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Abstract

A technique for a 3-Dimensional passive NxN optical star coupler is described. 3-
Dimensional antiresonant reflecting optical waveguides (ARROW) are analyzed and
utilised as the input and output waveguides of the NxN coupler. The effective Index
Method will be employed to replace the 3-Dimensional ARROW waveguide by an
equivalent slab waveguide with its refractive index profile determined by the
geometrical shape of the ARROW Waveguide. In the slab waveguide analysis, the
input waveguides are coupled to their neighbours. The interaction of the waveguides
is described in terms of the normal modes. The resultant field distribution is then
diffracted into the frec space region which separates the input and output sections.
The radiation illuminates the receiving aperture from which the receiving waveguide
branches into N different individual output elements, each output element obtaining
equal power levels. Different types of loss such as bending loss, spill-over loss,
mismatch loss, reflection loss were analyzed and estimated for N=5. A 5x5 star
coupler with a transmission efficiency of 56 % at a wavelength of 13 pm is
achievable.
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Chapter 1

Introduction

1.1 Motivation

The single-mode-fibre passive star coupler is a key component in many architectures
of high speed optical local-area networks. Ideally, an N x N star coupler divides the
power entering any one of its N input ports equzlly among its output ports. However,
there will be excess power loss due to absorption and scattering. The N x N star can
serve as the central node in an N-user local area network, where each user would be
connected by the fibres — one for transmission to the input side of the star, and the
other for reception from the output side of the star. This creates a broadcast-type
local-area network, where a message transmitted by any user can be received by all

uscrs.

The main advantage of the star over the bus architecture is its small excess loss. The

excess loss of an N-star increases only logarithmically with N, while that of an N-user
bus increases linearly with N. The difference in loss can be significant for large
values of N [1].

A well known technique, which can be used to realize arbitrarily large N, involves
the interconmection of a large number of elementary 3-dB couplers [1). The
complexity of such an approach increases logarithmically with N. Dragone [2]
considered a different approach. The NxN star coupler is realized in free-space using
two arrays, each connected to N single-mode fibres. Power transfer between the input



and output arrays is accomplished through radiation based on Fourier optics. By
exciting the input power waveguide successively in a linear phase progression, one
of the Bloch modes [2] of the input waveguide can be produced. The results show
that if the input wavegnide array is in the form of a very gradual transition, it is
possible to transform approximately each Bloch mode into a plane wave, thus causing
most of the input power to be diffracted in the central zone of the array far-field.

In this thesis, we investigated the field distribution for an N-waveguide coupler in
terms of the normal modes [3]. If the individual isolated waveguide contain single
modes, the N-waveguide coupler has N normal modes. By solving Maxwell’s
equations in each waveguide and making usé of the fact that the normal modes are
either symmetric or anti-symmetric in a symmetric waveguide systerp, the field
distributions of normal modes can be obtained. When the waveguide parameters
(transverse and longitudinal propagation constant) vary in the direction of
propagation, the normal modes of the structure will be replaced by the concept of
a locally normal mode [4].

Moreover, for a waveguide structure slowly varying with propagation distance,
negligible power transfer occurs between the normal modes [5]. Thus, power entered
into the first-order local mode will end up in the first-order local normal mode.

Strictly speaking, a uniform plane wave does not exist, because a source infinite
in extent would be required to create it, and practical wave sources are always finite
in extent [6). If a source is far enough away, the wavefront becomes almost
spherical; and a tiny portion of the surface of a big sphere is very nearly a plane.
Thus, electromagnetic radiation can approximate the ideal uniform plane wave.

Furthermore, it is observed that the plane wave weighting coefficients are given
by the Fourier transform of the beam transverse distribution before diffraction [7].

Last but not least, for a branching waveguide with refractive index and separation
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symmetry, the normal modes will maintain 2 stage of evenly dividing their power
between the branches at any separation. Thus, the received power will be distributed
to the output ports evenly {8].

Applying the concepts from the above paragraph, four different regions in the
couplers can be designed as shown in Fig.4.1 (p.31). The uncoupled region is used
to allow input signals from the optical fibres to couple to the device without any
influence from its neighbours. In the coupled region, coupling between the adjacent
input waveguide will produce a different field distribution as a function of waveguide
spacings and coupling length. In the transition region, the input waveguides merge
into a single waveguide slowly to allow the input signal to illuminate the transmitting
aperture no matter which input waveguide provides the input power. In the
diffraction region, the plane wave coefficients are given simply by the Fourier
transform of the beam transverse distribution right after the input waveguides merge
together. After diffraction, the illuminated receiving waveguide is branched into N
waveguides. Each output waveguide is supposed to carry the same power if the index
symmetry is valid.

