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CHAPTER 1  

INTRODUCTION 

1.1 Integrated Optics  

Integrated optics [1-5] is a key technology in many advanced industrial 

applications. The optical communications industry has been the major driving force for 

progress in integrated optics to increase the reliability, compactness and reduce the cost 

of optical components used in optical fiber links. Other industries such as optical 

information storage, optical signal processing and optical computing also benefit from 

compact Integrated Optics modules in the manipulation of optical beams and signals. 

 

In 1969 Stewart E. Miller [1-2] for the first time proposed that complex patterns 

of optical circuits, whose communication function might be somewhat analogous to that 

of lower frequency integrated circuits, could be fabricated in a sheet of dielectric using 

photolithographic techniques. The principal motivation for these studies is to combine 

miniaturized individual optical devices through waveguides or other means into a 

functional optical system incorporated into a small substrate. The resulting system is 

called an integrated optical circuit (IOC) by analogy with the semiconductor type of 

integrated circuit. 

 

Technological innovations in long haul fiber optic communication networks have 

generated a need for these circuits. IOCs are more compact, have lower drive voltages,

1 
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lower optical losses and higher modulation frequency than discrete component systems 

and as a result they are finding increasing applications in a number of communication 

systems. 

 

An IOC is a thin-film type optical circuit designed to have a certain desired 

function by integrating a source (such as a laser diode or LED), conventional opto-

electronic devices (such as phase modulators, intensity modulators, switches, etc), 

interconnecting optical waveguide devices (such as directional couplers, beam splitters, 

polarizers, etc) and detectors (photodiodes) on a single substrate. It has advantages such 

as reduced weight, higher bandwidth and multiplexing capacity, low transmission loss, 

higher thermal and mechanical stabilities, low power consumption, etc. 

 

The advantages of having an optical system in the form of an IOC rather than a 

conventional series of components include (apart from miniaturization) reduced 

sensitivity to air currents and to mechanical vibrations of the separately mounted parts, 

low driving voltages and high efficiency, robustness, and (potentially) reproducibility and 

economy. 

 

As in the case of semiconductor integrated circuits, an IOC can be fabricated on 

the surface of one material (the substrate), in which case it is called monolithic IOC. If 

the substrate is doped or additional layers are deposited on the substrate it is called 

Hybrid IOC. 
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1.2 Optical Waveguide  

The optical waveguide is a structure which can confine light waves and propagate 

them over a distance with considerably low transmission losses due to the phenomenon 

of total internal reflection (TIR). To obtain TIR, the refractive index of the cladding 

material is always kept lower than that of the waveguide core materials. TIR occurs when 

the angle of incidence between the propagation direction of the light and the normal or 

perpendicular direction, to the material interface is greater than the critical angle. The 

critical angle depends on the index of refraction of the materials, which may vary 

depending on the wavelength of the light. 

 

Optical waveguides are used as components in IOCs or as the transmission 

medium in local and long haul optical communication systems. Optical waveguides can 

be classified according to their geometry (planar, strip, or fiber waveguides), mode 

structure (single-mode, multi-mode), refractive index distribution (step or gradient index) 

and material (glass, polymer, semiconductor). 

 

A dielectric slab waveguide consists of three layers of materials with different 

dielectric constants, extending infinitely in the directions parallel to their interfaces. This 

structure confines electromagnetic waves only in the direction normal to the interface 

(planar). A rectangular optical waveguide is formed when the guiding layer of the slab 

waveguide is restricted in both transverse directions rather than just one (strip). 

 

An optical fiber is typically a circular cross-section dielectric waveguide 

 

http://en.wikipedia.org/wiki/Integrated_optical_circuit
http://en.wikipedia.org/wiki/Optical_communication
http://en.wikipedia.org/wiki/Single-mode_optical_fiber
http://en.wikipedia.org/wiki/Multi-mode_optical_fiber
http://en.wikipedia.org/wiki/Refractive_index
http://en.wikipedia.org/wiki/Glass
http://en.wikipedia.org/wiki/Polymer
http://en.wikipedia.org/wiki/Semiconductor
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consisting of a dielectric material surrounded by another dielectric material with a lower 

refractive index. Optical fibers are most commonly made from silica glass, however other 

glass materials are used for certain applications and plastic optical fibers can be used for 

short-distance applications. 

 

Due to the theoretical and computational difficulties in modeling waveguides 

having a two dimensional confinement, this thesis work will only address waveguide 

structures with one dimensional confinement.  

  

1.3 Directional Coupler  

The capability of transferring power between waveguides is a key function for 

many applications of integrated optics. Directional couplers are considered building 

blocks of several systems, especially in optical networks, where they are deployed in 

devices such as switches, modulators and filters. The standard directional coupler is made 

of two identical waveguides that are coupled through the evanescent field and its 

qualitative behavior is well described by coupled mode theory [6]. Such a component 

exhibits considerable wavelength dependency which often limits the operational 

bandwidth. Directional Couplers can be of many types. For example there are diffusion 

couplers, area-splitting couplers, beam splitter couplers and Wavelength Selective 

couplers. 

 

In its simplest form, a directional coupler consists of two parallel and identical 

dielectric waveguides in close proximity as shown in Figure 1.1. In this case, the power 

 

http://en.wikipedia.org/wiki/Dielectric
http://en.wikipedia.org/wiki/Silica_glass
http://en.wikipedia.org/wiki/Plastic_optical_fiber
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coupling is based on optical interference between the evanescent fields of the two 

waveguides, such that a light wave launched into one of the waveguides can be coupled 

completely into the other waveguide.          

          

Waveguide 2 
 

 
       Output 

            Waveguide 1              Input 

     

Figure1.1 Directional Coupler 

 

1.4 Grating Assisted Directional Coupler  

Periodic patterns i.e. gratings fabricated in optical waveguide structures are one of 

the most important elements of optical integrated circuits. They have many applications 

to functional devices for optical wave control. The operation of devices based on gratings 

depends on electromagnetic wave coupling through phase matching of different 

propagating modes by the grating region. Each period causes a small reflection of the 

field and the total reflected field is the phasor sum of the individual reflections. 

 

Researchers have analyzed various Grating Assisted Directional Coupler (GADC) 

structures, as shown in Figure 1.2, to achieve good coupling efficiency and to investigate 
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their filtering characteristics. A number of methods have been proposed in the literature 

[7-15] for the analysis and design of GADC. These devices are fundamental guided-wave 

components for many applications including contra-directional coupling, distributed 

Bragg reflector sources, optical wavelength filtering and wavelength-division 

multiplexing (WDM).  

 

A new approach [7] to the analysis and design of GADC was proposed, in which 

the power exchange between the waveguides has been maximized through phase 

matching of two power-orthogonal modes of the parallel waveguide coupler. A GADC 

with a periodic grating fabricated on the lower slab waveguide shown in Figure 1.2(a) 

was examined. 

 

A rigorous leaky mode propagation method [10] has been used to investigate the 

influence of the grating period and grating index profile on the design of GADC shown in 

Figure 1.2(b). The Floquet–Bloch theorem [11] is used to develop a theory for GADC 

shown in figure 1.2(c) which predicts the coupled power and coupling lengths and is 

applicable to lossy waveguides.  

 

A novel dual grating-assisted directional coupler (DGADC) shown in Figure 

1.2(d) for coupling an optical fiber with a thin semiconductor waveguide has been 

developed [12]. Wavelength Selective Directional Coupling (WSDC) that utilized a 

grating for wavelength selectivity has been reported in the literature [16-19]. 
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Figure 1.2 GADCs with different types of gratings  

 

A Bragg grating-assisted WDM filter for the three-wavelength multiplexing on a 

planar-light wave-circuit platform was designed [19]. The 1310-nm and 1550-nm lights 

were designed to be separated after passing the directional coupler by a half-cycle and a 

full-cycle coupling actions with losses of 0.07 and 0.19 dB, respectively. The 1492-nm 

light was reflected back by a Bragg grating fabricated on the directional coupler and its 

loss was less than 2.0 dB. 

 

Figure 1.3 shows the structure of a three-wavelength multiplexer and its design 

parameters. Lc is the coupling length of the directional coupler. L1 is the location 
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parameter for the Bragg grating and Lg is the length of the Bragg grating. 

 

Bragg grating 

LgL1

LC

Port C 

Port D 

Port A 

Port B 

1550nm 

1310nm 1490nm 

 
 

Figure 1.3 Schematic view of a Bragg grating-assisted WDM filter 

 
 

1.5 Proposed Thesis Work  

In this thesis work, a Wavelength Selective Directional Coupler (WSDC) which 

consists of two identical and parallel slab waveguides with periodic air grooves is 

analyzed. A schematic diagram of the structure is shown in Figure 1.4(a). The coupling 

and wavelength filtering characteristics of the device are investigated by varying the air 

groove length (L), width (w) and number of periods.  

 

Moreover, a variation of the structure shown in Figure 1.4(a) is also analyzed. 

This other structure consists of two rows of periodic air grooves as shown in Figure 

1.4(b). 
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Figure 1.4 WSDC with air grooves 

 

For these structures the spectral modal reflectivity and transmissivity are 

calculated. Optical power is launched in one of the four ports of the WSDC, and the 

output power at the remaining three ports as well as the reflected power at the input port 

is calculated. These calculations are repeated for a number of wavelengths in order to 

obtain the spectral response of the device. 

 

1.6 Computational Numerical Techniques  

Several real-world electromagnetic problems like scattering, radiation, wave 

guiding etc, are not analytically calculable, for the multitude of irregular geometries 

designed and used. The inability to derive closed form solutions of Maxwell's equations 

under various boundary conditions is overcome by computational numerical techniques. 

 

Computational numerical techniques can be used to model the domain generally 

by discretizing the space in terms of grids, and then solve Maxwell's equations at each 
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point in the grid. Naturally, such discretization of the computational space consumes 

computer memory. Large scale electromagnetic problems place computational limitations 

in terms of memory space, and CPU time on the computer. 

 

Several numerical tools have been developed to model waveguide structures. 

Among these methods are the Beam Propagation Method (BPM) [20, 21], the Finite 

Difference Time Domain (FDTD) Method [21-24], the Collection Method [25], Finite-

element method (FEM) [26-29] and the Method of Lines (MOL) [30-32].  

 

The Beam Propagation Method solves the Helmholtz equation under conditions of 

a time-harmonic wave. It is an approximation technique for simulating the propagation of 

light in slowly varying optical waveguides. It is typically used only in solving for 

intensity and modes within shaped (bent, tapered, terminated) waveguide structures, as 

opposed to scattering problems. It is not suited as a generalized solution to Maxwell 

equations, like the FDTD or FEM methods. 

