. In most of the 

attempts the spectral broadening is achieved using pump pulses of the wavelength near 

to the zero dispersion wavelength in the anomalous dispersion region. When pump 

wavelength belong to the anomalous dispersion regime, the spectral broadening is 

mainly due to the solitons fission or modulation instability (MI). The mechanism of 

solitons fission is highly sensitive to the laser shot noise [108]. The supercontinuum 

generation in fiber/waveguide exhibiting all-normal dispersion characteristic is another 

approach [63]. When we select input wavelength within the normal group velocity 

dispersion region of waveguide, the process of solitons fission and broadband noise 

amplification by modulation instability is absent [63]. In normal group velocity 

dispersion region the FWM process can produce a broadband SC spectrum [41].  

Foster et al. showed that an octave spanning supercontinuum can be generated 

using sub-wavelength dimension optical waveguides with pulses of 250 pJ energy from 

a femtosecond modelocked Ti:sapphire oscillator [128]. Yin et al. numerically reported 

a design of silicon waveguide for supercontinuum spectrum extending over 400 nm 

using femtosecond laser pulses of low energy [129]. Lamont et al. demonstrated 

experimentally supercontinuum generation with a -30 dB bandwidth of 750 nm using 
                                                           
∗A part of the results presented in this chapter has been submitted to IEEE J. Sel. Top. Quant. 
Elecron. (2015).  
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610 fs laser pulse with peak power of 68 W [130].  Zhang et al. reported two octave 

supercontinuum spectra spanning 630 nm to 2650 nm using a silicon nitride slot 

waveguide [54]. Halir et al. demonstrated supercontinuum spectrum ranging from 665 

nm to 2025 nm using silicon nitride waveguides with pulse energy of 160 pJ [55]. 

Karim et al. proposed numerically a design of Ge11.5As24Se64.5 nano-wire for 

supercontinuum spectrum of 1300 nm bandwidth [131]. Hu et al. designed and 

analysed numerically a tapered rib waveguide (air-SF57 glass-SiO2) for 

supercontinuum spectrum extending from 1000 nm to 4600 nm [58]. Safioui et al. 

reported more than 550 nm broad supercontinuum spectrum in 1 cm long CMOS 

compatible hydrogenated amorphous silicon waveguide using picosecond pulses with 

peak power as low as 4 W [59]. Karim et al. designed numerically a dispersion-

engineered air clad, Ge11.5As24Se64.5 chalcogenide glass channel waveguide for mid-

infrared supercontinuum spectrum spanning 1800 nm to 7700 nm using pulse power of 

500 W [60].  

For mid-infrared supercontinuum spectrum chalcogenide fibers/waveguides are 

suitable because it has a number of unique properties such as high linear and nonlinear 

refractive indices, broad infrared transparency, low photon energy and large ultra fast 

third order optical nonlinearity [132]. The recent progress in chalcogenide photonics 

has been extensively reviewed in several research articles [132 – 135].  

In this chapter, a dispersion engineered channel rib waveguide structure is 

reported for mid-infrared supercontinuum application. Proposed waveguide structure 

has been engineered to get all-normal dispersion characteristic. Structure is able to 

show a very high nonlinearity with lower negative and flat dispersion profile around the 

pump wavelength. Simulation results indicate that the waveguide structure is capable to 

realize ultra broadband mid-infrared supercontinuum spectrum using femtosecond laser 

pulses with relatively lower peak power.  

7.2 Proposed Rib Waveguide Structure 

A rib waveguide structure in highly nonlinear material (i.e. As2Se3) for supercontinuum 

generation in mid-infrared region is reported in this chapter. The transverse cross-

sectional view of the proposed rib waveguide geometry is shown in Fig. 7.1(a). As 

shown in this figure, 2a is the core width, h is the core height and t represents the slab 
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width. This is an As2Se3 based chalcogenide core deposited on silica substrate. MgF2 is 

used as a cladding material. All the geometrical parameters of the waveguides have 

been tailored for getting all normal dispersion characteristic. Figure 7.1(b) illustrates 

the normalized electric field distribution of propagating mode in the core of the rib 

waveguide at pump wavelength. In the simulation of proposed rib waveguide structure 

a constant material loss coefficient of 0.6 cm-1 is considered for entire range of 

supercontinuum spectrum [61]. The Kerr nonlinear coefficient of the material, 𝛾 =

2𝜋𝑛2/𝜆𝐴𝑒𝑓𝑓 with nonlinear refractive index, n2 = 1.5×10-17 m2/W at 2.5 µm for As2Se3 

glass [116] is taken in the simulation of the structure.  

To solve the GNLSE we have used Fourth order Runge-Kutta interaction picture 

(RK4IP) method. In comparison to other numerical methods this method is most 

efficient, accurate, and faster integration method. It is closely related to the split-step 

Fourier method. The procedure of solving GNLSE using the RK4IP is based on 

transforming the problem into an interaction picture which allows the use of the explicit 

techniques to progress the solution forward. 

