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ABSTRACT 
 
Optical waveguides are critical components in photonic technologies, designed to guide 

electromagnetic waves along specific paths with minimal loss over long distances. These 

structures exploit the principle of total internal reflection, confining light within a high-

refractive-index core while surrounded by lower-index materials. The core of the waveguide 

enables efficient light transmission, with various forms such as planar, strip, and fiber 

waveguides serving different applications. For instance, strip waveguides are integral to 

integrated photonic circuits, directing light in two-dimensional geometries, while fiber 

waveguides are pivotal in telecommunications for long-distance data transmission with 

minimal attenuation. The refractive index profiles of waveguides can be categorized into step-

index profiles, characterized by abrupt transitions between core and cladding, and graded-index 

profiles, which feature gradual index transitions. The choice of materials for waveguides 

ranging from silica and lithium niobate to silicon and polymers depends on the application’s 

specific requirements, including operating wavelength and optical transmission characteristics. 

The propagation characteristics of waveguides are derived from Maxwell's equations, with 

appropriate boundary conditions defined by the structure. In uniform waveguides, propagation 

can be analysed in terms of modes field configurations that maintain their intensity profile as 

they propagate. For practical applications, mode solutions are often obtained numerically, and 

in non-uniform guiding structures, direct numerical solutions of the wave equation are 

employed. Numerical methods, particularly the beam propagation method (BPM) based on the 

fast Fourier transform (FFT), have been the foundation for simulating photonic systems. 

Traditional BPM methods rely on paraxial approximations, valid only for weakly guiding 

waveguides. However, with advancements in high-contrast waveguides like silicon 

waveguides, non-paraxial vector wave propagation methods have emerged as essential tools. 

This thesis presents the development and application of such non-paraxial vector wave 
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propagation methods tailored for modern photonic devices. The finite difference split-step non-

paraxial (FDSSNP) method is the key numerical approach explored in this work. It integrates 

the finite difference method with the split-step technique to solve the full wave equation 

without relying on paraxial approximations. In this method, the wave propagation operator is 

split into components that account for uniform structures and the variations present in the 

guiding structures. While previously applied primarily to scalar wave propagation problems, 

this thesis extends the FDSSNP method to vector wave propagation. A novel operator splitting 

technique is introduced, enhancing computational efficiency and significantly reducing 

memory requirements while ensuring accurate propagation of modes through various 

waveguide structures. Moreover, the thesis investigates the propagation of vector waves in 

complex structures, including waveguide, tapers and s-junctions. A critical challenge in 

numerical simulations arises from the necessity to truncate the transverse domain, which can 

lead to spurious reflections and consequent inaccuracies. To minimize these issues, various 

boundary conditions have been employed, including absorbing boundary conditions (ABC) 

and perfectly matched layer (PML) conditions. We have introduced a new boundary condition, 

the field domain boundary condition (FDBC), which modifies the field directly and have 

demonstrated performance accuracy being comparable to existing methods, but being very 

simple to use. For uniform waveguides, mode analysis and characterization are essential, with 

several numerical methods developed for obtaining scalar and vector modes. This thesis 

contributes a formulation for wave propagation that is directly convertible into a mode 

computation framework, utilizing enhanced finite-difference approximations for derivatives. 

This capability allows for application across various waveguide geometries, including 

rectangular, circular, triangular, trapezoidal, and ring core fibers. Convergence studies have 

been conducted to minimize numerical errors and ensure consistent results, with comparative 

analysis against analytical methods and existing numerical works further validating the 
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approach. In summary, the thesis has contributed to the development of numerical simulation 

domain with new methods for full vector non-paraxial propagation and modal computation for 

arbitrary shaped waveguides. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



सारांश (Abstract) 

ऑिप्टकल वेवगाइड (Optical Waveguides) फोटोिनक प्रौद्योिगिकयों के महत्त्वपूणर् घटक हैं, िजन्हें 
िवद्युतचुंबकीय तरगंों को िविशष्ट मागोर्ं पर न्यूनतम हािन के साथ लंबी दूरी तक प्रसािरत करन ेके िलए िडज़ाइन 
िकया जाता ह।ै य ेसंरचनाएँ पूणर् आंतिरक परावतर्न (Total Internal Reflection) के िसद्धांत का उपयोग 
करती हैं, िजसस ेप्रकाश उच्च अपवतर्नांक (high refractive index) वाल ेकोर में सीिमत रहता ह ैऔर इस े
िनम्न अपवतर्नांक वाल ेपदाथोर्ं स ेघेर िलया जाता ह।ै 