 

The FDTD method belongs to the general class of grid-based differential time-

domain numerical modeling methods. The time-dependent Maxwell's equations (in 

partial differential form) are discretized using central-difference approximations to the 

space and time partial derivatives. Since FDTD requires that the entire computational 

domain be gridded, and the grid spatial discretization must be sufficiently fine to resolve 

both the smallest electromagnetic wavelength and the smallest geometrical feature in the 

model, very large computational domains should be developed, which results in very long 

 

http://en.wikipedia.org/wiki/Helmholtz_equation
http://en.wikipedia.org/wiki/Light
http://en.wikipedia.org/wiki/Waveguide
http://en.wikipedia.org/wiki/Maxwell%27s_equations
http://en.wikipedia.org/wiki/Partial_differential_equation
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solution times. 

 

The MOL is an established and efficient numerical procedure for the analysis of a 

variety of optical waveguides. Its advantages stem from the fact that it is an analytical 

approach that leads to comparatively small numerical effort and high accuracy. The MOL 

is a technique for solving partial differential equations (PDEs) where all but one 

dimension is discretized. The resulting semi-discrete problem is a set of ordinary 

differential equations (ODEs). 

 

The MOL can easily account for the backward and forward fields as well as its 

ability to account for optical structures with large refractive index contrast. This is an 

important advantage leading to the popularity of the MOL in analyzing longitudinally 

inhomogeneous structures.  

 

The MOL is used in this thesis to analyze the Wavelength Selective Directional 

Coupler (WSDC) structures with periodic air grooves. 

 

1.7 Thesis Organization 

The introductory chapter, chapter one, gives an overview of this thesis. In this 

chapter integrated optics, IOCs, optical waveguides, directional couplers, Grating 

Assisted Directional Couplers and Wavelength Selective Directional Couplers are 

introduced. The computational numerical techniques used for modeling optical 

waveguide structures are also discussed in brief.  

 

http://en.wikipedia.org/wiki/Partial_differential_equations
http://en.wikipedia.org/wiki/Ordinary_differential_equations
http://en.wikipedia.org/wiki/Ordinary_differential_equations
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Chapter two introduces the MOL, which is used in the solution of the wave 

equation in this thesis. It describes how the eigenpairs are utilized in the field 

calculations. Chapter three details the analysis of longitudinal waveguide discontinuities 

using MOL. The cascading and doubling algorithm is introduced in this chapter which is 

then applied for the simulation of multiple longitudinal waveguide discontinuities. 

Chapter four introduces the directional coupler. The basic principles of coupling between 

two identical and parallel waveguides are discussed here using the MOL. 

  

Chapter five is devoted to the analysis of the Wavelength Selective Directional 

Coupler structures with a single and two rows of periodic air grooves placed exactly in 

between the two identical and parallel waveguides. The coupling and wavelength filtering 

characteristics of the devices are investigated by varying the air groove length (L),    

width (w) and number of periods. For these structures the spectral modal reflectivity and 

transmissivity are calculated. 

 

The final chapter, chapter six, concludes this thesis work and recommends future 

extensions. 

 
 
 
 
 
 

 



 

CHAPTER 2  

THE METHOD OF LINES  

2.1 Introduction  

The Method of Lines (MOL) [30-32] is well established as a versatile numerical 

tool for the analysis of electromagnetic field problems in microwave, millimeter wave 

and integrated optical circuits. Due to its semi-analytical approach the computational 

effort is much less than other methods applied to the same problem. The MOL is a 

technique for solving partial differential equations (PDEs) where all but one dimension is 

discretized. The resulting semi-discrete problem is a set of ordinary differential equations 

(ODEs) which can be solved analytically. This results in a higher numerical accuracy, 

less computational time, and smaller memory requirements as compared to fully-

discretizing finite-difference techniques. This method can account for the backward-

reflected field from longitudinally inhomogeneous structures such as waveguide 

junctions and gratings. It has been applied to model integrated optical and microwave 

waveguide problems for stationary analysis, as well as for beam propagation [33]. 

 

The MOL usually involves partitioning the solution region into layers, 

discretization of the differential equation in one coordinate direction, transformation to 

obtain ordinary differential equations, inverse transformation and introduction of the 

boundary conditions and finally the solution of the equations. This numerical method has 

been applied to numerous planer longitudinal uniform and nonuniform waveguide 

13 
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problems, including guided wave problems with abrupt longitudinal discontinuities [34-

37] and multiple longitudinal discontinuities [38-42]. 

 

This procedure guarantees a high numerical precision with an acceptable 

computational expense. It relies on the computation of eigenvalues and eigenvectors of 

the system matrix.  If the size of the problem is exceedingly large, the computation of the 

eigenpairs becomes computationally demanding. 

 

2.2 Basic MOL Algorithm 

The planar dielectric slab waveguide is one of the simplest waveguide structures. 

A simple planar three-layer step-index dielectric slab waveguide structure is illustrated in 

Figure 2.1. The core refractive index is assumed to be n1, the superstrate and substrate 

with refractive indices n2 and n3 respectively where n1 > ( n2, n3 ) so that total internal 

reflection takes place at the top and bottom interfaces. In the case of  n2 = n3   it is called a 

symmetric slab waveguide. 

 

The symmetric slab waveguide is assumed to be uniform and infinitely long along 

the y-axis so as to simplify the computational analysis. This allows us to assume that the 

field does not vary along the y-axis and hence 0
y

∂
=

∂
. 
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                                  z 

 

  y  

                      

                       x  

          Core 
             n1   

    Superstrate 
           n2   

     Substrate 
           n3   

 2d 

 

Figure 2.1 A planar dielectric slab waveguide 

 

 

In this case, the electromagnetic field is governed by a two dimensional wave 

equation. In order to solve the resulting two dimensional wave equation using the MOL, 

the field is discretized in one dimension and solved analytically in the direction of wave 

propagation [43, 44]. The waveguide’s interfaces are kept parallel to the direction of 

propagation (z-axis) and the field is discretized along the transverse direction (x-axis) as 

shown in Figure 2.2. The field will be calculated along these discretized lines called the 

mesh lines. The structure is considered to be bounded by an electric wall where Ey = 0 or 

a magnetic wall where Hy = 0 in order to terminate the problem space [45, 46].  
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        Core                                    n1

Superstrate                              n2

 Substrate                                n2

   i = 0 
               i = 1 
       . . . . . . 
iψ  .    . . . . .  
i = M  

i = M+1 

        Electric or Magnetic wall (Ey or Hy = 0) 

z

    x 

 
Δx 

        Electric or Magnetic wall (Ey or Hy = 0) 
 

Figure 2.2 Discretization of space in the x-direction 

Non-uniform discretization will be used in this thesis in order to decrease the total 

number of mesh lines and hence reduce the computational effort. The number of mesh 

lines is decreased by increasing the mesh size (Δx) in the regions where the field does not 

exhibit extreme differences [47].  

 

Consider the two dimensional wave equation 

                        
2 2

2 2
02 2( , ) ( , ) ( , ) 0x z x z k n x z

z x
ψ ψ ψ∂ ∂

+ +
∂ ∂

=                                   (2.1) 

where ψ  is the electric field Ey for TE waves or the magnetic field Hy for TM waves,     

k
0 

= 2π/λ
0 

is the free space wave number, λ
0 

is the free space wavelength and n is 

refractive index of the medium.  
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The refractive index is assumed to be uniform along the z-direction. The electro-

magnetic field ( , )x zψ  and the refractive index n(x) are discretized along the x-axis. The 

field ( , )x zψ  is calculated analytically on the mesh lines in the direction of wave 

propagation (z-axis). To calculate the field in discrete form, an expression for its second 

derivative with respect to x in discrete form is needed. This can be accomplished using 

the well-known three-point central difference approximation.  

 

2.3 Discretizing the Wave Equation  

The second derivative operator 
2

2 ( , )x z
x

ψ∂
∂

 in the 2-D wave equation 2.1 is 

replaced by the well known three point central difference approximation given by, 

(2) 1
2

2 (0)(0)
( )x

1ψ ψ ψψ −− +
≅

Δ
                                          (2.2) 

At the ith mesh line we get 

2
2 2i+1 i i 1

i 02 2

( ) 2 ( ) ( )( ) ( ) 0
( )

z z zd z
dz x

ψ ψ ψψ ψ−− +
i ik n z+ +

Δ
=                     (2.3) 

The field is discretized into M points in the x-direction excluding the electric or magnetic 

walls, i.e. i = 1, 2, 3, …, M   

 

i = 1:                      [ ] [ ] [
2

2 2
1 2 1 0 0 12 2

1 2
( )

d k n
dz x

ψ ψ ψ ψ ψ+ − + +
Δ

]1 0=                               (2.4) 

i = 2:                      [ ] [ ] [
2

2 2
2 3 2 1 0 2 22 2

1 2
( )

d k n
dz x

ψ ψ ψ ψ ψ+ − + +
Δ

] 0=                              (2.5) 
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 i = 3:                     [ ] [ ] [
2

2 2
3 4 3 2 0 3 32 2

1 2
( )

d k n
dz x

ψ ψ ψ ψ ψ+ − + +
Δ

] 0=                              (2.6) 

                                                                    ---- 

                                                                    ----                                                                     

                                                                    ---- 

i = M:                  [ ] [ ] [
2

2 2
M M+1 M M-1 0 M M2 2

1 2 0
( )

d k n
dz x

ψ ψ ψ ψ ψ+ − + +
Δ

] =                      (2.7)  

  

Representing the above equations in matrix form we get, 

 

1 1

2 2

3 3
2

2 2

M M

( ) ( )2 1
( ) ( )1 2 1 0
( ) ( )1 2 1
. .. . .1
. .. . .( )
. .1 2 1
. .0 1 2 1
( ) ( )1 2

z z
z z
z z

d
dz x

z z

ψ ψ
ψ ψ
ψ ψ

ψ ψ

−⎡ ⎤ ⎡ ⎤⎡ ⎤
⎢ ⎥ ⎢ ⎥⎢ ⎥−⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥−
⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥+⎢ ⎥ ⎢ ⎥⎢ ⎥Δ
⎢ ⎥ ⎢ ⎥⎢ ⎥

−⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥−
⎢ ⎥ ⎢ ⎥⎢ ⎥

−⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦
                                            

                          (2.8)   

2
11

2
22

2
33

2
0

2
MM

( ) 0
( ) 00
( ) 0
. ..
. ..
. ..
. .0 .
( ) 0

zn
zn
zn

k

zn

ψ
ψ
ψ

ψ

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥+ =⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎣ ⎦⎣ ⎦⎣ ⎦
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Rewriting the above matrix equations in simple form, we get 

          
2

2
02 2

1 0
( )

d C k N
dz x

Ψ + Ψ + Ψ
Δ

=

. ]

)]z

                                        (2.9) 

where C is a tri-diagonal matrix, N is a diagonal matrix with elements being the square of 

the refractive indices  at the mesh points and 

 is a column vector that 

represents the discretized field. 