 

 

Fig. 7.1. (a) The transverse cross-sectional view of proposed rib waveguide structure; (b) the normalized 
electric field distribution of propagating mode in the core region at pump wavelength. 
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7.3 Numerical Results and Discussion 

It is well known that waveguide dispersion strongly depends upon the geometry 

of the waveguide, thus, total dispersion of waveguide can be controlled by tailoring the 

geometry of waveguide. In order to achieve the suitable waveguide parameters to 

achieve the all-normal and flat dispersion, which is desirable for supercontinuum 

generation [63], several simulations have been performed by changing the waveguide 

geometrical parameters such as ‘t’, ‘h’ and ‘2a’. The effect of ‘t’ on dispersion  has 

been illustrated in Fig. 7.2. From this figure it is clear that the dispersion profile move 

towards the normal dispersion region on increasing the value of 't'.  When ‘t’ increases 

the refractive index contrast between the core and cladding region decreases. As a 

results, the value of dispersion decreases and shifts towards normal dispersion region. 

The effect of the core height 'h' on the chromatic dispersion has been shown in 

Fig. 7.3. At larger value of core height the dispersion curve starts to shift towards 

anomalous dispersion region. Increase in ‘h’ increases the mode index of fundamental 

mode and hence tailor the dispersion towards anomalous region. Similarly, increase in 

core width ‘a’ also shifts the dispersion towards anomalous region as shown in Fig. 7.4. 

Thus, by tailoring the geometrical parameters we can achieve desired dispersion profile. 

  

 
Fig.7.2: The effect of the geometrical parameter 't' on chromatic dispersion profile while keeping other 

parameters fixed as: a = 1 µm, h = 1 µm. 
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For optimized geometrical parameters (see Table-7.1) the dispersion characteristic of 

rib waveguide is exposed in Fig.7.5. All-normal and flat dispersion profile with the 

dispersion value of about -5 ps/(nm×Km) between the spectral range from 2.925 – 3.2 

µm is obtained. The spectral variation of effective-mode-area and corresponding 

nonlinear coefficient is revealed in Fig.7.6. Simulated results prove that the proposed 

waveguide structure offers Kerr nonlinear coefficient (𝛾) as high as 18250 𝑊−1 𝐾𝑚−1 

with effective-mode-area (Aeff) of 2.07 𝜇𝑚2 at 2.5 µm. 

 

Fig. 7.3: The effect of the core height (i.e. h) on chromatic dispersion profile while keeping other 

parameters fixed as: a = 1 µm, t = 0.75 µm. 

 

Fig. 7.4. The effect of the core width (i.e. 2a) on chromatic dispersion profile while keeping other 

parameters fixed as: t = 0.75 µm, h = 1 µm. 
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Fig. 7.5: The chromatic dispersion characteristic of proposed rib waveguide structure with optimized 

parameters (i.e. a = 1.0 µm, t = 0.75 µm, h = 1 µm). 

 

As reported in Fig. 7.7, when we launch the femto-second laser pulses of 

appropriate pulse parameters (see Table-7.2) a broadband SC spectrum spanning 2 – 15 

µm at -30 dB power level is obtained in only 4 mm length of proposed rib waveguide. 

The calculated values of nonlinear length (𝐿NL = 1/𝛾𝑃0) and dispersion length (𝐿D =
𝑇02

𝛽2 
;  𝜏0 = 𝑇FWHM/1.763), for proposed rib waveguide are 4.9×10-5 m and 3.89×10-2 m 

respectively for 50 fs laser pulse at 2.5 µm. Within 4 mm length of the rib waveguide 

an ultra broadband supercontinuum spectrum spanning 2 – 15 µm is generated by 

launching a 50 fs laser pulses at peak power of 1.1 kW.  

The broadening of supercontinuum spectrum also depends on the input pulse 

width. The influence of the pulse width i.e. full width at half maximum (TFWHM) on 

spectral broadening of supercontinuum spectrum in 4 mm long rib waveguide is 

revealed in Fig. 7.8. The initial peak power of pulse is fixed at 1.1 kW. As illustrated 

in Fig.7.8, when the value of pulse width increases the output spectra starts to be 

narrower. It is clear from this figure that the shorter pulse is better to obtain broader 

SC spectrum. Tabel-7.2 provides the optimized values of input pulse parameters. 
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Fig. 7.6: The variation of effective mode area of propagating mode and corresponding nonlinear 

coefficient of proposed rib waveguide with optimized parameters (i.e. a = 1.0 µm, t = 0.75 µm, h = 1 

µm). 