वेवगाइड का कोर प्रभावी रूप स ेप्रकाश संचरण को सक्षम बनाता ह ैऔर इस ेिविभन्न रूपों में िनिमर् त िकया जा 
सकता ह,ै जैस ेसमतल (planar), िस्ट्रप (strip), तथा फाइबर वेवगाइड (fiber waveguides), जो िविभन्न 
अनुप्रयोगों में उपयोगी हैं। उदाहरणस्वरूप, िस्ट्रप वेवगाइड्स एकीकृत फोटोिनक पिरपथों (Integrated 
Photonic Circuits) में महत्वपूणर् भूिमका िनभात ेहैं, जो िद्व-आयामी ज्यािमित में प्रकाश का िनदेर्शन करत ेहैं, 
जबिक फाइबर वेवगाइड्स लंबी दूरी की डेटा संचार प्रणािलयों में न्यूनतम क्षीणन (attenuation) के साथ 
सूचना प्रसािरत करन ेमें सहायक होत ेहैं। 

वेवगाइड्स के अपवतर्नांक प्रोफ़ाइल को दो श्रेिणयों में िवभािजत िकया जा सकता ह—ैसे्टप-इंडेक्स प्रोफ़ाइल 
(step-index), िजसमें कोर और क्लैिडंग के बीच तीव्र पिरवतर्न होता ह,ै तथा ग्रेडेड-इंडेक्स प्रोफ़ाइल 
(graded-index), िजसमें अपवतर्नांक का पिरवतर्न क्रिमक होता ह।ै िसिलका, िलिथयम िनयोबेट, िसिलकॉन 
तथा पॉिलमर जैस ेिविभन्न पदाथोर्ं का चयन उनके अनुप्रयोग की आवश्यकताओ—ंजैस ेकायर्रत तरगंदैघ्यर् और 
प्रकाशीय संचरण िवशेषताओ—ंके अनुसार िकया जाता ह।ै 

वेवगाइड्स की प्रसार िवशेषताएँ (propagation characteristics) मैक्सवेल समीकरणों (Maxwell’s 
Equations) स ेव्युत्पन्न होती हैं, िजनके िलए उपयुक्त सीमा िस्थितया ँ(boundary conditions) संरचना द्वारा 
पिरभािषत की जाती हैं। समान (uniform) वेवगाइड्स में प्रसार को ऐस ेमोड्स (modes) के रूप में िवश्लेिषत 
िकया जा सकता ह ैजो अपन ेतीव्रता प्रोफ़ाइल को प्रसार के दौरान बनाए रखत ेहैं। व्यावहािरक अनुप्रयोगों में 
मोड समाधानों (mode solutions) को प्रायः संख्यात्मक रूप से प्राप्त िकया जाता ह,ै िवशेषकर असमान 
संरचनाओ ंमें जहा ँतरगं समीकरण का प्रत्यक्ष संख्यात्मक हल आवश्यक होता ह।ै 

संख्यात्मक िविधयों में बीम प्रोपेगेशन मेथड (BPM), िवशेष रूप से फास्ट फूिरयर ट्रांसफ़ॉमर् (FFT) पर 
आधािरत BPM, फोटोिनक प्रणािलयों के िसमुलेशन की आधारिशला रहा ह।ै पारपंिरक BPM पद्धितया ँ
परािक्सयल (paraxial) समीकरणों पर िनभर्र होती हैं, जो केवल कमजोर गाइिडंग संरचनाओ ंके िलए मान्य 
होती हैं। िकंत ुउच्च-िवपरीत (high-contrast) वेवगाइड्स, जैस ेिसिलकॉन वेवगाइड्स, में इस परािक्सयल 
अनुमान की सीमाएँ स्पष्ट हो जाती हैं। इसिलए, आधुिनक फोटोिनक उपकरणों के िलए नॉन-पैरािक्सयल 
वेक्टर वेव प्रोपेगेशन िविधया ँआवश्यक हो गई हैं। 

इस शोध में ऐसी ही एक उन्नत िविध, फाइनाइट िडफरेंस िस्प्लट-से्टप नॉन-पैरािक्सयल (FDSSNP) पद्धित 
का िवकास और अनुप्रयोग प्रस्तुत िकया गया ह।ै यह िविध परािक्सयल अनुमानों पर िनभर्र हुए िबना पूणर् तरगं 
समीकरण को हल करन ेहते ुफाइनाइट िडफरेंस मेथड और िस्प्लट-से्टप तकनीक का संयोजन करती ह।ै 