2 2 2 2
1 2 3 M[ . .n n n n

t
1 2 3 M[ ( ) ( ) ( ) . . . (z z zψ ψ ψ ψΨ =

 

Equation (2.9) can be written in a compact form as 

                     
2

2 0d Q
dz

Ψ + Ψ =                                                       (2.10) 

where   

            2
02

1
( )

Q C k
x

= +
Δ

N                                                                                 (2.11) 

  

The solution of the above second order ordinary matrix differential equation is as follows  

j Qz j Qze A e−Ψ = + B                                                   (2.12) 

 

j Qze  represents wave propagation in the +z direction and j Qze−  represents wave 

propagation in the -z direction. A and B represent the ±z propagating fields at z = 0, 

respectively. Electromagnetic field Ψ , A and B are column vectors of size MX1. The 

MXM matrices j Qze±  are evaluated by first diagonalizing Q using its eigenvalues and 

eigenvectors,    
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1Q UVU −=                                                         (2.13) 

where U is the eigenvector matrix and V is a diagonal matrix consisting of  the 

eigenvalues of Q. The exponential matrices j Qze±  are calculated using the following 

relation   

j Qz j Vz 1e Ue U± ± −=                                           (2.14) 

  

2.4 Interface Conditions 

In this thesis we are concerned with structures like WSDC with air grooves which 

are made-up of multi-layers in which the material properties (refractive index) are 

constant within each layer and change abruptly from one layer to the next. Hence the 

interface conditions should be applied so as to correctly model the electric and magnetic 

fields at the interfaces. The tangential electric field Ey and its first derivative are 

continuous across an interface whereas the tangential magnetic field Hy is continuous but 

its first derivative is discontinuous at an interface. All other higher order derivatives of 

both fields are discontinuous at an interface. 

 

Consider the simple planar symmetric dielectric slab waveguide shown in figure 

2.3. Using Maxwell’s equations at an interface for TE polarization (whose components 

are Hx, Ey, Hz )   

 

                                       y

0
z

EjH
xωμ

∂
= −

∂
                                                                            (2.15) 
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Figure 2.3 Simple three layer slab waveguide 

 

 

the Hz  field is continuous at the interface x = 0, i.e. 0
zH H 0

z
+ −= , using equation 2.15 we 

get, 

0 0

0 0

yE Ej j y

x xωμ ωμ

+ −∂ ∂
− = −

∂ ∂
                                           (2.16) 

which gives                                         
0 0
yE Ey

x x

+ −∂ ∂
=

∂ ∂
                                                    (2.17) 

This shows that the first derivative of the electric field Ey is continuous at the interface. 

For TM polarization (whose components are Ex, Hy, Ez) from Maxwell’s equations we 

have                                            

                                                         2
i 0

y
z

HjE
nω ε x

∂
= −

∂
                                              (2.18) 

 

zE  is continuous at the interface x = 0, i.e. 0
zE E0

z
+ −= , hence 
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0 0

2 2
2 0 1 0

yH Hj j
n x n xω ε ω ε

y
+ −∂ ∂

− = −
∂ ∂

                                  (2.19) 

 

which gives                                       
0 0

2 2
2 1

1 1yH H
n x n x

y
+ −∂ ∂

=
∂ ∂

                                          (2.20) 

 

This shows that the first derivative of magnetic field Hy is discontinuous at the interface. 

 

An improved three point central difference approximation of the second 

derivative operator is developed [43] for non-uniform meshing while accounting for the 

interface conditions, given by, 

 

2
(2) i+1 21 21 i+1 12 i 21 21 i 1
i

i+1 i 21 i+1

( 1 0.5 )( )
0.5 ( )

hz
h h h

ψ τ ρ ς ψ τ ρ ψψ
ρ

−− + + +
=

+
                     (2.21) 

 

where h is the mesh size, n is the refractive index, i+1

i
21

h
h

τ = ,  2 2 2
0 112 ( )i ik n nς += −  and 

2
1

221
i

i

n
n

ρ += ( for TM ), 21 1ρ =  ( for TE ). The above relation can be used to approximate 

the 
2

2x
∂
∂

 operator at any sampling point i in terms of the field values at i+1, i and i-1 

sampling points.  
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2.5 Absorbing Boundary Conditions  

To analyze planar waveguide structures numerically, they must be enclosed by 

walls to limit the computational window. The use of electric/magnetic walls at the edge 

of the computational window produces errors, since the tangential field components Ey or 

Hy , are set to zero. These electric or magnetic walls reflect back the radiated field into the 

computational space producing errors in the computed results. In order to minimize the 

reflected field appropriate numerical absorbing boundary conditions must be introduced 

[47-49]. One such effective absorbing boundary condition is a Perfectly Matched Layer 

(PML). 

 

2.5.1 Perfectly Matched Layer (PML)  

The absorption of the radiative wave can be achieved by transforming the distance 

x from a real to an imaginary quantity. This introduces a numerical attenuation factor in 

the radiative field and hence causes decay of the radiative field in the PML region. If the 

PML region is kept sufficiently wide, then only negligible electromagnetic reflections at 

the extreme edges of the computational space occur. The last mesh point of the PML 

region is terminated by an electric or magnetic wall boundary condition. The real distance 

is transformed into a complex distance according to the following transformation, 

                                   (1 )x x jσ→ +                                                       (2.22) 

In discrete form the transformation is  

(1 )x x jσΔ → Δ +                                                    (2.23) 

where σ  is the decay factor constant. The wave jk xe+ Δ propagating in the x+  direction 
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in the real space will be transformed into 

(1 )jk x j jk x k xe e eσ σ+ Δ + + Δ − Δ=                                   (2.24) 

in the complex space. The factor k xe σ− Δ  causes the decay of the field in the x+  direction 

in the complex space. The value of σ  is chosen arbitrarily [49] and the number of 

samples in the PML absorber is chosen to cause a significant decay in the field without 

significant reflection at the PML inner wall or the electric/magnetic wall. This absorbing 

PML scheme is incorporated into the MOL as illustrated by the following Figure 2.4. The 

use of a non-uniform mesh size allows the application of a PML region with a non-

uniform loss profile [49]. In general 

 
( ) (( )i )if xPx ησ =Δ                                                   (2.25) 

 

Core 

Superstrate 

 Substrate 

PML 

 PML 

   i = 0 
               i = 1 
       . . . . . . . . . . . . . . . .  
i = M  

i = M+1 

       Electric/Magnetic wall 

       Electric/Magnetic wall 

 

iψ  

x

z

 

Figure 2.4 PML incorporated in Mesh Discretization. 
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( )ixσΔ  rep ize σresents the value of the imaginary part of the mesh swhere  at the thi  

mesh point in the PML, η is the PML strength parameter and P represents the number of 

mesh points in the PML yer. The parameter ila x  is chosen as 2( 1)
i

Pix π
+=  and ( )if x  is 

an arbitrary increasing function of ix . In this the is work ( )is f x o be a nt 

profile, hence  ( ) tan( )i i

 is chosen t  tange

f x x=  

 

2.5.2 Gaussian Field Propagation in air 

In order to assess the performance of the PML, the propagation of a two-

dimens

Its clear from the Figure 2.5 that in the absence of the PML layer, the Gaussian 

beam r

ional Gaussian beam in air is simulated using the MOL. A Gaussian beam with a 

spot size of w = 0.5 μm and the operating wavelength λ = 0.86μm is launched at z = 0. 

The computational window is chosen to be 5 μm wide with 60 mesh lines in the air and 

10 in the PML. The propagated Gaussian beam is calculated at different distances with 

the PML layers and without the PML layers. If correct boundary conditions are applied 

the Gaussian beam maintains its basic shape but expands as it propagates. As shown in 

Figure 2.5 the Gaussian beam expands maintaining its basic shape, when it is propagated 

in air with the PML layers, hence the PML is correctly applied. 

 

eflects strongly from the electric walls. The reflection manifests itself by the 

formation of oscillatory field along the x direction. The ripples from the top and the 

bottom electric walls are not symmetric because of the inability to launch the Gaussian 

beam exactly at the center of the computational window. The presence of the PML layer 

 



26 

is seen to inhibit reflections from the electric walls and the Gaussian beam propagates 

without any interference of the reflected field. The absence of the oscillatory field 

confirms this assertion. 
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            (a) Gaussian beam at the input                               (b) Gaussian beam after 10 μm  
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           (c) Gaussian beam after 20 μm                              (d) Gaussian beam after 30 μm  

Figure 2.5 Gaussian Beam Propagation with and without PML 

 



 

CHAPTER 3  

 

 MOL ANALYSIS OF WAVEGUIDES WITH 

LONGITUDINAL DISCONTINUITIES  

   

3.1 Introduction  

 

Longitudinal discontinuities occur in many guided optical devices. They play an 

important role in designing optical devices such as tapers, couplers, mode converters, 

wavelength filters etc. A lot of effort has been done in understanding the reflection and 

transmission phenomena at a longitudinal discontinuity. A number of numerical 

techniques have been developed to simulate waveguide structures with longitudinal 

discontinuities [50-52].  

 

In this thesis we will simulate a Wavelength Selective Directional Coupler with 

air grooves. This device consists of a large number of abrupt and periodic longitudinal 

discontinuities. The MOL is suited in this case because it can easily account for the 

backward and forward fields, as well as its inherent ability to account for optical 

structures with large refractive index contrast. 

27 
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3.2 Analysis of a Single Longitudinal Waveguide Discontinuity  

 
Consider the simple case of a waveguide with a single longitudinal discontinuity 

as shown in Figure 3.1. The discontinuity is assumed to be located at z = 0. The problem 

space is divided into two regions namely region 0 and region 1. The field is assumed to 

be incident from region 0. Due to the presence of this discontinuity, part of the field is 

reflected back into region 0 and the remaining part of the field is transmitted to region 1.  

 

 

Incident wave

0
0

j Q ze A  

0
0

-j Q zBe  

Transmitted 
wave 

                    
1

1
j Q ze A  

Interface   

Reflected wave   

    z = 0 

Air 
 

n0 = 1 
n1 = 3.6 

n2 = 3.24 x 

z  D 

                     Region 0                 z = 0             Region 1 

n2 = 3.24 

 

         (a) Single Longitudinal                                             (b) Waveguide Structure 
                  Discontinuity 
  

 

Figure 3.1 A single longitudinal waveguide discontinuity 
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The total field  in region 0 is the sum of the incident and the reflected fields, 0Ψ

 

 0
0 0

+jS z jS ze A e B0
0

−Ψ = +                                           (3.1) 

 

The total field, 1Ψ , in region 1 consists only of the transmitted field  

1
1

+jS ze 1AΨ =                                                    (3.2) 

 where is a column vector containing the descritized fields. Ψ 0 , 0A B  and 1A  are 

constant vectors. 0 , 0A B
 
are the incident and the reflected field in region 0 at z = 0. 1A  is 

the transmitted field in region 1 at z = 0.  S Q= and  is defined in chapter 2. By 

applying the appropriate boundary conditions at the longitudinal interface z=0, it is 

possible to express the reflected field 

Q

0B  and the transmitted field 1A  in terms of the 

incident field 0A . 