 

 

Fig. 7.7: Spectral broadening of supercontinuum spectra from 4 mm long rib waveguide at different peak 

power; when 50 fs laser pulses at 2.5 µm launched at proposed rib waveguide structure. 
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Fig.7.8: Broadening of output spectra from 4 mm long rib waveguide obtained at various values of pulse 

width (TFWHM) when peak power of incident pulses = 1.1 kW. 

 

7.4. Tolerance Analysis of Rib Waveguide 

For fabrication purposes it is very important to investigate the tolerance of the rib 

waveguide structure with respect to geometrical parameters. We have found that the 

magnitude of effective mode area, nonlinear coefficient and dispersion are not much 

sensitive to the structural parameters. For example: at pump wavelength of 2.5 µm 1% 

variation in 'a' changes effective mode area by 0.6% and change in nonlinear coefficient 

by 0.4%. These small changes produce only ~1% changes in the spectral width of the 

supercontinuum spectrum. Proposed rib waveguide structure can be fabricated by 

photolithography and inductively coupled plasma reactive ion etching technique. 
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Table 7.1: Geometrical parameters of proposed rib waveguide 

Parameter name a h T 

Parameter value 1.0 µm 1.0 µm 0.75 µm 

 
 

Table 7.2: Input pulse parameters for proposed rib waveguide 

Parameter name Peak Power TFWHM Pulse shape 

Parameter value 1.1 kW 50 fs hyperbolic secant 

 

7.5 Conclusions 

In this chapter a dispersion engineered channel rib waveguide structure is reported for 

ultra broadband mid-infrared supercontinuum spectrum spanning 2 – 15 µm at -30 dB 

power level. Such broadband spectral range of supercontinuum spectrum is achieved 

using only 4 mm long channel rib waveguide when 50 fs laser pulses of 1.1 kW peak 

power at 2.5 µm are incident on it. Simulated outcomes revealed that the proposed rib 

waveguide structure offers nonlinear coefficient as large as 18250 W-1 Km-1 at pump 

wavelength of 2.5 µm with the effective-mode-area of 2.07 µm2. This waveguide 

structure can be a good candidate for generating efficient supercontinuum which is 

applicable for various nonlinear applications such as frequency comb generation, gas 

sensing, food quality control and early cancer diagnostics. 
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CHAPTER 8 
 

Tunable Slow Light Generation in Specialty 

Optical Fibers∗

  

 

8.1 Introduction 

Slow light is the topic of rapidly increasing interest in the past decade because of its 

many applications such as optical buffering, data synchronization, optical memories, 

optical signal processing, microwave photonics, and precise interferometric instruments 

[136 – 139]. Slow-light means the possibility of controlling and reducing the group 

velocity of optical signal. The technique based on slow-light provides the hopeful 

solutions of the broadband and tunable time-delay for microwave and milli-meter wave 

systems. By controlling and storing the light and enhancing nonlinearity, it is possible 

to design on-chip all-optical signal processing photonic crystal devices. When one 

allows light to interact with an optically resonant media, it is possible to control the 

speed of light and its other propagation characteristics [140]. Slow-light can be 

obtained by the various methods including SBS and SRS in standard single mode fiber 

[141 – 146], electromagnetically induced transparency, Raman-assisted optical 

parametric amplification [147], coherent population oscillation [148] and slow-light 

relying on dispersive medium [149]. The main advantage of the SBS over other 

methods is the possibility of controlling the pulse delay all optically only by tuning the 

pump power [146]. SBS in optical fiber is much more gorgeous because it leads to the 
                                                           
∗Parts of the results presented in this chapter have been reported in the research publications:  
1. T. S. Saini, A. Kumar, R. K. Sinha, “Analysis and Design of Single-Mode As2Se3-Chalcogenide 

Photonic Crystal Fiber for Generation of Slow Light with Tunable Features,” IEEE J. Sel. Top. 
Quant. Electron. In press (2015); 

2. T. S. Saini, A. Kumar, R. K. Sinha, "Slow light generation in single mode tellurite fibers,” J. Modern 
Optics 62(7), 508 – 513 (2015). 
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application of slow-light in telecommunication systems with moderate pump power and 

operation at room temperature.  

The slow-light can be used for various applications in optical communication 

systems, optical storage, buffering, and signal processing. Various kinds of fibers have 

been reported for generating slow-light. Schneider et al. employed a step index optical 

fiber in silica material  for generation of millimeter waves [150]. To acquire effective 

time-delay and Brillouin gain in silica based optical fibers, we need the fiber length of 

the order of kilometer. For this purpose,  lot of work have been performed to shrink the 

length of the fiber by choosing higher refractive index media [151 – 156] and designing 

photonic crystal fibers [157, 158] to achieve desired time-delay and Brillouin gain. The 

shape and strength of Brillouin gain depends on overlap between the optical and 

acoustic modes. More effective control over acousto-optic interaction can be achieved 

in photonic crystal fiber geometries. 