1.2 Coniribution

QOur contribution is in the following areas:

1. The effective index method was applied to replace the 3-Dimensional ARROW
Wavegnide by an equivalent slab wavegnide whose refractive index profile is
determined by the geometrical dimensions of the planar ARROW Waveguide. Thus,
we succeeded in converting the 3-Dimensional NxN star coupler into a 2-
Dimensional problem.

2. The coupling between the input waveguides was analyzed by the exact eigenmode
theory [9]. The solution is expressed as a sum of forward-travelling eigenmodes, each
of which is an exact solution of the scalar waveguide equation. We derived the
guidance condition, the expression which indicates the relation of propagation
constant to the waveguide width and spacing. ([10] did not obtain the correct



expression.)

3. The computer program was developed to calculate the propagation constants, with
different waveguide spacings, as the input waveguides merge into the diffraction
region.

4. The model was developed to express the input power to any input waveguide in
terms of normal modes. These expressions have been derived for n=2 [11].

5. The computer program to perform the Fourier transform was developed such that
the field patterns can be calculated after the diffraction.

6. Simulations were performed to vary the transition and diffraction regions to

minimise the excess loss.

1.3 Outline of the Thesis
In Chapter 2, an analysis of a planar ARROW waveguide is presented. Structure,

operation theory, optimum dimensions for minimum loss, and loss in ARROW
waveguide are discussed. Geometrical optics and elementary ray methods are
presented to analyze the propagation, including the loss, in ARROW waveguide and
the effective refractive index for different dimensions. Moreover, transmission line
and transverse resonance methods are used to calculate the loss in the ARROW
waveguide and the effective index for different dimensions.

In Chapter 3, the effective index method is employed to replace the 3-dimensional
ARROW by an equivalent slab waveguide whose refractive index profile is
determined by the geometrical dimensions of the planar ARROW waveguide. The
ability to convert a 3-Dimensional problem into a 2-Dimensional one is the main
feature and advantage of the method. Thus, we succeeded in converting the 3-
Dimensional NxN star coupler into a planar NxN star coupler.

The design of the planar NxN star coupler is presented in chapter 4. The
refractive indices are mainly taken from Chapter 3. The NxN star coupler is realized

in free-space using two arrays, each connected to n single-mode fibres. Four different
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regions in the couplers can be designed as shown in Fig.4.1 (p.31).

Final conclusions and recommendations to the thesis are presented in chapter 5.
Other numerical methods, such as the finite element method, can replace the
Effective Index Method. The use of a large number of input and output waveguides

(N>5) is suggested for future research.



Chapter 2

Analysis of an Anti-Resonant Reflecting
Optical Waveguide (ARROW)

2.1 Introduction

In recent years much research work has been directed towards the construction of single-~
mode, low-loss optical waveguides formed on a planar Si substrate. Many optical devices
such as directional couplers, filters, switches have been built on Si substrate. Moreover,
this type of structure can integrate both optical and electrical circuits on a single wafer.
One common approach is the formation of waveguide on a Si substrate by depositing
another dielectric material such as Si;N,, or AS,S, glass or 8i,,T1,0,. All these dielectrics
have a substantially higher refractive index than that of SiO,. However, the doped Si0O,
or the deposited dielectric layers may be very lossy compared to pure SiQ,. In addition,
a considerable thickness of SiO, (typically more than 4 pum) is required to minimize
radiation losses because of the evanescent field in the Si substrate, with a refractive index
from 3.5 to 3.8.

A novel waveguide. an anti-resonant reflecting optical waveguide (ARROW) has
been introduced [12). The configuration of the ARROW waveguide can reduce radiation
loss into the Si substrate substantally, without using total internal reflection. In fact,
optical confinement is based on anti-resonant reflections, as in a Fabry-Perot

interferometer [13]. The Fabry-Perot interferometer consists of an infinite plane-parallel



plate (core) of thickness d and refractive index n.. Let a plane wave be incident on the
medium at an angle to the horizontal, as shown in Fig.2.1. The phase shift due to

propagation along the length of path connecting points A and C is given by
Y = 2kgpndsing, @.1n

where

k, is the wavenumber in vacuum (um™)

E. is the propagation angle in the core (radians)

d is the core thickness (um)

let us consider the transmission characteristics of a Fabry-Perot interferometer. The
interferometer resonates (the transmission is unity) when the phase shift y is an integral
multiples of 2x. That means the resonances occur over a narrow band of frequencies, the
antiresonances are spectrally broad.
These waveguides exhibit low loss in the fundamental TE mode with good loss
discrimination against higher order modes.