 
For the TM polarization the resulting relations are [53], 
 

1
0

1 1
1 0 1 1 00 )2(A I S N N S TAA−− −= + =                               (3.3) 

1
0

1 1 1 1
0 0 1 1 0 1 1 00 0) )( (B I S N N S I S N N S RAA−− − − −= − + =                 (3.4) 

 

where I  is the identity matrix, T  is the transmission matrix and R is the reflection 

matrix. and  are the diagonal matrices of refractive indices squared  at each 

sample point of region 0 and region 1 respectively. 

0N 1N 2
in
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For TE polarized waves, both the field Ψ and its first derivative with respect to z 

are continuous across the interface, which is equivalent to replacing the matrix 1
0 1N N −  

appearing in equations 3.3 and 3.4 by the identity matrix I. The resulting relations for TE 

polarized waves are as follows, 

1
0

1
1 1 00 )2(A I S S TAA−−= + =                                       (3.5) 

1
0

1 1
0 1 1 00 0) )( (B I S S I S S RAA−− −= − + =

0

                          (3.6) 

 

The transmission and reflection matrices at a single longitudinal discontinuity are related 

by 

1 0 00 ( )R I A TABA A= + == +                                       (3.7) 

i.e.,                                                    T I R= +                                                          (3.8) 

 

which is applicable to both TE and TM polarized waves. 

 

3.2.1 Modal Reflectivity and Modal Transmissivity 

 
The expression for the calculation of the incident power is given by [53], 

1 *
0 0 0 0

0

1 Re[ ]
2zP N S A
ω

− A x= Δ
∈

                                         (3.9) 

The above equation can be used for the calculation of the reflected and 

transmitted power of the waveguide. The modal field amplitude can also be obtained by 

calculating the modal expansion coefficient mα  of the waveguide given by 
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1
0

1
0

t
m

m t
m m

A N F
F N F

α
−

−=                                                        (3.10) 

where  represents the discretized modal field distribution of the mmF th mode and A is the 

discretized general field. The above formulae are for TM modes and they can be used for 

TE modes by replacing the matrix N with the identity matrix. On squaring the modal 

expansion coefficient one can obtain the required mode power. Since this thesis is 

emphasized on obtaining the modal reflectivity and transmissivity of the WSDC 

structure, the definitions of these terms are given below. 

 

Modal Reflectivity (R) is defined as the ratio of the modal reflected power to the 

modal incident power and modal transmissivity (T) is defined as the ratio of the modal 

transmitted power to the modal incident power. 

 

3.2.2 Numerical Results for a single waveguide discontinuity  

 

A single waveguide discontinuity shown in Figure 3.2 is modeled at λ = 0.86 μm. 

The waveguide core width, D is varied from 0.05 to 1.0 μm. The fundamental TE0 mode 

is incident from left on the waveguide. The computational window is kept large enough 

so that the field is negligible at the electric walls, and it is terminated by the PML layers. 

The variation of the fundamental modal reflectivity of the TE wave is shown in Figure 

3.3 as a function of the core width, D. The same structure has been treated in reference 

[54]. Figure 3.3 shows good agreement between our results and those of the reference 

[54].                                    
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Figure 3.2 A single longitudinal waveguide discontinuity 
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Figure 3.3 Fundamental TE mode Reflectivity 
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3.3 The Cascading and Doubling Algorithm 

The structure of interest in this thesis, the Wavelength Selective Directional 

Coupler, consists of thousands of longitudinal discontinuities. To analyze such a structure 

we need an efficient algorithm which can correctly model the electromagnetic fields. 

 

The Cascading and Doubling algorithm [55] offers an efficient way of calculating 

the transmitted and the reflected fields of waveguides with multiple discontinuities. This 

algorithm can be applied if knowledge of the field in the intermediate regions is not 

required. Two waveguide regions ‘A’ and ‘B’ in Figure 3.4 represent generally 

asymmetric distributed discontinuities. These waveguide regions are attached together 

with a uniform region of width d. The field reflection and transmission matrices of both 

regions are assumed to be known. In Figure 3.4, RA and TA are assumed, respectively, to 

be the reflection and transmission matrices of the isolated structure A.        

 
Discontinuity 
         A

 
Discontinuity 

B

d 

T01 T02

R02R01
RA1 RA2 RB1 RB2

TA1 TA2 TB2TB1

 

Figure 3.4 Two Waveguide Discontinuities Cascaded Together 
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[RA1, TA2 (RA2, TA1)] are, the reflection and transmission matrices of discontinuity 

A when the field is incident from the left (right) of the discontinuity, respectively. 

Similarly [RB1, TB2 (RB2, TB1)] are, the corresponding reflection and transmission 

matrices of the discontinuity B. 

 

The field propagation in the waveguide section of length d is described by 

.The field vector ajSze±
0 is assumed to be incident from the left on the first discontinuity. 

When both discontinuities are joined together then, the reflection and transmission 

matrices [R01, T02, (R02, T01)] of the combined structure when the field is incident from 

left (right) are given by [55], 

 

1
01 1 1 1 2 1 2( )jSd jSd jSd jSd

A A B A B AR R T e R I e R e R e T−= + −        (3.11) 

1
02 2 2 1 2( )jSd jSd jSd

B A BT T I e R e R e TA
−= −                      (3.12)   

                        

Equations 3.11 and 3.12 are very similar with a common quotient factor 

1
2 1( )jSd jSd jSd

2A BI e R e R e T−− A . These formulae give net reflection and transmission 

matrices of a cascaded structure composed of two substructures in terms of their 

individual reflection and transmission matrices. The relations for R02 and T01, as seen 

from the right, can be easily obtained from equations 3.11 and 3.12 by interchanging 

A B  and 1  [55]. If each of the discontinuities A and B are symmetrical, i.e., 2

1 2R R R= =  and and identical i.e., 1 2T T T= = A BR R=  and A BT T= , then the equations 

3.11 and 3.12 reduce to 
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1
01 ( )jSd jSd jSd jSdR R Te R I e Re R e T−= + −                 (3.13) 

1
02 ( )jSd jSd jSdT T I e Re R e T−= −                         (3.14) 

 

Finally, in the important special case, in which the above two identical and 

symmetric discontinuities, are attached directly to each other, such that d = 0 as shown in 

Figure 3.5,  

d = 0

R01

T01 T02

R02

 

Figure 3.5 Two identical and symmetric discontinuities attached directly (d = 0) 

 

then we end up with the very simplified relationship, 

 

2 1
01 02( )R R TR I R T R−= + − =                                  (3.15) 

2 1
02 01( )T T I R T T−= − =                                         (3.16) 

 

The above equations 3.15 and 3.16 can be used to model waveguides with a large 

number of periodic gratings in an efficient manner. This can be done by combining two 

 



36 

periods using the above equations, then the two periods can again be combined using the 

same equation to find the reflection and transmission matrices of four periods. The same 

process is continued for the whole structure. Therefore, as can be seen, this algorithm 

works in a power of 2. For 2N periods, it requires repeated use of equations 3.15 and 3.16, 

N times only, thus improving the efficiency of the procedure.  

 

This algorithm works in the power of 2 only, but we can model any number of 

periods by attaching the appropriate number of sections each having periods expressed as 

power of 2. For example, we can model twenty periods by attaching sixteen and four 

periods. 

3.3.1 Numerical Results  

We applied the cascading and doubling algorithm in the MOL to simulate a 

waveguide with multiple periodic gratings as shown in Figure 3.6. The refractive indices 

of the superstrate, core and substrate are 1, 1.53 and 1.52, respectively. The depth of the 

periodic grating is taken to be 0.5 μm. The period consists of the widths, LA = 0.106553 

μm and LB = 0.106456 μm. These are the same specifications used in the reference [55]. 

The TE0 wave is assumed to be incident on the left of the waveguide and the TE0 modal 

reflectivity is calculated. 

  

The cascading and doubling algorithm has been used to calculate the TE0 modal 

reflectivity. The following Figure 3.7 shows the modal reflectivity versus wavelength for 

5000 grating periods. Figure 3.7 shows good agreement between our results and those of 

the reference [55]. 
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Figure 3.6 Waveguide Grating Structure. 
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Figure 3.7 Modal Reflectivity versus wavelength for a Periodic Grating with 5000 

periods

 



 

CHAPTER 4  

ANALYSIS OF DIRECTIONAL COUPLER  

4.1 Introduction  

 

The importance of guided waves in the domain of optics has stimulated great 

interests in the development of related components. These components are needed to 

perform some of the basic functions required in any integrated optical system. One of the 

most important functions that was first considered was the transfer, or coupling of signal 

power from one waveguide to another. In fact, whether in microwave technology, 

integrated or fiber optics, the design of couplers has always been a primary concern from 

early days of these technologies. 

 

Although a large variety of coupler geometries [56-58] has been investigated, they 

mostly rely on the mechanism of evanescent wave interaction. Recent advances in single-

mode waveguide couplers, at least in the case of dielectric media, are based on this 

mechanism. This mechanism requires that the two waveguides to be coupled be brought 

close to each other to make possible the interaction of the evanescent fields which extend 

just outside of the waveguides.  

 

Bracey [59] used this principle very early in 1959 to demonstrate coupling 

between two Teflon rods at microwave frequencies. In integrated optics, directional 
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couplers are now routinely fabricated in which light transfer occurs between adjacent 

channel waveguides placed on a common substrate. 

 

4.2 The concept of waveguide coupling  

 

The introduction of a perturbation to an otherwise perfect guide can cause an 

interchange of energy amongst the modes of that guide. In fact, one individual mode can 

be converted into another with close to 100 percent efficiency in many cases. This 

principle, known as mode coupling, occurs in many branches of physics other than 

guided wave optics.  

 

The Directional Coupler works by coupling together two modes traveling in the 

same direction. In its simplest form it acts as a beam splitter, but more complicated 

devices can be used as two way switches or modulators, further variants can be used as 

filters or polarizers. 