Small-core PCF is an excellent medium to slow down the light with a moderate 

pump. Large-delay slow light based on stimulated Brillouin scattering in a short length 

of small-core pure silica photonic crystal fiber has been realized by Yang et al. [157]. 

SBS of visible light in silica based small-core photonic crystal fiber pumped with 532 

nm has been characterized by Woodward et al. [158]. Corcoran et al. demonstrated the 

emission of green light in silicon photonic crystal waveguides using slow light 

enhanced third harmonic generation [159]. Heidari et al. presented dispersion 

engineering of slow-light photonic crystal waveguide based on the selective 

microfluidic infiltration technique [160]. Monat et al. presented a review on various 

nonlinear phenomenon enhanced by slow light in silicon based photonic crystal 

waveguides [161]. Pant et al. reported first time the maximum delay of ~23 ns in 7 cm 

long chalcogenide rib waveguide [162] Numerical modeling of SBS in standard silica 

fibers for slow-light applications have been made earlier in different research and 

review articles [163 – 165]. However, there is a need to investigate features of tunable 

slow-light in higher refractive index based PCFs. Because of its larger refractive index 

contrast, PCFs can have tighter confinement of both light and the sound and hence 

enhance acousto-optic interactions. Since chalcogenide glasses have the high third-

order nonlinearity, therefore it can be used as a functional optical fiber.  
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In this chapter, the theoretical investigation of stimulated Brillouin scattering-

based tunable slow light in three different designs of (i) Er-doped tellurite fiber, (ii) 

undoped tellurite fiber, and (iii) photonic crystal fibers is provided. Simulated results 

indicate that the time delay experienced by pulse in fiber structure can be tuned with 

pump power and thereby tunable slow light features can be obtained. 

8.2 Principle of Slow Light Based on SBS 

When highly intense pump wave interact with the counter propagating, weak signal 

wave, then a slowly travelling wave is generated. This creates travelling density 

variations (i.e. acoustic wave) in the medium. Consequently, as illustrated in Fig. 8.1, 

acoustic wave leads to a travelling grating of refractive index variation in the medium. 

When phase matching condition is satisfied, the travelling refractive index grating can 

couple optical power in between pump and signal waves.   

Let, 𝜔𝑝 and 𝜔𝑠 are the frequencies of pump and counter propagating signal wave 

of intensities 𝐼𝑝 and  𝐼𝑠 respectively. 

 

 

 

 

 

Fig. 8.1: Schematic of the principle of stimulated Brillouin scattering in PCF. 

The coupled non linear differential equations for pump and signal waves is specified by 

the following equations [41] 

𝑑𝐼𝑝
𝑑𝑧

=  −𝑔𝐵𝐼𝑝 𝐼s −  𝛼𝑝𝐼𝑝                                    (8.1) 

−
𝑑𝐼𝑠
𝑑𝑧

=  +𝑔𝐵𝐼𝑝 𝐼s −  𝛼𝑠𝐼𝑠                                   (8.2) 

 by assuming the pump wave as undepleted, and (𝛼𝑝 ≈  𝛼𝑠) = 𝛼, the result of the Eqs. 

8.1 & 8.2 is specified by the relation  
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𝐼s(0) = 𝐼s(𝐿)exp [(𝑔B 𝑃0𝐿eff/𝐴eff −  𝛼𝐿] (8.3) 

with,    𝐿eff = 𝛼−1(1 − exp(−𝛼𝐿eff))                                              (8.4) 

where, L is the real length and 𝐿eff is the effective length of the fiber, 𝛼 is the 

attenuation constant for the fiber.  

The Brillouin gain can be expressed as  

𝑔𝐵(Ω) =  
𝑔𝑝(Γ𝐵/2)2

(Ω−  Ω𝐵)2 + (Γ𝐵/2)2
                (8.5) 

where 𝑔𝑝 is the peak value of the Brillouin gain at Ω = ΩB and given by the relation 

𝑔𝑝 ≡  𝑔𝐵(ΩB) =
2𝜋2𝑛7𝑝122

𝑐𝜆𝑝2𝜌0𝑣𝐴ΓB
                       (8.6) 

here 𝜌0  is the density, and 𝑝12 is the longitudinal elasto-optic coefficient. The full 

width at half maximum (FWHM) of the gain spectrum is related to ΓB by the relation 

△ 𝜈𝐵 =  ΓB/(2π). 

The nonlinear coefficient (𝛾) offered by PCF, related to the nonlinear refractive 

index of material of PCF and the effective area of propagating mode as  

𝛾 =  
2 𝜋𝑛2
𝜆𝐴𝑒𝑓𝑓

                                                        (8.7) 

where, n2 is the nonlinear coefficient of material of PCF and Aeff is the effective mode 

area of propagating mode.  

