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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

iv



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



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.
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AR (Abstract)

et daTMss (Optical Waveguides) WW%WW?, [EEd
Ty ¥ o1 faiferse | UR =G BT b ATl wisl gl deb THTRA & & ey fesirg
fasar STTaT B ffFREFﬂf’q;U‘f 3{TdR® WRTad (Total Internal Reflection) o TIgGId BT 3udNT
P! &, TSI TehTel 3T 3T9dadie (high refractive index) aTel BR H HIfHd I8dT & IR 80
{37 3rderdies arel verelf 3 eR foiar STrdr 21

JIITSS BT BR THTET B F Feb1el HeRUT BT HarH 10T 2 3R 34 fafi= wui # [Afdd far s
BT &, Sl TAAA (planar), R (strip), AT BISER IS (fiber waveguides), ST fafi=T
Wﬁﬁ?ﬂ'ﬂﬁ"ﬁgl EIARSIECECER ﬁaqaaﬂquﬁwqﬁaﬁzﬁtrﬁw (Integrated
Photonic Circuits) H HEc_tl'CI;UT Hﬁl—cﬂ e g, ol fg-3mardt Sfafa o gaerer &1 fAdeq &xd %,
STdfds BIgeN JaTged dal Gl bl 5eT HoIR YUT@d! H IAdH &MU (attenuation) & A1
I JHTRT B3 H G-I BId 8

JANSSY & YIdics WBTSd b al Ao ¥ faqTfora fasar ST dahdT §— R U-SSaRT MWBISe
(step-index), fSTH PR 31k RAET & i dig IRad= 81dT 2, d7 VSS-E3h MBS
(graded-index), fSRTH 319qcid T URad— iR aidr e | fGferdr, fafem atde, fafdsE
T UTfeR oI fafi=T gereif &1 < 39 3URINT ol AT b3 — o BRI RIS 3R
TepT2ar HeRoT faQvdT3il—b AR fdsarm Srar 81

JqTESd Dl TR fqorsarg (propagation characteristics) HeRTd el THIBRUT (Maxwell’s
Equations) 3 g~ Bl &, foieb fag 3Ugad A fREfaar (boundary conditions) HI<HT GRT
RMITST &I STt & | IHM (uniform) JqEged H YOR B! U AIST (modes) & BY H faeaftd
{5 STT HebdT B S 3709 eIl YIS e Pl THR P QR A1C 36 d & | ATaelNes 3guan o
HIS THTUMI (mode solutions) BT YT: ABATHB BT A YT [T SITdT B, [dATH 3-GHH
TRAATA H STET AT HHIBROT BT Y& HGATHD g AT BIelT &

e faferal  d HiirM #ers (BPM), fadly Bu & BRe BRAR giABIH (FFT) TR
ATUTRA BPM, HYeIfAds Jonforal & fIgeie Y 3maRfiaT 38T 1 YRURe BPM Ugfaar
RIRIAA (paraxial) THIBIOT R R ldl &, ST B BHSIR ST IR & fdg A=
Bl Bl ﬁﬁjﬁ-ﬁl’q’aﬁ (high-contrast) aamsga, ﬁ@ﬁlﬁﬁﬁm, T 39 WIfrae
AT BT AT T B STt &1 gferg, 3myfies wieifies 3uason & fag Aia-tRfasae
Ao 9g N[ faferaT saeass 81 e €

9 2y § O € U 31a fafer, wrsrge ey fRaete-wu A19-IRifRae (FDSSNP) ugfd
1 TdBRT 3R 3T Y febarm 7T 1 I feifel wRifeRiaret rgamil o) R g fer gof &’
THIARUT BT G e 5 WISATSE S AT 37X FieTe-Ru ddtds H1 FAIS w2



T3 § 3ufeerd fafderarsn 1 &l w9 § 39dT &

Ugel STel I faft ad ThelR aii TR THIT3T e TAd off, a8 I8 2T FDSSNP Ugfa &
AR Aq AIRIRM qc favaTRd HXaT &1 W Qb Td1 3TIRey ST dabiies T¥dd Pl TS &,
ST TTOHTeHE S&IdT Bl deld! o, HART Tagdhdr3ll &l erd! &, a7 fafi=T damss TR o
HIgd &b el YUR Bl JATeId Pl 2|

% AR, I8 2T daMssd, U, 3R TI-Siare[AT oIl ST IRAAT3Il | daeX dvll &
TRIR T 3763 BT & | HSATHSD RAgA2[AT H G YAId! giFa™d STH @bl HHT3AT &b BRUT
I~ GRAH RAFRRT (spurious reflections) I FHUEAT &1 39 THKT P THTYM &g fafi=
AT REfaar—o Absorbing Boundary Condition (ABC) AR Perfectly Matched Layer
(PML)—dT 3917 fooaT T 21

3 o B Ues 78 T fRAfA, Phles WA 91383 BE12M (FDBC), YRTfdd & TS &, St Ao
& (field) BT TN FBT & 3R Ut TRAAT P FTao[g FIHaT H Risyer fafeal & gea
TR Bt

WW%%’QW%?W 3T A&IUTIeRA (characterization) 37cd 31TATH & | IE AT
TR TR 35 For Qe <5 TR AT & o ey e e e ¥ uRad At 2, 3R
ST T 37aR (finite-difference) THTRA SRACTT BT 3UANT o1 TAT &1 I8 HUGET fafi—=
JqTTEE SATHIGA—SI 3IATER, JATeR, Bbviy, susiiasd 3R [T BR damgsd—aR H
ST T ST et & |

(convergence studies) fbU T €1 T1e[ €Y, fa2ei U fafedt 3iR HiS[ar G&ATHS Frif b
1 gt GRT 39 GfSCepIuT bl Gfte bl 718 8

WRI2AG:, 3 2Ny GEATHS Fgaier & ¥ Ueb Hgeayu amer f&ar 8, Stel gof daer 4 -
WRITFEIA 0T YHR 3R HAHA MBR & AqMSSH & {7 WIS TOMT (modal
computation)%@ﬂé’ﬁlﬁﬁiﬂﬁwmwgl
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SYMBOLS

General Symbols

x,Y, z: Cartesian coordinates
t: Time

c: Speed of light in a vacuum
w: Angular frequency

k: Wave number

A: Wavelength

v: Frequency

n: Refractive index
Vector Fields

E: Electric field vector

T

: Magnetic field vector

ol

: Electric displacement field

ool

: Magnetic flux density

ol

: Polarization vector

M: Magnetization vector

Waveguide Parameters

n: Refractive index of material
A: Relative index difference
V: Normalized frequency parameter

p: 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

xX,=y’

H,, H,, H, : Magnetic field components
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