 

In its simplest form, a directional coupler consists of two parallel and identical 

dielectric waveguides in close proximity as shown in Figure 4.1. In this case, the power 

coupling is based on optical interference between the evanescent fields of the two 

waveguides, such that a light wave launched into one of the waveguides can be coupled 

completely into the other waveguide.          
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Waveguide 2 
 

             Waveguide 1           
 

   Input 

 
       Output 

     

Figure 4.1 Directional Coupler 

 

In the coupled mode theory [60] the mode of each individual waveguide is 

assumed to be unchanged by the presence of the other waveguide. Part of the evanescent 

field of the waveguide mode reaches the other waveguide, causing evanescent wave 

coupling between the two guiding structures. If at z = 0 only waveguide 1 is excited, one 

expects its evanescent field to excite the mode of waveguide 2 and energy transfer to 

occur. The strength of this coupling mechanism is clearly a function of the magnitude of 

this evanescent field. When the waveguides are far apart, the evanescent field of one 

waveguide at the other waveguide is weak, and significant energy transfer occurs over a 

long interaction distance (weak coupling). Conversely, when the waveguides are close to 

each other the evanescent field is strong and transfer occurs over a short distance (strong 

coupling). 
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4.3 Basic Principles 

When the two single mode dielectric waveguides are brought in close proximity 

to each other, the combined coupled structure supports two modes. One of these modes 

has an even transverse electric field variation, while the other is characterized by an odd 

transverse field. The even and the odd modes of the coupled structure are shown in 

Figure 4.2(a) and (b) respectively. The refractive index of the waveguide core is 3.5 

whereas the refractive index of the substrate is 3.4. These modes are known to have 

almost similar values of the effective index with the even mode having a slightly larger 

effective refractive index than that of the odd mode.  
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Figure 4.2 Fundamental Modes of the Directional Coupler 
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The length at which the power is transferred completely from one waveguide to 

another is called the coupling length. The coupling length of a directional coupler can be 

theoretically obtained using the relation [61], 

cL π
β

=
Δ

                                                           (4.1)  

where βΔ  is the propagation constant difference of the even and odd modes of the 

structure given by 

0 1β β β−Δ =                                      (4.2) 

0β and 1β  are the phase constants of the TE
0 

and the TE
1 

modes respectively of the 

coupled structure. 

 

We start with two identical single-mode guides, and choose the length of the 

coupling region so that the device runs from z = 0 to z = L. Under normal circumstances 

an input to guide 1 will then be coupled across and emerge as an output from guide 2. 

And for another coupling distance, power is transferred back to guide 1 and this process 

continues. In fact the process is a continuous, bidirectional one. The condition the guides 

must satisfy for 100 percent power transfer is that they should be synchronous (i.e. have 

the same propagation constants). This usually requires them to be identical. 

 

4.4 MOL Analysis of Directional Coupler  

 
The simple directional coupler shown in Figure 4.3 which consists of two 

identical parallel dielectric slab waveguides will be analyzed. The refractive index of the 
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core is 3.5 and that of the substrate is 3.4. The waveguide cores are 0.8 μm wide and the 

gap between them is fixed at 2.8 μm. The computational window is 13 μm wide including 

the PML layers. 200 non-uniform mesh lines are used in the analysis. 

 

 

        
                         n = 3.4 
 
 
       Waveguide 2         n = 3.5                  0.8 μm    
 
 
                         n = 3.4                                        

             Waveguide 1         n = 3.5                  0.8 μm          
 
 
                                n = 3.4 
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Input 
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Output 

 

 

Figure 4.3 Directional Coupler used in the MOL simulation 

 

The fundamental TE mode of an isolated waveguide is used as input for this 

device which is illustrated in Figure 4.4. The same input field configuration is used 

throughout this thesis. 
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Figure 4.4 Incident field of the Directional Coupler 

 
 

The waveguide 1 of the directional coupler is excited using the fundamental TE0 

field of the isolated waveguide and the field is propagated in the direction of propagation 

(z-axis). The coupling length of the directional coupler is calculated to be Lc = 2.1507 cm 

(using equation 4.1). The following Figure 4.5 shows the field propagation in the 

directional coupler. The input field is incident at z = 0. From the simulation results it can 

be seen that the field traveling through the waveguide 1 is coupled to the other waveguide 

completely after a distance 2.1507 cm, and again coupled back to the input waveguide 

after the same distance.  
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Figure 4.5 The TE
0 
Mode at different points of the Directional Coupler calculated using 
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CHAPTER 5 

ANALYSIS OF WAVELENGTH SELECTIVE 

DIRECTIONAL COUPLER WITH AIR GROOVES  

  

5.1 Introduction  

A Wavelength Selective Directional Coupler (WSDC) which consists of two 

identical and parallel slab waveguides with periodic air grooves is considered. A 

schematic diagram of the structure is shown in Figure 5.1. The air grooves are etched into 

the substrate that separates the two waveguides. L, w and Λ represent the length, width 

and the period of the air grooves. The coupling and wavelength filtering characteristics of 

the device are investigated by varying the air groove length (L), width (w) and total 

number of periods.  

 

For this structure the spectral modal reflectivity and transmissivity are calculated. 

The fundamental TE0 mode field of an isolated waveguide is launched in port 1 of the 

WSDC, and the output power at the remaining three ports as well as the reflected power 

at the input port 1 is calculated. These calculations are repeated for a number of 

wavelengths in order to obtain the spectral response of the device. R1 and R4 are the 

modal reflectivities of port 1 and port 4 respectively; T2 and T3 are the modal 

transmissivities of port 3 and port 4 respectively (see Figure 5.1). 
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Figure 5.1 WSDC with air grooves 

5.2 Numerical analysis of the WSDC with air grooves 

The WSDC with periodic air grooves is simulated using the previously developed 

MOL code. The waveguide cores have a refractive index of 3.5. The surrounding media 

is chosen to have a refractive index of 3.4. The core width of both the waveguides is 

taken to be 0.8 µm which insures single mode operation. The waveguides separation is 

fixed at 2.8 µm. The computational window is 11.4 µm wide and the mesh size along x-

axis is taken as 50 nm. 
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A PML layer with a tangent loss profile is used at both ends of the computational 

window to prevent reflections from the electric walls at the extreme edges of the 

computational window. The Cascading and doubling algorithm is used to calculate the 

modal reflectivities R1 and R4 and the modal transmissivities T2 and T3 at the four ports. 

 

For the waveguide separation of 2.8 µm, the calculated coupling length is Lc = 

2.1507 cm (using equation 4.1). In our case the length of the WSDC is considered to be 

0.25Lc which is equal to 0.537675 cm. The period of the air grooves is calculated using 

the approximate relationship, 

Period = π
β

                                                            (5.1) 

 
where  0 effk nβ = × . 

 
 

Using equation 5.1 the calculated period is 0.224079 µm. The length of the 

WSDC considered, 0.25Lc, is divided by the period to obtain the total number of periods 

which is equal to 23995. All these parameters are fixed and the effect of the air groove 

width (w), length (L) and the number of periods on the response of the WSDC is studied 

in the following sections. 

 
 

5.3 Effect of the air groove width (w) 

The length of the air groove is fixed at 1.4 µm and the air groove width (w) is 

varied to find its effect on the response of the WSDC at all the four ports. Figure 5.2 

shows the modal reflectivity R1 versus wavelength of WSDC at port 1 for air groove 
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widths w = 0.005, 0.03, 0.05, 0.07 and 0.1 µm. The modal reflectivity R1 at the resonance 

wavelength initially increases as the air groove width, w is increased from 0.005 µm to 

0.03 µm. It rises to unity and remains constant for air groove widths ranging from 0.03 

µm to 0.07 µm and then starts to decrease as the air groove width is increased beyond 

0.07 µm. 

 
At w = 0.005 µm the modal reflectivity R1 reaches a maximum of 0.75 at the 

resonance wavelength of 1.54997 µm. As illustrated in Figure 5.2, the modal reflectivity 

R1 has some small side lobes and it is nearly zero at all other wavelengths. The spectral 

width in this case is approximately 1Ǻ (angstrom). As the air groove width is increased, 

the modal reflectivity R1 increases gradually and it attains a maximum value of unity at w 

= 0.03 µm. Here the spectral width of R1 increases to 1.5 Ǻ and the resonance wavelength 

is slightly shifted to a lower value of wavelength which is 1.54992 µm. At all other 

wavelengths throughout the spectrum of R1 is zero with some ripples near the resonance 

wavelength. The modal reflectivity R1 at the resonance wavelength retains the maximum 

value of unity as the air groove width is increased from 0.03 µm to 0.07 µm, its spectral 

width remains constant at 1.5 angstrom, and the resonance wavelength shifts slightly to a 

lower value but stays around 1.5499 µm.  

 
 

R1 at the resonance wavelength starts to decrease when the air groove width is 

raised above 0.07 µm. As shown in figure 5.2 the maximum value of R1 is 0.9 at w = 0.1 

µm and its spectral width is reduced to 1.2 Ǻ. R1 decreases further if the air groove width 

is increased above 0.1 µm. It can be said that the modal reflectivity R1 acts as a band pass 

filter with a spectral width of roughly 1Ǻ. 
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Figure 5.2 Modal Reflectivity R1 versus wavelength at port 1 for different air groove 

widths. 
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The modal transmissivity T2 at port 2 is illustrated in Figure 5.3 for the same air 

groove widths w = 0.005, 0.03, 0.05, 0.07 and 0.1 µm. At w = 0.005 µm the modal 

transmissivity T2 is about 0.95 throughout the spectrum except within a spectral width of 

1Ǻ there is a dip in T2 . At the resonance wavelength of 1.54997 µm the modal 

transmissivity T2 has a minimum value of 0.25. As the air groove width is increased, the 

modal transmissivity T2 at the resonance wavelength decreases gradually and it becomes 

nearly zero at w = 0.03 µm. Here the spectral width of T2 increases to 1.5 Ǻ and the 

resonance wavelength is slightly shifted to a lower value of 1.54992 µm. At all other 

wavelengths throughout the spectrum the modal transmissivity T2 remains at 0.95 with 

some ripples near the resonance wavelength. 

 

The modal transmissivity T2 at the resonance wavelength retains the minimum 

value of zero as the air groove width is increased from 0.03 µm to 0.07 µm, its spectral 

width remains almost constant at 1.5 Ǻ, and the resonance wavelength shifts slightly to a 

lower value but stays around 1.5499 µm. At all other wavelengths the transmissivity T2 

retains the maximum value of unity with small ripples near the resonance wavelength. T2 

at the resonance wavelength starts to increase when the air groove width is raised above 

0.07 µm. As shown in Figure 5.2 the minimum value of T2 is about 0.1 at w = 0.1 µm and 

its spectral width is approximately 1.2 Ǻ. The minimum value of T2 increases further if 

the air groove width is increased above 0.1 µm. 

 

The modal transmissivity spectrum at port 2 exhibits the reverse action of the 

modal reflectivity spectrum at port 1. It acts as a band-stop filter with the same spectral 
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width of roughly 1.5 Ǻ as seen in the modal reflectivity response R1.   
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Figure 5.3 Modal Transmissivity T2 versus wavelength at port 2 for different air groove 

widths. 
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The modal transmissivity T3 at port 3 is illustrated in Figure 5.4 for air groove 

widths w = 0.005, 0.03, 0.05, 0.07 and 0.1 µm. As seen in the figure, T3 remains low. 