The Brillouin gain coefficient of PCF can be calculated using the relation [155] 

𝐺 =  10 log �exp �
𝑔𝐵 𝐾𝑃0𝐿eff

𝐴eff
−  𝛼𝐿��        (8.8) 

where, P0 is the pump power and K is the polarization factor and depends on the 

polarization properties of the fiber. The value of polarization factor is 1 if the 

polarization is maintained and it is 0.5 if polarization is not maintained. Although, some 

results [153, 154, and 166] showed that K = 0.667 is more appropriate, for the fiber 

which is low-birefringence and very high polarization beat length. In our simulation K 

= 0.667 has been used.  
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The maximum allowable pump power, Pmax (the maximum pump power above which 

the output pulse get distorted), related to the Brillouin gain coefficient 𝑔𝐵 as [153, 167] 

𝑃max = 21 
𝐴eff

𝐾 𝑔B 𝐿eff
                                      (8.9) 

Once pump power approached to Pmax then the backscattered wave can be 

generated from the background noise in the fiber, which leads to serious output pulse 

distortion. Therefore the value of pump power must be smaller than the 𝑃max.  

The SBS-induced time delay per unit length and per unit pump power by slow 

light fiber devices can be expressed as [153, 155] 

∆𝑡d
𝑃p𝐿eff

=  
𝑔B 𝐾
𝐴effΓB

                                             (8.10) 

 

8.3 Slow Light Generation in Er- Doped Tellurite Fiber 

The pump and signal waves propagation are simulated over a 2 meter long Er- doped 

tellurite fiber, which are based on the same parameter values used in Ref. [154]. 

Specifically, the pump power, Pp = 360 mW at 1542 nm, the Brillouin gain coefficient, 

𝑔𝐵 = 1.47×10−10 m/W, Brillouin shift, Ω𝐵= 7.882 GHz, the mode effective area, Aeff = 

9.18 µm2, the fibre loss = 0.51 dB/m ( 𝑖. 𝑒.𝛼 = 0.117 m-1) and the polarization factor, K 

= 0.667.  

8.3.1 Results and discussion 

Using above mentioned parameters the Brillouin gain of the fiber against the frequency 

difference between pump and signal (𝜔𝑝 − 𝜔𝑠) in 2 meter long Er-doped tellurite fiber 

has been illustrated in Fig. 8.2. It can be clearly seen that the peak gain of ~ 29 dB is 

obtained in this fiber at frequency shift of 7.882 GHz.  
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Figure 8.3 shows the effect of pump power on Brillouin gain. It is clear from this figure 

that the Brillouin gain linearly increases with pump power. Our simulation result shows 

that for pump power of 360 mW, the value of Brillouin gain is 29.72 dB, which 

correspond to 0.0825 dB/mW of the pump power. It is very close to the experimentally 

measured value [154], which validates that the formulae for Brillouin gain   and 

MATLAB codes developed for its calculation are correct. Maximum 57.8 dB 

unsaturated gain has been achieved at pump power of 700 mW. The maximum pump 

power up to which the output pulse does not get affected by the distortion is about 1100 

mW which is obtained from Eq. (8.9). Pump power above 1100 mW leads to serious 

output pulse distortion. The maximum Brillouin gain which can be achieved at 1100 

mW is about 91 dB for 2 meter long fiber. 

Figure 8.4 illustrates the dependence of the SBS-induced time delay per unit 

pump power on the real length of the fiber. For 2 meter length of fiber, 127 ps/mW time 

delay has been obtained. Therefore, pump power with 360 mW introduces total time 

delay of 45.72 ns in 2 meter length of Er-doped fiber.  

Finally, the time delay in pulse with the pump power has been illustrated in Fig. 

8.5. The maximum time delay using 2 meter of Er-doped fiber has been obtained upto 

140 ns at 1100 mW pump power. 

Fig. 8.2: Brillouin gain of the fiber with 
frequency difference between pump and signal 
(𝜔𝑝 − 𝜔𝑠) in two meter Er-doped tellurite fiber. 

Fig. 8.3: Effect of pump power on Brillouin 
gain. 
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8.4 Slow Light Generation in Undoped Tellurite Fiber 

Another fiber in the study is an undoped tellurite fiber with the following parameters as 

in Ref. [155]. Specifically, the pump power, Pp = 10 mW at 1550 nm, length of the 

fiber = 100 m, the Brillouin gain coefficient, 𝑔𝐵=1.6989×10−10 m/W, Brillouin shift, 

Ω𝐵= 7.972 GHz, the mode effective area, Aeff = 6.9697 µm2, the fibre loss=0.0558 

dB/m and the polarization factor, K = 0.667.  