2.2 ARROW Waveguide Structure

The structure of the ARROW is shown in Fig.2.2. A core is made of Si0,. The core is
bounded on the upper surface by a low-index medium (air) to produce total internal
reflection and it is bounded on the lower surface by an interference cladding which is
composed of a high index layer (1st cladding), a Si layer and a low index (2nd cladding),
Si0, layer. Thus, light propagates through the core by repeated total internal reflection
at the upper air/SiO, boundary and extremely high reflection from the interference
cladding when the thicknesses of the interference cladding layers satisfy the anti-resonant
condition. Under the anti-resonant condition, maximum reflection occurs in the cladding
layers i.e. most of the light energy is reflected back to the core region. If the core layer
is thick enough, the fundamental mode has a negligible energy in the air, and the glancing
incident angle shown in Fig.2.2 can be approximated by
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Fig.2.1: Reflection of the Plane Wave Through the Fabry-Perot Interferometer in
ARROW Waveguides

sint, = @2

A
2n4,
The detailed derivation of equation (2.2) is given in Appendix A.

It has been shown that a plane wave incident upon a less dense medium at an angle
greater than the critical angle experiences not only total intemnal reflection but also a
phase delay (shift) that is a function of incident angle. To obtain a zig-zag ray model of
light propagation in the waveguide that is consistent with the flow of energy, we have to
incorporate the Goos-Hinchen shifts at the core-air and core-cladding interfaces, as first
suggested by Burke [14]. A sketch of this ray model with lateral shifts and ray penetration
depths is shown in Fig.2.3. As a conscquence of the ray penctration, the waveguide
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appears W pussess an equivalent core thickness, d..

d, = d+ _r (2.3)

2% (n} -np)?

The derivation of equation (2.3) is given in Appendix B.

The optimum structure (thickness of the cladding layers) to obtain minimum loss for
fundamental mode has been formulated [15] and [16). In a Fabry-Perot interferometer, the
phase shift in a cladding between two partial waves can be expressed in terms of
thickness. When the phase shift is 7/2, the reflection is unity. Therefore the optimum

cludding layer thickness can be formulated to give maximum reflection (see appendix C).

2
A R -
2 = — NN - 12 2.4
1 4"; (2L1 + D[ ( 2) + 4;;:4‘2]

1, =d, (% + L) 2.5)

where

L; and L, = 0.1.2.34.........

n, is the refractive index of the first cladding layer
The detailed derivations of the optimum thickness of the first and the second cladding are
given in Appendix C & D respectively. The optimum structure which give minimum loss
is given in Fig.2.4. There is one important assumption for the derivation of the optimum
cladding layers. The core thickness must be large compared to the wavelength of light
such that d > A/2n, where A is the wavelength of light in vacuum and n, is the refractive
index in the Si core.Thus. the fundamental mode has a negligible evanescent tail in the

air. The typical value of the Si core thickness is about 4 pm.

2.2.1 TE Fundamental Mode Profile in ARROW

Let us atterapt to find TE-mode waveguide solutions, which by definition have the electric

10
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Fig.2.3: Ray-Picture of Zig-Zag Light Propagation in ARROW Waveguide

tield polarized along y with propagation in z direction as shown in Fig.2.4. The field

component E, of the TE mode obeys the wave equation as:

VPE, (xy2) + kgn2E, =0 m=123,. (2.6)

where m refers to the different layers of ARROW waveguide

Since light propagates through the core by total internal reflection at the air/core
boundary. electric fields should be evanescent that is, exponentially decaying as x
approaches +eo. Besides, the mode in the core is a standing wave with a node at the
interface between the core and the first high-index reflector layer, and exponentially

decaying to zero amplitude just outside the low-index boundary.