इसमें तरगं प्रसार ऑपरटेर को इस प्रकार िवभािजत िकया जाता ह ैिक यह समान संरचनाओ ंऔर गाइिडंग 
संरचनाओ ंमें उपिस्थत िविवधताओ ंदोनों को ध्यान में रखता ह।ै 

पहल ेजहा ँयह िविध केवल से्कलर तरगं प्रसार समस्याओ ंतक सीिमत थी, वहीं यह शोध FDSSNP पद्धित को 
वेक्टर वेव प्रोपेगेशन तक िवस्तािरत करता ह।ै इसमें एक नवीन ऑपरटेर िस्प्लिटंग तकनीक प्रस्तुत की गई ह,ै 
जो गणनात्मक दक्षता को बढ़ाती ह,ै मेमोरी आवश्यकताओ ंको घटाती ह,ै तथा िविभन्न वेवगाइड संरचनाओ ंमें 
मोड्स के सटीक प्रसार को सुिनिश्चत करती ह।ै 

इसके अितिरक्त, यह शोध वेवगाइड्स, टेपसर्, और एस-जंक्शनों जैसी जिटल संरचनाओ ंमें वेक्टर तरगंों के 
प्रसार का अध्ययन करता ह।ै संख्यात्मक िसमुलेशनों में मुख्य चुनौती ट्रांसवसर् डोमेन की सीमाओ ंके कारण 
उत्पन्न स्प्यूिरयस िरफ्लेक्शन्स (spurious reflections) स ेिनपटना ह।ै इस समस्या के समाधान हते ुिविभन्न 
सीमा िस्थितया—ँजैस ेAbsorbing Boundary Condition (ABC) और Perfectly Matched Layer 
(PML)—का उपयोग िकया गया ह।ै 

इस शोध में एक नई सीमा िस्थित, फील्ड डोमेन बाउंडरी कंडीशन (FDBC), प्रस्तािवत की गई ह,ै जो सीध े
क्षेत्र (field) को संशोिधत करती ह ैऔर अपनी सरलता के बावजूद सटीकता में मौजूदा िविधयों के तुल्य 
प्रदशर्न करती ह।ै 

समान वेवगाइड्स के िलए मोड िवश्लेषण और लक्षणांकन (characterization) अत्यंत आवश्यक हैं। यह शोध 
तरगं प्रसार के िलए ऐसी रूपरखेा प्रस्तुत करता ह ैजो सीध ेमोड कंप्यूटेशन फे्रमवकर्  में पिरवतर्नीय ह,ै और 
िजसमें सीिमत अंतर (finite-difference) आधािरत डेिरवेिटव्स का उपयोग िकया गया ह।ै यह रूपरखेा िविभन्न 
वेवगाइड ज्यािमितयों—जैस ेआयताकार, वृत्ताकार, ित्रकोणीय, टे्रपेज़ॉयडल और िरंग कोर वेवगाइड्स—पर भी 
लाग ूकी जा सकती ह।ै 

संख्यात्मक त्रुिटयों को न्यूनतम करन ेऔर संगत पिरणाम प्राप्त करन ेके िलए अिभसरण अध्ययन 
(convergence studies) िकए गए हैं। साथ ही, िवश्लेषणात्मक िविधयों और मौजूदा संख्यात्मक कायोर्ं के 
साथ तुलना द्वारा इस दृिष्टकोण की पुिष्ट की गई ह।ै 

सारांशतः, इस शोध न ेसंख्यात्मक िसमुलेशन क्षेत्र में एक महत्वपूणर् योगदान िदया ह,ै जहा ँपूणर् वेक्टर नॉन-
पैरािक्सयल तरगं प्रसार और मनमान ेआकार के वेवगाइड्स के िलए मोडल गणना (modal 
computation) हते ुनई िविधयों का िवकास िकया गया ह।ै 
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condition, (b) Propagation of Gaussian beam in a homogeneous medium with boundary 

condition (square law profile) 

Figure 3.4 Energy remaining inside the real window (𝐸!) for different width (% of the 

numerical window) of the absorbing layer for a tilted Gaussian at 250, for different methods 

with square law profile 

Figure 3.5 Energy remaining inside the real window (𝐸!) for different beam tilt angles for 

layer of width 8% the numerical window in square absorption profile for different methods 