8.4.1 Results and discussion 

The Brillouin gain of the fiber against the frequency change between pump and signal 

(𝜔𝑝 − 𝜔𝑠) in undoped tellurite fiber has been illustrated in Fig. 8.6. The maximum 

value of Brillouin gain of 34.2 dB has been obtained at 7.972 GHz frequency shift with 

pump power of 10 mW, which is well matched with the experimental result [155].  

Brillouin gain of the fiber linearly increases with pump power which is shown in 

Fig. 8.7. Simulation results show that for pump power of 23 mW, the value of Brillouin 

gain is ~86 dB, which correspond to 3.73 dB/mW of the pump power. The maximum 

pump power for which output pulse does not affected by the distortion is 23.5 mW. 

Based on the simulated results for doped and undoped tellurite fibers, one can conclude 

that the maximum allowable pump power is larger for Er-doped tellurite fiber in 

comparison to that of for undoped tellurite fiber. Therefore, for obtaining same time 

delay we required short length of Er-doped tellurite fiber in comparison to undoped 

tellurite fiber.  

Fig. 8.4: Time delay as a function of real fiber 
length. 

 

Fig. 8.5: Time delay as a function of pump 
power. 
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The dependence of the SBS-induced time delay per unit pump power on the real length 

of the fiber has been shown in Fig. 8.8. The time delay per unit power obtained by 100 

meters fiber is about 9.88 ns/mW. Therefore, pump power with 10 mW introduces total 

time delay of ~ 99 ns in 100 meter length of undoped tellurite fiber. As shown in Fig.8. 

8, the maximum value of time delay per mW power for 1000 meter long fiber is 26.5 

ns/mW. The total time delay with the pump power has been illustrated in Fig. 8.9. The 

maximum time delay using 100 meter undoped tellurite fiber has been obtained up to 

227 ns at 23 mW pump power.  

 

 

 

 

Fig. 8.6: Brillouin gain of the fiber against the 
frequency difference between pump and signal 
(𝜔𝑝 − 𝜔𝑠) in 100 meter long undoped tellurite 
fiber with 10 mW pump power. 

 

Fig.  8.7: Brillouin gain as a function of pump 
power. 

 

 

Fig.  8.9: Total time delay with pump power. 

 

Fig.  8.8: Time delay per unit power with real 
fiber length. 
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8.5 Slow Light Generation in Single Mode PCF 

To study the slow light generation in PCF based on stimulated Brillouin scattering, first 

we have proposed a single-mode PCF design. The transverse cross-sectional view of 

the proposed PCF structure has been illustrated in Fig. 8.10. It consists of an array of air 

holes arranged in triangular lattice pattern in As2Se3-based chalcogenide glass. The 

diameter of all air holes is considered identical and represented by ‘d’ while the centre 

to centre distance of the air holes (i.e. pitch) is taken as ‘Λ’. In the simulation, the pitch 

of the PCF has been kept fixed at 1µm. To change the effective mode area of PCF the 

diameter of air holes can be changed. The refractive index of As2Se3 based 

chalcogenide glass has been taken equal to 2.886 at 1.06 µm. The inherent material 

properties of As2Se3 based chalcogenide material have been taken from Ref. [168]. 

From the manufacturing point of view our proposed structure can be fabricated by 

standard extrusion and stacking based methods, commonly used for fabrication of 

PCFs. 

 

Fig. 8.10: Transverse cross-sectional view of the proposed highly nonlinear photonic crystal fiber 
structure. 

8.5.1 Condition for single mode operation 

In order to study the slow light in PCF it is important for PCF to be single-mode at the 

wavelength of interest. In multimode PCF, the fundamental mode will couple to higher-

order modes that have a larger effective area and lower nonlinearity. This results in 

reduction of nonlinear interaction which is needed for SBS effect. The V parameter of a 

PCF can be simply written as [169] 

𝑉(𝜈) =  𝑘𝛬 ��𝑛eff,c2 (𝜈) − 𝑛eff,cl2 (𝜈)�          (8.11) 
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where 𝑛eff,c(𝜈) is the effective index of fundamental mode confined in the core, and 

𝑛eff,cl(𝜈) is the effective index of mode which distributes over the cladding with a 

periodic array of air holes. For PCF geometry, the single mode condition is found to be 

𝑉(𝜈) < 𝜋 [169]. 

The numerical result of single mode parameter ‘V’ for proposed PCF with various 

d/Λ at fixed wavelength of 1.06 µm is shown in Fig. 8.11. It is clear from this figure 

that when d/Λ = 0.5 the value of V parameter become 3.17, which exceeds the limit of 

single mode operation (i.e. 3.14). Therefore the value of d/Λ must be less than 0.5 to 

ensure single mode condition in proposed PCF. 