This is attributed to the short length of the WSDC which is taken to be 0.25Lc. At this 

length only a small amount of power is coupled to the port 3. For w = 0.005 µm, as we 

move from the left of the spectrum towards the right hand side the modal transmissivity 

T3 remains constant at 0.05, it drops to near zero at the wavelength of 1.54995 µm and 

then it starts to increase reaching a peak value of 0.12 which occurs at 1.55004 µm. It 

again drops with some ripples and remains constant at 0.06 for wavelengths greater than 

1.5502 µm. 

 

Maximum power is coupled to port 3 at resonance when the air groove width      

w = 0.03 µm. As shown in Figure 5.4, the maximum value of the modal transmissivity T3 

is 0.22 at the resonance wavelength of 1.55002 µm, at all other wavelengths T3 remains 

constant at about 0.03. As the air groove width is increased above 0.03 µm the modal 

transmissivity T3 starts to decrease. For instance, at w = 0.05 µm, T3 equals 0.01 

throughout the spectrum, drops to nearly zero at 1.5499 µm, and peaks to about 0.1 at 

1.55 µm.  

 

  At w = 0.07 µm, T3 decreases further and its highest value of 0.01 which occurs at 

1.54997 µm, and at all other wavelengths throughout the spectrum it is substantially 

small. When the air groove width is increased above 0.07 µm, T3 becomes almost 

negligible. For instance, at w = 0.1 µm, the maximum value of T3 is about 0.0001. The 

spectrum of T3 is asymmetric for all the air groove widths. 
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Figure 5.4 Modal Transmissivity T3 versus wavelength at port 3 for different air groove 

widths. 
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The modal Reflectivity R4 versus the wavelength at port 4 is illustrated in Figure 

5.5 for the air groove widths w = 0.005, 0.03, 0.05, 0.07 and 0.1 µm. At w = 0.005 µm, as 

we move from the left hand side towards the right of the spectrum, the modal reflectivity 

R4 is nearly zero continuously until the wavelength of 1.5498 µm, it then starts to 

increase slowly and the increase is substantial at 1.55 µm, a maximum of 0.06 occurs at 

1.55003 µm. R4 again drops with some ripples and becomes about zero at 1.5502 µm and 

continues to be near zero throughout the right hand side of the spectrum. 

 

The air groove width is increased above 0.005 µm. Maximum reflection into port 

4 occurs when the air groove width is 0.03 µm. At w = 0.03 µm, as shown in Figure 5.5, 

the modal Reflectivity R4 is near zero throughout the spectrum except for a spectral width 

of 0.2 Angstrom. At the resonance wavelength of 1.55002 µm, R4 peaks to 0.15. 

 

As the air groove width is increased above 0.03 µm, the reflection into port 4 

starts to decline. The maximum value of R4 at w = 0.05 µm is 0.075, at the resonance 

wavelength of 1.55 µm. It is obvious from the Figure 5.5 that the resonance wavelength 

is slightly shifted to the left as the air groove width is increased. At w = 0.07 µm, the 

modal Reflectivity R4 peaks to 0.009 at 1.54997 µm. And as the air groove width is 

increased further R4 becomes negligible. In fact at w = 0.1 µm, its peak has a low value 

of  at 1.54992 µm.  40.6 10−×

 

Sum of R1, T2, T3, R4 at any wavelength is almost equal to unity, indicating 

negligible loss due to radiation. 
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Figure 5.5 Modal Reflectivity R4 versus wavelength at port 4 for different air groove 

widths. 
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5.4 Effect of the air groove length (L) 

 

The width of the air groove is next fixed at 0.03 µm and the response of the 

WSDC for various air groove lengths is analyzed. Figure 5.6 shows the modal reflectivity 

R1 versus wavelength at port 1 for different air groove lengths L = 1, 1.4, 1.6, 1.8 and 2 

µm. Initially as the air groove length is increased from 1µm to 1.4 µm the reflectivity R1 

increases and attains a maximum of unity at 1.4 µm and maintains this maximum value 

as we increase the air groove length further.  

 

For L = 1 µm the modal reflectivity R1 equals 0.65 at the resonance wavelength of 

1.54997 µm. As illustrated in Figure 5.6, the modal reflectivity R1 has some small side 

lobes near the resonance wavelength and it is approximately zero at all other 

wavelengths. The spectral width in this case is 1Ǻ. When L is increased from 1 µm to 1.4 

µm, the spectral width of R1 is seen to increase to 1.5 Ǻ and the resonance wavelength is 

slightly shifted to the lower value of 1.54992 µm. At all other wavelengths throughout 

the spectrum R1 is about zero with some ripples near the resonance wavelength. As the air 

groove length is increased above 1.4 µm, the spectral width of R1 increases gradually and 

the resonance wavelength shifts to a lower value. 

 
 

If we increase L further to 1.6 µm, the spectral width of R1 increases to 2.2 Ǻ. It 

increases further to approximately 4Ǻ at L = 1.8 µm. The spectral width of R1 at L = 2 

µm is about 7 Ǻ.  
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Figure 5.6 Modal Reflectivity R1 versus wavelength at port 1 for varying air groove 

lengths. 
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The modal transmissivity T2 versus wavelength at port 2 of the WSDC is 

illustrated in Figure 5.7 for the air groove lengths L = 1, 1.4, 1.6, 1.8 and 2 µm. At L = 1 

µm the modal transmissivity T2 is approximately 0.95 throughout the spectrum except for 

a spectral width of about 1Ǻ where there is a dip in T2. At the resonance wavelength of 

1.54997 µm the modal transmissivity T2 is ≈0.3. As the air groove length is increased, T2 

at the resonance wavelength decreases gradually and it becomes ≈zero at L = 1.4 µm. 

Here the spectral width of T2 increases to ≈1.5 Ǻ and the resonance wavelength is slightly 

shifted to the lower value of 1.54992 µm. At all other wavelengths throughout the 

spectrum, the modal transmissivity T2 is ≈0.95 with some ripples near the resonance 

wavelength. 

 

The modal transmissivity T2 at the resonance wavelength retains the minimum of 

≈zero as the air groove height is increased above 1.4 µm, its spectral width increases, and 

the resonance shifts to a shorter wavelength. At all other wavelengths the modal 

transmissivity T2 retains a maximum value of ≈0.95 with small ripples in the 

neighborhood of the resonance wavelength.  

 
 

At L = 1.6 µm, the spectral width of T2 increases to ≈2.2 Ǻ and it is ≈4Ǻ at L = 

1.8 µm. The spectral width of T2 at L = 2 µm is ≈7 Ǻ. The modal transmissivity T2 at port 

2 exhibits opposite behavior when compared with the modal reflectivity R1 at port 1. As 

can be seen from Figure 5.7 it acts as a band-stop filter with the same spectral width as 

the modal reflectivity response R1.   

 

 



60 

1.549 1.5492 1.5494 1.5496 1.5498 1.55 1.5502 1.5504 1.5506
0

0.5

1

M
od

al
 T

ra
ns

m
iss

iv
ity

, T
2

 

1.549 1.5492 1.5494 1.5496 1.5498 1.55 1.5502 1.5504 1.5506
0

0.5

1

 

 

1.549 1.5492 1.5494 1.5496 1.5498 1.55 1.5502 1.5504 1.5506
0

0.5

1

 

 

1.549 1.5492 1.5494 1.5496 1.5498 1.55 1.5502 1.5504 1.5506
0

0.5

1

 

 

1.549 1.5492 1.5494 1.5496 1.5498 1.55 1.5502 1.5504 1.5506
0

0.5

1

wavelength (μm)

 

 

L = 1 μm

L = 1.4 μm

L = 1.6 μm

L = 1.8 μm

L = 2 μm

 
 

Figure 5.7 Modal Transmissivity T2 versus wavelength at port 2 for varying air groove 

lengths. 
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The modal transmissivity T3 at port 3 of the WSDC is illustrated in Figure 5.8 for 

the air groove lengths L = 1, 1.4, 1.6, 1.8 and 2 µm. The modal transmissivity T3 remains 

low since the length of the WSDC is considered to be 0.25Lc, at this length only a small 

amount of power is coupled to the port 3. For the air groove length L = 1 µm, as we move 

from the left hand side towards the right of the spectrum the modal transmissivity T3 

remains constant at ≈0.03, it drops to ≈zero at the wavelength of 1.54992 µm and then it 

starts to increase and the maximum of ≈0.075 occurs at 1.55002 µm, and again it drops 

with some ripples and remains constant at ≈0.03 for the wavelengths greater than 1.5504 

µm. 

 

 For L = 1.4 µm, the maximum value of T3 is ≈0.22 which occurs at 1.55002 µm. 

Maximum power is coupled to port 3 when the air groove length is L = 1.6 µm. As 

shown in Figure 5.8, the maximum value of modal transmissivity T3 is ≈0.32 at the 

wavelength of 1.55002 µm, at all other wavelengths T3 remains constant at ≈0.02. T3 

maintains the asymmetric spectrum for all the air groove lengths.  

 

For L = 1.6, 1.8 and 2 µm, T3 is very low as we move from the left of the 

spectrum, then it drops to ≈zero and then it peaks to ≈0.32 and continues with some lower 

peaks and slowly drops back with ripples and remains constant at ≈0.02. For L = 2 µm, 

multiple peaks of the modal transmissivity T3 are prominent, in fact as illustrated by 

Figure 5.8, the first two peaks have a maximum value of ≈0.32 and then the peaks start to 

decrease gradually. 

 



62 

1.549 1.5492 1.5494 1.5496 1.5498 1.55 1.5502 1.5504 1.5506 1.5508 1.551
0

0.05

0.1

 

 

1.549 1.5492 1.5494 1.5496 1.5498 1.55 1.5502 1.5504 1.5506 1.5508 1.551
0

0.1

0.2

 

 

1.549 1.5492 1.5494 1.5496 1.5498 1.55 1.5502 1.5504 1.5506 1.5508 1.551
0

0.2

0.4

M
od

al
 T

ra
ns

m
iss

iv
ity

, T
3

 

 

1.549 1.5492 1.5494 1.5496 1.5498 1.55 1.5502 1.5504 1.5506 1.5508 1.551
0

0.2

0.4

 

 

1.549 1.5492 1.5494 1.5496 1.5498 1.55 1.5502 1.5504 1.5506 1.5508 1.551
0

0.2

0.4

wavelength (μm)

 

 

L = 1 μm

L = 1.4 μm

L = 1.6 μm

L = 1.8 μm

L = 2 μm

 

Figure 5.8 Modal Transmissivity T3 versus wavelength at port 3 for varying air groove 

lengths. 
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The modal Reflectivity R4 versus wavelength at port 4 of the WSDC is illustrated 

in Figure 5.9 for the air groove lengths L = 1, 1.4, 1.6, 1.8 and 2 µm. For L = 1 µm, as we 

move from the left hand side towards the right of the spectrum, the modal reflectivity R4 

is ≈zero continuously until the wavelength of 1.5499 µm, then it starts to increase slowly 

and the increase is substantial at 1.55 µm, it has a maximum of ≈0.04 which occurs at 

1.55002 µm, and again it drops with some ripples and becomes ≈zero at 1.5502 µm and 

continues to be ≈zero throughout the right side of the spectrum. 