Figure 3.6 Energy remaining inside the real window, 𝐸" as a function of propagation distance 

z, for 8% width of absorbing layer with a square profile for different methods 

Figure 3.7 Energy remaining inside the real window, 𝐸" as a function of propagation distance 

z, for 16% width of absorbing layer with a square profile for different methods 

Figure 3.8 Energy remaining in the real window as a function of the absorbing layer width 

(% of numerical window) for algebraic absorption profiles for different methods. The beam is 

tilted at 27.5o 

Figure 3.9 Energy remaining in the real window as a function of the absorbing layer width 

(% of numerical window) for sine absorption profiles for different methods. The beam is 

tilted at 27.5o 
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Figure 3.10 Energy remaining in the real window as a function of the FDBC layer width (% 

of numerical window) for algebraic and sine absorption profiles 

Figure 3.11 Energy remaining in the real window as a function of the absorbing layer width 

(% of numerical window) for beam tilted at relatively small angle at 15o 

Figure 3.12 Energy remaining in the real window as a function of the absorbing layer width 

(% of numerical window) for beam tilted at relatively large angle of 40o 

Figure 3.13 Energy remaining in the real window as a function of V0 for different absorbing 

layer width (% of numerical window) for the FDBC at angle 15o 

Figure 3.14 Energy remaining in the real window as a function of V0 for different absorbing 

layer width (% of numerical window) for the FDBC at angle 40o 

Figure 4.1 Effective index as a function of M, the number of terms in the series of Eq. 4.5. 

Figure 4.2 (a) Refractive index profile of rectangular waveguide (b) Fundamental mode 

profile of electric field intensity (TE00) with vector field plot (𝑛#$$ = 2.30815), (c) first 

mode (TM00) profile with vector field plot (𝑛#$$ = 1.71681) 

Figure 4.3 Effective refractive indices of the TE and TM-polarized fundamental mode 

Figure 4.4  Refractive index profile of Step-index fiber (b) Fundamental mode profile of 

electric field intensity with vector field plot (𝑛#$$ = 1.475513), (c) first mode profile with 

vector field plot (𝑛#$$ = 1.475513), (d) second mode profile with vector field plot (𝑛#$$ =

1.473946), (e) third mode profile with vector field plot (𝑛#$$ = 1.473937), (f) fourth mode 

profile (𝑛#$$ = 1.473937), (g) fifth mode profile (𝑛#$$ = 1.473931) 

 

Figure 4.5 (a) Refractive index profile of Ring Core fiber (b) Fundamental mode profile of 

electric field intensity with vector field plot 𝑛#$$ = 1.4900), (c) first mode profile with 

vector field plot (𝑛#$$ = 1.4900), (d) second mode profile with vector field plot (𝑛#$$ =

1.4890), (e) third mode profile with vector field plot (𝑛#$$ = 1.4889), (f) fourth mode 

profile	(𝑛#$$ = 1.4883), (g) fifth mode profile (𝑛#$$ = 1.4881) 
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Figure 4.6 (a) Refractive index profile of triangular waveguide (b) Fundamental mode profile 

of electric field intensity with vector field plot (𝑛#$$ = 2.8621), (c) first mode profile with 

vector field plot (𝑛#$$ = 2.8298), (d) second mode profile with vector field plot (𝑛#$$ =

2.0900), (e) third mode profile with vector field plot (𝑛#$$ = 2.0046) 

Figure 4.7 (a) Refractive index profile of trapezoidal waveguide (b) Fundamental mode 

profile of electric field intensity with vector field plot (𝑛#$$ = 3.01283), (c) first mode 

profile with vector field plot (𝑛#$$ = 2.8674	), (d) second mode profile with vector field plot 

(𝑛#$$ = 2.5515) 

 

Figure 4.8 (a) Refractive index profile of Rib waveguide, (b) Fundamental mode profile of 

electric field intensity with vector field plot (𝑛#$$ = 2.8473), (c) first mode profile with 

vector field plot (𝑛#$$ = 2.7768), (d) second mode profile with vector field plot (𝑛#$$ =

2.6588), (e) third mode profile with vector field plot (𝑛#$$ = 2.4959) 

Figure 4.9 (a) Refractive index profile of Ridge waveguide, (b) Fundamental mode profile of 

electric field intensity with vector field plot (𝑛#$$ = 2.8075), (c) first mode profile with 

vector field plot (𝑛#$$ = 2.7266), (d) second mode profile with vector field plot (𝑛#$$ =

2.5865 ), (e) third mode profile (𝑛#$$ = 2.3779) 