 

 

 

8.5.2 Results and discussion 

As discussed in the previous Section 8.5.1, in order to ensure single-mode operation in 

proposed PCF, the value of d/Λ must be less than 0.5.  Therefore, we have chosen d/Λ = 

0.4 in all the simulations. Figure 8.12 illustrates the electric field distribution of 

fundamental mode with d/Λ = 0.4 at 1.06 um wavelength. The effective mode area 

plays very important role to enhance nonlinear effects in PCFs. In this work the 

effective mode area of PCF has been controlled by tuning the air filling fraction (which 

is defined as the ratio of the diameter of air holes to the pitch of the air holes) of the 

PCF. The influence of air filling fraction (i.e. d/Λ) on the effective mode area of 

Fig. 8.11: Variation of  'V' parameter of the 
proposed PCF with d/Λ. 

 

Fig. 8.12: Electric field distribution of fundamental 
mode with d/Λ = 0.4 at 1.06 µm wavelength. 
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propagating mode in PCF has been illustrated in Fig. 8.13. The effective mode area 

decreases on increasing d/Λ, because of reduction in the core size on increasing d/Λ. 

Since the nonlinearity is inversely proportion to the effective mode area, the nonlinear 

coefficient increases on increasing d/Λ. Simulated results show that the proposed 

structure offers nonlinear coefficient as high as 92 W-1 m-1 with effective mode area of 

1.53 um2 at d/Λ = 0.4. 

 

 

When the value of air filling fraction (AFF) increases, the core area decreases, 

this restricts on maximum allowable pump power (Pmax) for undistorted output pulse 

from the PCF. As shown in Fig. 8.14, the maximum allowable pump power decreases 

on increasing d/Λ value ranging from 0.1 to 0.5 (see Table-8.1). When, AFF or d/Λ 

value of proposed PCF structure increases the effective mode area of propagating mode 

decreases. Therefore, due to the confinement of field within the smaller region the 

power handling capability of photonic crystal fiber decreases and hence the maximum 

allowable pump power decreases. The value of Pmax is 100.6 mW when d/Λ = 0.4.  

The confinement loss is also a very important feature of photonic crystal fibers. 

As illustrated in Fig. 8.15 the confinement loss of PCF is very large at d/Λ = 0.1 and it 

decreases with d/Λ. The reason of decreasing confinement loss on increasing d/Λ ratio 

is that the field becomes more and more confined within the small core of PCF when 

d/Λ increases. This is due to the fact that on increasing hole diameter d, the difference 

between core-cladding refractive index increases leading to higher confinement of light 

in the core region. 

Fig. 8.13: Influence of the effective mode area 
and nonlinear coefficient with d/Λ. 

Fig. 8.14: Maximum allowable pump power 
as a function of d/Λ. 
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The influence of air filling fraction on Brillouin gain for one meter length of PCF has 

been illustrated in Fig. 8.16. The Brillouin gain increases on increasing the value of 

d/Λ. When, air filling fraction increases the effective area of propagating mode 

decreases.  

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Fig. 8.17: Influence on time delay per unit length with incident pump power. 

 

Therefore, on increasing the value of d/Λ, the light beam is confined within the 

smaller core. This results in great enhancement in Brillouin scattering and consequently 

increases the Brillouin gain. At air filling fraction equal to 0.1 the value of Brillouin 

Fig. 8.15: Confinement loss of the proposed 

PCF structure as a function of d/Λ. 

 

Fig. 8.16: Influence of d/Λ on Brillouin gain in 

proposed PCF structure with 100 mWpump power. 
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gain is 10.8 dB/m and it increases on increasing the value of air filling fraction. 

Brillouin gain increases upto ~ 88.6 dB/m when air filling fraction reaches at 0.4. 

However, at such high value of Brillouin gain, even a -50 dB return loss from an angle-

polished connector will make the fiber into a Brillouin laser. Therefore, the d/Λ should 

be suitably selected to avoid return loss at the connecters.  

The influence of the pump power on time delay for unit length of PCF with d/Λ = 

0.4 has been illustrated in Fig. 8.17. The results obtained at various pump powers are 

tabulated in Table 8.2. Time delay in output pulse increases linearly with increasing 

pump power. It is due to the fact that for higher optical powers, there is a stimulated 

effect, where the optical fields substantially contribute to the phonon population. The 

time delay can be tuned between ~14 ns to ~137 ns at pump power of 10 mW to 100 

mW respectively using one meter long PCF having d/Λ equal to 0.4. Therefore, desired 

time delay can be obtained by tuning the pump power for a given PCF. 

 

Table. 8.1: Maximum allowable pump power (Pmax). 

d/Λ 0.1 0.2 0.3 0.4 0.5 

Pmax (mW) 540143 39434 1132 100.6 73 

 

Table. 8.2: Time delay in 1 meter long proposed PCF. 