11
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Thus. the tields can be formulated in the following forms:

B1 exp(- 1X) x=2d
E() = B, (costhx) - (k/k;)sin(kx)) osxsd Q.7
»* = B, cos(kx) - B, (k) sin(lex) | ~h<x<0
B Jk;) cos(kx) - (Bdky) sin(kx) X<ty

The constants k,. k,, k. k are the transverse propagation constants in air, core. first
cladding and substrate respectively. They are obtained from the dispersion relations in the

core and surrounding dielectric regions, that is, applying equation (2.6) to (2.7) results in

k = ..2 - kg"oz
k = k:": = kzz (2.8)
ky = Jkini - &
ky = k:":z = kzz

where
k, is the propagation factor in free space (um™)
n, is the refractive index in the core
n, is the refractive in the air
n, is the refractive index in the first cladding layer
n, is the refractive index in the substrate
k, is the propagation factor of ARROW waveguide (um™)
By matching the tangential fields in the boundary layers, the coefficients (B,, By, B; &

B. are found:

1}

B, = cos(kd) + (k/k,) sin(k,d)

B, = sin(kd) - (kfk,) cos(kd) (2.9)
B, = k,B, cos(kt) + kB, sin(kz,)

B, = "-233 COS("-}I) - k-;Bz sin(kstl)

12
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The light intensity |Eyi= of TE fundamental mode as a function of distance into the
substrate is plotted in Fig.2.5 which shows the intensity profile in the guided mode when
equations (2.4) and (2.5} are satisfied. The TE mode field is confined strongly inside the

core and little light radiates to the substrate.

2.3 The Effective Refractive Index of an ARROW Waveguide

Betore defining the effective refructive index. let us review some basic optical laws and
definitions. Light consists of an electric and a magnetc field that oscillate at very high
rates. on the order of 10 ™ hertz. The electric field travelling in the z-direction can be

written as
E = Esin(wt-kz) (2.10)

where E, is the peak amplitude
® is the radian frequency.

The term K is the propagation factor.

It is given by

(2.11)

b
1]
<|e

where

V is the wave velocity (m/s).

In free space a light wave travels at a speed c=3x10* m/s. The speed of light is
the product of the frequency and the wavelength. Upon entering a dielectric medium the
wave now travels at a velocity V. which is characteristic of the material and less than c.
The ratio of the speed of light in a vacuum to that in matter is the index of refraction n,

of the material and is given by

(2.12)

14
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Combining equation (2.1 1) and (2.12% the propagation factor can be written as
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Fig.2.5: Light intensity of TE, Mode as a Function of Distance into the Substrate



The propagation factor in free space can be denoted by k. Since n=1 in free space,

k, = (2.14)

a|e

Combining equation (2.13) and (2.14), the propagation constant in any medium can be

described in terms of the free-space propagation value by

k=kpn (2.15)
The TE fundamental mode in the core of an ARROW waveguide propagates as a plane
wave which goes in a zigzag, back and forth at the incident angle £. We can consider the
total field as the sum of two uniform plane waves, one travelling forward and the other

travelling backward. The propagation constant is drawn in Fig.2.6. The component of the

propagation factor along the z direction (propagation factor) is
k: = chSEc = konccosEc (2'16)

where k, is the longitudinal propagation constant

Comparison with equation (2.10) for an
unguided wave shows the same variation k

along the direction of travel, except for the X/
replacement of k by k,. By making this

replacement  in equation  (2.11). the

waveguide wave velocity V, and the

longitudinal propagation constant can be

related as

k, = 2 (2.17) Fig.2.6: Propagation Constant of Wave
Ve in an ARROW Waveguide

The refractive index is defined as the
velocity of light in free space divided by the velocity in an unbounded medium. Similarly,

effective refractive index (n.,) can be defined as the free-space velocity divided by the

16



guided velocity (V). That is. ng = ¢/V. Then. using equations (2.9 and (2.12). we

obtain
(2.1

The effective refractive index (n,,) is 2 key parameter in guided propagation, just like the
refractive index in unguided propagation. The effective refructive index concept has
applications to approximate a 3-dimensional waveguide by a 2-dimensional one with an
effective index profile derivable from the geometry and the refractive index profile of the
original structure. In Chapter 3 we will see how to apply this effective refractive index

to analyze 3-dimensional ARROW waveguide.

2.3.1 Determination of Effective Index based on Geometric Optics
Recall equation (2.16),

k, = kpnoosE, 219

Besides, the effective index is defined as

k. .
Ry = ?;. = n_cosk_ (2.20)
Recall equation (2.2),
. A (2.21)
siné =
Ec zncdt

Note that equation (2.21) is independent of n; or n, of the cladding layers. Thus, the

effective refractive index can be expressed as follows:

1
l -
- 1- 2 (2.22)
= R L1 () ]
where
17
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d, is the equivalent core thickness due Goos-Hienchen shift [16] as shown in

Fig.2.3, which is the lateral shift of a light ray at the core/air or core/cladding boundaries.