 
 

The air groove length is increased above 1 µm. For L = 1.4 µm, as shown in 

Figure 5.9, the modal Reflectivity R4 is ≈zero throughout the spectrum except for a 

spectral width of 0.2 Ǻ. At the resonance wavelength of 1.55002 µm, the modal 

Reflectivity R4 has a maximum of ≈0.15. 

 

Maximum reflection into port 4 occurs when the air groove length is 1.6 µm. The 

modal Reflectivity R4 peaks to ≈0.22 at 1.55001 µm. Hence it can be seen that the 

resonance wavelength is slightly shifting to a lower value. At L = 1.8 µm, R4 has two 

equal peaks of ≈0.18 then it drops to ≈zero with some ripples. The spectrum of R4 is 

asymmetric for all the air groove lengths. For L = 2 µm, the asymmetric nature of the 

spectrum of the R4 is prominent and the maximum value of R4 is ≈0.2. 

 

Sum of R1, T2, T3, R4 at any wavelength is almost equal to unity, indicating 

negligible loss due to radiation. 
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Figure 5.9 Modal Reflectivity R4 versus wavelength at port 4 for varying air groove 

lengths. 
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5.5 Effect of the number of air groove periods 

 
The width and length of the air grooves will be fixed at 0.03 µm and 1.4 µm, 

respectively. The length of the WSDC will be varied. In other words, the number of the 

air groove periods will be varied and the response of the WSDC is simulated. The 

different lengths of the WSDC considered are 0.25Lc, 0.5Lc, 0.75Lc and Lc. The length of 

the WSDC considered in the previous sections is 0.25Lc. 

 Table 5.1 Different lengths and corresponding number of air groove periods of WSDC 

S.No Notation Length of the WSDC in cm Number of Periods 

1 0.25 Lc 0.5376 23995 

2 0.5 Lc 1.0753 47991 

3 0.75 Lc 1.6130 71987 

4 Lc 2.1507 95983 

 

Figure 5.10 shows the modal reflectivity R1 versus wavelength of WSDC at port 1 

for four different lengths of the WSDC, 0.25Lc, 0.5Lc, 0.75Lc and Lc. When the length of 

the WSDC equals 0.25Lc, R1 is ≈zero on the left side of the spectrum and it slowly 

increases starting at the wavelength of ≈1.5494 µm with small ripples and attains the 

maximum of ≈unity at the resonance wavelength of ≈1.54992 µm, and again drops back 

to ≈zero with some ripples. From Figure 5.10 it is clear that the modal reflectivity R1 

exhibits a band- pass filter behavior with a spectral width of ≈1.5 Ǻ. 
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When the length of the WSDC is increased to 0.5Lc, the modal reflectivity R1 is 

≈zero on the left side of the spectrum and it slowly increases starting at the wavelength of 

≈1.5495 µm with small ripples and attains the maximum of ≈unity around the resonance 

wavelength of 1.54992 µm. It then slowly drops back to ≈zero with some ripples. The 

ripples are denser than in the case of 0.25Lc. 

 

As the length of the WSDC is increased further to 0.75Lc and Lc, the modal 

reflectivity R1 at the resonance wavelength retains the maximum value of unity, its 

spectral width remains almost constant at ≈1.5 Ǻ, and its resonance wavelength also stays 

≈constant at 1.54992 µm. At all other wavelengths throughout the spectrum it is ≈zero 

with some small ripples near the resonance wavelength. 
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Figure 5.10 Modal Reflectivity R1 versus wavelength at port 1 for varying length of 

WSDC. 
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The modal transmissivity T2 at port 2 of the WSDC is illustrated in Figure 5.11 

for four different lengths of the WSDC 0.25Lc, 0.5Lc, 0.75Lc and Lc. When the length of 

the WSDC is 0.25Lc, T2 is approximately 0.95 throughout the spectrum except for a 

spectral width of about 1.5Ǻ where there is a dip in T2. At the resonance wavelength of 

1.54992 µm T2 drops to almost zero. Hence T2 at port 2 exhibits opposite behavior when 

compared with the modal reflectivity R1 at port 1. As can be seen from Figure 5.11 it acts 

as a band-stop filter with the spectral width of 1.5 Ǻ. 

 

When the length of the WSDC is increased to 0.5Lc, T2 is constant at nearly 0.9 at 

the left side of the spectrum with some ripples and it suddenly drops to almost zero at the 

wavelength of 1.54985 µm and retains the minimum of nearly zero until 1.55 µm and 

then it starts to increase slowly and reaches the maximum of approximately 0.9 at 1.5506 

µm. The spectrum of T2 has changed compared to the case of 0.25Lc, here the drop is 

sudden but the rise is slow. 

 

When the length of the WSDC is 0.75Lc, T2 is constant at almost 0.79 at the left 

side of the spectrum and increases slightly to approximately 0.82 with some ripples and it 

drops to near zero at the wavelength of 1.54985 µm and retains the minimum of zero 

until 1.55 µm and then it peaks to almost 0.3 and drops immediately to 0.1 and starts to 

increase slowly and reaches the maximum of approximately 0.79 at 1.551 µm. An 

additional peak appears here in the spectrum of T2 which was not seen in the previous 

two cases ( 0.25Lc and 0.5Lc ). The peak is prominent when the length of the WSDC is 

Lc. The maximum of the peak is nearly 0.38 and its spectral width is around 0.1Ǻ. 
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Figure 5.11 Modal Transmissivity T2 versus wavelength at port 2 for varying length of 

WSDC. 
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The modal transmissivity T3 at port 3 of the WSDC is illustrated in Figure 5.12 

for four different lengths of the WSDC 0.25Lc, 0.5Lc, 0.75Lc and Lc. When the length of 

the WSDC is 0.25Lc, as we move from the left of the spectrum the modal transmissivity 

T3 remains constant at approximately 0.03, it drops to nearly zero at the wavelength of 

1.5499 µm and then it starts to increase and a maximum of around 0.22 occurs at 1.55002 

µm, and again it drops with some ripples and remains constant at almost 0.03 for the 

wavelengths greater than 1.5504 µm. 

 

When the length of the WSDC is increased to 0.5Lc, T3 peaks to ≈0.42 at the 

wavelength of 1.55002 µm, it is ≈zero from 1.5499 µm to 1.55 µm and is constant at ≈0.1 

through out the spectrum. When the length of the WSDC is 0.75Lc, T3 increases and 

remains constant at ≈0.2 through out the spectrum, but it drops to ≈zero at 1.5499 µm and 

shoots to ≈0.9 at 1.55002 µm and then slowly drops to ≈0.2 at 1.5506 µm.  

 

When the length of the WSDC is Lc, as we move from the left hand side towards 

the right of the spectrum the modal transmissivity T3 remains constant at ≈0.38, it drops 

to ≈zero at the wavelength of 1.5499 µm and then it starts to increase and a maximum of 

≈0.7 occurs at 1.55004 µm, and again it drops with some ripples and remains constant at 

≈0.38 for the wavelengths greater than 1.5504 µm. Hence a substantial increase in T3 

through out the spectrum is observed as the length of the WSDC is increased.  
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Figure 5.12 Modal Transmissivity T3 versus wavelength at port 3 for varying length of 

WSDC. 
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The modal Reflectivity R4 versus wavelength at port 4 of the WSDC is shown in 

Figure 5.13 for four different lengths of the WSDC 0.25Lc, 0.5Lc, 0.75Lc and Lc. When 

the length of the WSDC is 0.25Lc, as we move from the left hand side towards the right 

of the spectrum, the modal reflectivity R4 is ≈zero continuously until the wavelength of 

1.5499 µm, then it starts to increase slowly and the increase is substantial at 1.55 µm, a 

maximum of ≈0.15 occurs at 1.55002 µm, and again it drops to ≈zero with some ripples 

at 1.5502 µm and continues to be ≈zero throughout the right side of the spectrum. The 

spectral width of R4 in this case is 0.2 Ǻ. 

 

Maximum reflection into port 4 occurs when the length of the WSDC is 0.5Lc. 

The modal Reflectivity R4 peaks to ≈0.25 at the wavelength of 1.55 µm. Another peak of 

≈0.18 occurs immediately at ≈1.55002 µm and then R4 slowly drops to ≈zero and stays at 

zero through out the spectrum. The spectrum of R4 is asymmetric in this case. 

 

When the length of the WSDC is increased to 0.75Lc, as we move from the left of 

the spectrum, R4 is ≈zero until the wavelength of 1.5494 µm, then it starts to increase 

slowly and drops suddenly to ≈zero at 1.54985 µm, and then it shoots to ≈0.15, and again 

it drops to ≈zero with some ripples at 1.5506 µm and continues to be ≈zero throughout 

the right side of the spectrum. A similar response occurs when the length of the WSDC is 

Lc, a peak of ≈0.2 occurs here. 

 

Sum of R1, T2, T3, R4 at any wavelength is almost equal to unity, indicating 

negligible loss due to radiation. 
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Figure 5.13 Modal Reflectivity R4 versus wavelength at port 4 for varying length of 

WSDC. 
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5.6 Power swapping between ports 1 and 4 

 
Figure 5.14 shows the spectral response of the WSDC at all the four ports. Here 

the air groove width (w) is 0.03 µm and length (L) is 1.4 µm and the length of WSDC is 

0.25Lc. The modal reflectivity R1 at port 1 of the WSDC attains the maximum of ≈unity 

at the resonance wavelength of 1.54992 µm. From the Figure 5.14 it is clear that the 

modal reflectivity R1 exhibits a band-pass filter behavior with a spectral width of 1.5 Ǻ. 

 

The modal transmissivity T2 at port 2 of the WSDC is ≈0.95 through out the 

spectrum except for a spectral width of 1.5 Ǻ there is a dip in T2. At the resonance 

wavelength of 1.54992 µm T2 drops to zero. As we move from the left of the spectrum 

the modal transmissivity T3 at port 3 of the WSDC remains constant at ≈0.03, it drops to 

zero at the wavelength of 1.5499 µm and then it starts to increase and a maximum of 

≈0.22 occurs at 1.55002 µm, and again it drops with some ripples and remains constant at 

≈0.03 for the wavelengths greater than 1.5504 µm. 