Figure 4.10 (a) Refractive index profile of slot waveguide, (b) Fundamental mode profile of 

electric field intensity with vector field plot (𝑛#$$ = 2.9676), (c) first mode profile with 

vector field plot (𝑛#$$ = 2.8428), (d) second mode profile with vector field plot (𝑛#$$ =

2.6005) 

Figure 5.1 (a) Refractive index profile for straight waveguide, (b) Propagation of 

fundamental mode of a rectangular waveguide with respect to the 𝑧-axis (shown for the 𝑦 =

0 plane) 

Figure 5.2 Comparison of the time evolution of the number of steps travelled by a mode 

using the old splitting method and the new splitting method 

Figure 5.3 (a) The Fundamental mode  at 𝑧 = 0 and the field after 100𝜇𝑚 propagation at 

𝑦 = 0 line (b) Variation of error with propagation steps size ∆𝑧 
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Figure 5.4 (a) The refractive index distribution profile of a vertical Si slot waveguide, For the 

analysis of a vertical Si slot waveguide, (b) the model E-field of the TM mode of the x-

waveguide, (c) the model E-field of the TM mode of the y-waveguide, (d) the model E-field 

of the TE mode, (e) Intensity plot of the 2D modal E-field of the slot waveguide 

Figure 5.5 (a) the 𝐸 field  at 𝑧 = 0	and the field after 100𝜇𝑚 propagation at 𝑦 = 0 line, (b) 

Variation of error with propagation step size ∆z. 

Figure 6.1 Refractive index profile for 200𝜇𝑚 taper structure 

Figure 6.2 (a) Propagation of fundamental mode through taper structure (shown for the 𝑦 =

0 plane) for 50𝜇𝑚 length, (b) Propagation of fundamental mode through taper structure 

(shown for the 𝑦 = 0 plane) 100𝜇𝑚 length, (c) Propagation of fundamental mode through 

taper structure (shown for the 𝑦 = 0 plane) 150𝜇𝑚 length, (d) Propagation of fundamental 

mode through taper structure (shown for the 𝑦 = 0 plane) 200𝜇𝑚 length 

Figure 6.3 Refractive index profile for 100𝜇𝑚 S-junction waveguide 

Figure 6.4 (a) Field evolution through the S-junction waveguide of 50𝜇𝑚 length, (b) Field 

evolution through the S-junction waveguide of 70𝜇𝑚 length, (c) Field evolution through the 

S-junction waveguide of 100𝜇𝑚 length 

Figure 6.5 Figure shows an overlap integral with different lengths 

Figure 6.6 Overlap integral with shift for length of the central section in an S-junction 

waveguide of 50𝜇𝑚 and 100𝜇𝑚  
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ABBREVIATIONS 
 
 

ABC - Absorbing Boundary Conditions 

BPM - Beam Propagation Method 

EMET- Eigenmode expansion technique  

FD - Finite-Difference 

FDBC - Field Domain Boundary Condition 

FD-BPM - Finite difference-beam propagation method  

FDSSNP - Finite-Difference Split-Step Non-Paraxial 

FDTD - Finite Difference Time Domain 

FEM- Finite Element Method 

FFT - Fast Fourier Transform 

FFT-BPM - Fast Fourier transform-beam propagation method  

PML - Perfectly Matched Layer 

SSNP - Split step non paraxial 

TBC - Transparent Boundary Conditions 

TE - Transverse Electric 

TIR - Total Internal Reflection 

TM - Transverse Magnetic 
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SYMBOLS 
 
General Symbols 
𝑥, 𝑦, 𝑧: Cartesian coordinates 

𝑡: Time 

𝑐: Speed of light in a vacuum 

𝜔: Angular frequency 

𝑘: Wave number 

𝜆: Wavelength 

𝜈: Frequency 

𝑛: Refractive index 

Vector Fields 
𝐸@⃗ : Electric field vector 

𝐻@@⃗ : Magnetic field vector 

𝐷@@⃗ : Electric displacement field 

𝐵@⃗ : Magnetic flux density 

𝑃@⃗ : Polarization vector 

𝑀@@⃗ : Magnetization vector 

 
Waveguide Parameters 
𝑛: Refractive index of material 

∆: Relative index difference  

𝑉: Normalized frequency parameter  

𝛽: Propagation constant 

 
Modes and Fields 

TE: Transverse electric mode 

TM: Transverse magnetic mode 

HE: Hybrid electric mode 

EH: Hybrid magnetic mode 
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𝐸%,𝐸' , 𝐸": Electric field components 

𝐻% , 𝐻' , 𝐻" : Magnetic field components 

 
 
 
 
 
 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