Pump power (mW) 20 40 60 80 100 

Max. time delay (ns) 27.4 54.9 82.4 109.9 137.4 

 

 

8.6 Conclusions 

In this chapter, three different types of specialty optical fibers have been analysed for 

tunable slow light generation based on stimulated Brillouin scattering. Simulated results 

indicate that (i) Brillouin gain up to ~91 dB and maximum time delay of 140 ns can be 

achieved using 2 meter long Er-doped tellurite fiber with maximum allowable pump 

power of 1100 mW, (ii) Brillouin gain up to ~86 dB and maximum time delay of 227 

ns can be achieved from 100 meter undoped tellurite fiber with 23 mW pump power, 

(iii) Brillouin gain upto ~88 dB/m and maximum time delay upto ~137 ns have been 
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achieved using 1 meter long photonic crystal fiber pumped with 100 mW. In addition to 

geometrical parameters of fibers, the time delay can also be tuned with the pump power 

and thereby tunable slow light features can be obtained. The designed chalcogenide 

photonic crystal fiber is expected to have potential applications in realization of 

compact slow light devices. 



“Application Specific Specialty Optical Fibers and Waveguides”- T. S. Saini 
 

101 
 

 
 

CHAPTER 9 
 

Concluding Remarks and Scope for 
Future Work 

  
Concluding remarks and the scope for the future work coming up from the current 

thesis work has been presented in this chapter. In this thesis we have presented some 

novel designs in PCF and rectangular waveguide geometries for three different 

applications (i.e., for high power delivery devices, supercontinuum generation and slow 

light generation). For high power delivery applications the designs show effective SM 

operation with large-core size by higher-order mode discrimination. In particular we 

have presented asymmetric air holes arranged in the cladding region of the PCFs and 

multi-trench leaky cladding design for rectangular channel waveguide. With 

asymmetric LMA PCF the effective SM operation can be ensured with the effective 

mode area as large as 1530 µm2 at 30 cm bend state. Proposed LMA TC PCF 

geometry-I offers the effective mode area as large as 875 µm2 with bend radius of 20 

cm. In spite of such large effective mode area the proposed TC PCF structure offers 

very low bend loss for LP01 mode (i.e. 0.038 dB/m) while very large bend loss for LP11 

mode (i.e. 6.94 dB/m). The proposed LMA TC PCF geometry-II is able to maintain 

effective mode area as large as ~800 µm2 with bend radius of 15 cm. With multi-trench 

leaky cladding design in the channel waveguide structure the core size for the SM 

operation can be increased to 2.25 times as compared to conventional SM waveguide. 

The proposed waveguide design shows effective SM operation with core area as large 

as 100 µm2. LMA waveguide design offers extended SM operation in the wavelength 

range of 1.25 – 2.0 µm. Such large core size PCF and waveguide designs are able to 

eliminate all unwanted nonlinear effects. LMA designs reported in this thesis should be 

useful for high power delivery devices such as high power fiber lasers and amplifiers.  
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For supercontinuum and slow light applications the PCF and waveguide designs 

presented in this thesis have been optimized for low effective mode area to obtained 

high nonlinearity. To obtain smooth broadening of supercontinuum spectrum, designs 

have been optimized for all-normal dispersion profile. Proposed TC PCF structure is 

able to offer ultra-broadband SC spectrum spanning 1.9 – 10 µm at the -30 dB level 

using only 6 mm long PCF pumped with 50 fs laser pulses of relatively low peak power 

at 4.5 µm. Proposed TCGI PCF design in As2Se3 based chalcogenide glass is able to 

extend the supercontinuum spectrum spanning 2 – 15 μm using 50 fs laser pulses of 3.5 

kW peak power at 4.1 µm. Such ultra broadband white light supercontinuum spectrum 

is also achieved using rib waveguide and equiangular spiral PCF geometries. Slow light 

with tunable features is investigated in doped and undoped tellurite fibers and As2Se3 

based chalcogenide PCF geometries for telecommunication and computing 

applications. To obtain same time delay we required short length of Er-doped tellurite 

fiber in comparison to undoped tellurite fiber. Time delay can be tuned with pump 

power and fiber length. In PCF geometry the maximum time delay up to 137 ns can be 

obtained using 1 meter long PCF pumped with 100 mW.  

The research work reported in the thesis has identified several areas of research 

for the future investigation. 

To access the actual device performance, the LMA PCF and waveguide designs 

presented in Chapter 2 & 3 of this thesis can be extended to active materials. The effect 

of temperature on the modal analysis of the proposed designs can also be studied. The 

bend insensitive PCF structure can be implemented in the proposed triangular core 

LMA PCF. Proposed TCGI PCF structure reported in Chapter 5 can be used to obtained 

supercontinuum generation in visible and deep ultraviolet region taking ZBLAN or 

tellurite as a PCF material. The spectral coherence of the supercontinuum spectra 

generated through triangular core PCFs and rib waveguide geometries is also a matter 

of further study. 
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