 

The modal reflectivity R4 at port 4 of the WSDC is ≈zero continuously from the 

left of the spectrum until the wavelength of 1.5499 µm, then it starts to increase slowly 

and its maximum of ≈0.15 occurs at 1.55002 µm, and again it drops to ≈zero with some 

ripples at 1.5502 µm and continues to be ≈zero throughout the right side of the spectrum. 

The spectral width of R4 in this case is 0.2 Ǻ. 
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Figure 5.14 Spectral responses of all ports of WSDC 
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If maximum optical power of unity is desired at port 4 of the WSDC instead of 

port 1, it is possible to do so by swapping the power spectra between ports 1 and 4. This 

can be achieved by appending a directional coupler section at the input of the WSDC as 

shown is Figure 5.15. If the length of the appended directional coupler section is 0.5Lc, 

then the power can be completely swapped between ports 1 and 4 as demonstrated in 

Figure 5.16.  
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Figure 5.15 Directional Coupler section appended to WSDC at the input. 
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Since a directional coupler section of length 0.5Lc is appended at the input of the 

WSDC, the incident TE0 modal field at the input propagates a distance of half of Lc 

through the added directional coupler section. The field undergoes partial coupling before 

it is launched into the WSDC. The reflected field is also propagated back through the 

added directional coupler section and then the reflectivities R1 and R4 are calculated. This 

arrangement causes R1 and R4 of ports 1 and 4 respectively to be effectively swapped as 

illustrated by the following Figure 5.16. The modal reflectivity R1 now has a peak of 0.15 

at the wavelength 1.55002 µm, and the modal reflectivity R4 exhibits a band-pass filter 

behavior with a maximum of ≈0.98 and a spectral width of ≈1.5Å. 

 

Since the actual input to the WSDC is no longer a pure TE0 modal field of the 

isolated waveguide, the transmissivities T2 and T3 differ from those shown in Figure 5.14. 

The modal transmissivity T2 at port 2 of the WSDC decreases from ≈0.95 to ≈0.35 

throughout the spectrum. The dip to near zero within a spectral width of ≈1.5 Å remains 

the same. 

 

There is a substantial increase in the modal transmissivity T3 at port 3 of the 

WSDC. Previously it was very low at ≈0.03 throughout the spectrum with a peak of 

≈0.22 at the wavelength 1.55002 µm ( see Figure 5.14 ). With the addition of the 

Directional Coupler section at the input of the WSDC the modal transmissivity T3 has 

increased to ≈0.65 throughout the spectrum, except for a spectral width of 1.5 Å there is a 

dip in T3. Hence the modal transmissivity T3 behaves as a band-stop filter with a spectral 

width of 1.5 Å. 
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Figure 5.16 Spectral response of all ports of WSDC appended with a 0.5Lc long 

Directional Coupler section. 
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5.7 Equal power in ports 2 and 3 

 
Optical power can be equally divided between the ports 2 and 3 when the air 

groove width is set at 0.1 μm, its length is 1.4 μm, with an added directional coupler 

section of length 0.5Lc to a length 0.25Lc of the WSDC. Figure 5.17 shows the spectral 

response of all the four ports of the resulting structure. 

 

The modal reflectivity R1 at port 1 is almost negligible with a peak of 

≈ at the wavelength 1.54994 μm. The modal transmissivity T40.6 10−× 2 at port 2, as we 

move from the left of the spectrum, remains almost constant at ≈0.5, it drops with some 

ripples to a minimum value of about 0.025 at the wavelength of 1.54985 µm and then it 

rises back to 0.5 at 1.5499 µm and remains constant at 0.5 throughout the right side of the 

spectrum. The spectral width of the dip is ≈1 Å. 

 

The modal transmissivity response T3 at port 3 is very similar to the modal 

transmissivity response T2 at port 2. The modal reflectivity R4 at port 4 acts as a band-

pass filter with a peak of ≈0.95 at the resonance wavelength of 1.54985 µm with a 

spectral width of ≈1 Å. In this case, we can see almost complete drop of the power from 

port 1 into port 4 within the pass-band. Outside the pass-band, the device acts as equal 

power divider between ports 2 and 3. 
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Figure 5.17 Equal powers in ports 2 and 3 of the WSDC with Directional Coupler 
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5.8 Special case of a sub-Angstrom filter 

 
Consider the WSDC with a 3.2 μm separation between the two slab waveguides. 

The length of the device is Lc = 5.9898 cm, the air groove width is 0.09 μm and its length 

is 1.5 μm. The device response was calculated using these specifications. Figure 5.18 

illustrates the calculated spectral response of all the four ports in this case. 

 

The modal reflectivity R1 at port 1 of the WSDC is ≈zero on the left side of the 

spectrum and it slowly increases with small ripples and attains the maximum of ≈unity at 

the resonance wavelength of 1.54994 µm, and again drops back to ≈zero with some 

ripples. The modal transmissivity T2 at port 2 is the reverse action of the modal 

reflectivity R1 at port 1 as can be seen from Figure 5.18. It stays at the maximum of 

≈unity with a drop to ≈zero at the wavelength of 1.54994 µm 

 

The modal transmissivity T3 at port 3 of the WSDC is ≈zero throughout the 

spectrum but peaks to ≈0.2 at the wavelength of 1.54996 µm. The spectral width of T3 is 

≈0.1 Å. The modal reflectivity R4 at port 4 of the WSDC is also ≈zero throughout the 

spectrum but peaks to ≈0.18 at the wavelength of 1.54996 µm and its spectral width is 

≈0.1 Å. 

 

Hence the modal transmissivity T3 at port 3 and the modal reflectivity R4 at port 4 

can be used as sub-Angstrom filters since their spectral width is ≈0.1 Å. 
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Figure 5.18 Sub-Angstrom filter at ports 3 and 4 of the WSDC 
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5.9 WSDC with two rows of periodic air grooves 

A WSDC with two rows of periodic air grooves is simulated next. A schematic 

diagram of the structure is shown in Figure 5.19. The waveguides have a refractive index 

of 3.5. The surrounding media has a refractive index of 3.4. Both waveguide core widths 

are 0.8 µm. The waveguides are kept 2.8 µm apart. The computational window is 11.4 

µm wide and the mesh size along x-axis is set at 50 nm. 
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Figure 5.19 WSDC with two rows of periodic air grooves 
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The length of the WSDC is taken to be 0.25Lc which equals 0.537675 cm. The 

period of the air grooves is 0.224079 µm (calculated using equation 5.1). Thus the 

number of the air groove periods is 23995. The air groove width (w) considered is 0.03 

µm and its height (L) is 0.5 µm. 

 

Figure 5.20 illustrates the spectral response of all four ports of the WSDC with 

two rows of periodic air grooves. The modal reflectivity R1 at port 1 is ≈zero at the left 

side of the spectrum and it slowly increases with small ripples and attains the maximum 

of ≈unity at the resonance wavelength of 1.5499 µm, and again drops back to ≈zero with 

some ripples.  

 

The modal transmissivity T2 at port 2 is ≈0.95 throughout the spectrum except for 

a spectral width of ≈2.2 Å there is a dip in T2. The modal transmissivity T3 remains 

constant at ≈0.03, it drops to ≈zero at the wavelength of 1.5497 µm and then it starts to 

increase and a maximum of ≈0.3 occurs at 1.55 µm, and again it drops with some ripples 

and remains constant at ≈0.03 for the wavelengths greater than 1.5504 µm.The modal 

reflectivity R4 is ≈zero through out the spectrum, but has a peak of ≈0.18 at 1.55 µm.  

 

The device responses with two rows and single row of periodic air grooves appear 

to be similar. The impact of varying air groove width, length and the number of the 

periods on this device is also similar. For this reason, detail analysis of the device 

response with two rows of air grooves will not be carried out. It does not appear to us that 

using two rows of air grooves results in any interesting features. 
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Figure 5.20 Spectral response of all the ports of WSDC with two rows of air grooves

 



 

CHAPTER 6  

 

SUMMARY, CONCLUSION AND FUTURE WORK  

 

6.1 Introduction  

 
In this thesis work Method of Lines has been used for the analysis of Wavelength 

Selective Directional Coupler (WSDC) with air grooves. A three point non-uniform mesh 

is used in the MOL. The cascading and doubling approach is utilized for this purpose. An 

absorbing PML layer of tan-profile has also been implemented. In this chapter a brief 

summary of the work that has been carried out in this thesis is presented followed by 

conclusions and some suggestions for extension of the work.  

 

6.2 Summary  

• An MOL code has been developed and tested. The method utilizes a three point central 

difference approximation of the transverse second derivative operator with non-uniform 

discretizations for the analysis of the WSDC. 

 

• A PML with absorbing boundary conditions with a tangent loss profile has been 

incorporated into the MOL code and tested. 
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 • The cascading and doubling approach was incorporated into the MOL to analyze 

multiple longitudinal discontinuities. The results of the developed computer program 

were compared with the literature.  

 • The WSDC with single and two rows of air grooves have been simulated with the MOL 

using the cascading and doubling algorithm.  

•  The spectral response of four ports of the WSDC has been investigated by calculating 

the modal reflectivities/transmissivities of the ports. 

• The influence of the length, width and the number of periodic air grooves on the 

coupling and filtering characteristics of the WSDC have been highlighted. 

 

6.3 Conclusions  

 • Simulation results show that it is possible to drop approximately 100% of the power at a 

certain wavelength from the input waveguide of the WSDC. 

 • An increase in the width of the air grooves tends to deteriorate the coupling of optical 

power into port 3 and also reduces the reflection into port 4. In a specific range of the air 

groove widths almost 100% of the incident optical power is reflected into the input port 

at a certain wavelength (with a spectral width of ≈1.5 Å), which if required can be 

transferred to a port in the other waveguide. This can be done by power swapping of the 

ports on the input side by adding a 0.5Lc long directional coupler section without air 

grooves. 

 • An increase in the length of the air grooves increases the spectral width of the modal 

reflectivity R1 at port 1 and the modal transmissivity T2 at port 2. 
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 • An increase in the length of the WSDC drops the optical power from port 2 and couples 

it to port 3. 

 • An interesting special case of the WSDC with air grooves has been noted. In this special 

case the ports 3 and 4 of the WSDC can be used as band-pass filters with a spectral width 

of 0.1 Å. 

  

6.4 Extensions  

 
 There is always a room for extension in any research work. We have analyzed the 

WSDC with air grooves. The two identical and parallel slab waveguides of the WSDC 

were assumed to be surrounded by a material with refractive index 3.4. In this case the 

length of our device was 0.537675 cm. For integration purpose the length of the device 

need to be reduced. It may be possible to decrease the length of this device by replacing 

the surrounding material with air, and the air grooves with posts of some high index 

material as shown in Figure 6.1. This new device may yield better reflections into port 4; 

at the same time the coupling efficiency may also improve, and may result in a shorter 

device. 
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Figure 6.1 WSDC with posts of high index material 
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