2.3.2 Determination of Effective Index based on

Electromagnetic Theory

ARROW waveguide analysis based on electromagnetic theory instead of ray analysis is
given in [17]. The equivalent transmission-line and transverse resonance method are used
to derive the dispersion equation of an ARROW waveguide [17] as shown in Fig.2.7. Y,
and v, are the characteristic admittance and complex transverse propagation in the m-th
layer, respectively. According to transmission line theory [6], the input admittance at the

2nd cladding/substrate layer boundary looking downward, Y, is

¥ Y, + Y tanh(y,])

- (2.23)
"3 T3y, + Yytanh(y,])

where

Y, is the load admittance

Y, is the characteristic admittance of the substrate

1 is the substrate thickness as shown in Fig.2.7.

Y, is the complex transverse propagation factor in the Si substrate
If the substrate is thick enough compared to the wavelength of light (I>>A), tanh(yl)—1.
Therefore. Y,,, becomes progressively less dependent on load admittance or Y3 = Y,.
Similarly, the input admittance at the air/core interface looking upward, Y., can be
approximated as Y., = Y, |

Considering the core/lst cladding boundary as in Fig.2.7, the sum of input

admittances is zero. Therefore, the transverse resonance condition is

Y,

ine + Y = 0 (2.24)

in}

where at the core/1st cladding layer interface, Y, is the input admittance looking upward
and Y,,, is the input admittance looking downward .

The dispersion equation for TE, of an ARROW Waveguide is given by [17] as follows:

18
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Yo = Ytamh (yd) Y. + ytanh (y;7) .
Y. =Y, — (2.25)
Y. + Yjanh (v d) Y, *+ Y .tanh (y,7)

where

Yo -y Yy * Yjtanh(y,n) (2.26)

%y, + y,tanh(y,z,)

The dispersion equation (2.25) applies to an ARROW waveguide without the cladding
layers being optimum for anti-resonance or not. After selving the dispersion equation, the
effective refractive index (n.,) can be determined. If the ARROW waveguide is under
optimum condition for minimum loss, the Febry-Perot interferometer is under anti-
resonance. That means both v,t; and ¥.t, equal ®/2. As a result, (2.25) can be greatly

simplified as follow:

227
x, +ata (xd) =0 ( )

where X, is the imaginary part of the transverse propagation in the core
¢, is the real part of the transverse propagation in air

The derivation of equations (2.25) and (2.27) are given in Appendix E.

2.3.3 Comparison of the Effective Index from Section (2.3.1) and (2.3.2)
The exact and approximate solutions of effective index for the TE, raode versus the
variation of core thickness.d, are shown in Fig.2.8 with t, = 0.1019 pm and t, = 2.0985
um for an optimum structure of d=4.0 ym at A=1.3 um as derived from equations (2.4)
and (2.5). When d = 4 pm, the effective index is calculated as 1.441709 and 1.440866
for equation (2.27) and equation (2.22), respectively. Since the solution from
electromagnetic theory analysis, i.e. equation (2.27), is more accurate than the one from
geometric optics analysis, equation (2.22), effective index ny is taken as 1.441709 with

t,(Si) = 0.1019 pm and t,(Si0,) = 2.0985 pm for an optimum structure of d=4.0 pm at

19
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~Fig.2.7: Transmission Line Equivalent Circuit of an ARROW Waveguide
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Fig.2.8: The Effective Index of the ARROW Waveguide (the Cladding Layers are
Optimum for 4 pm Core)

2.4 Propagation Loss in an ARROW Waveguide

In an ARROW waveguide, the reflectivity from the interface cladding is produced by the
sum of simple Fresnel reflections at the houndaries between the core, the cladding layers
and the substrate. Therefore, the loss of the TM muode is much larger than that of the TE
modes due to the difference between the retlectivities for the two polarizations. Although
low-loss operation of an ARROW waveguide relies upon properly phased reflections from
all the interfaces, the wave in the ARROW waveguide will propagate within a wide bund

of frequencies. It is because the resonant frequencies of a Fabry-Perot interferometer
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oceur over a narrow band and the antiresonant frequencies are spectrally broad.
The expression of the loss coefficient of the TE, mode has been formulated [16].
Also, [16] expressed the loss constant in terms of the power reflectivities of interface

cladding layer for the fundamental mode as:

tang

e, =217 (1-B) < dB/m (2.28)

<

where R is the power reti:ctivity of interference cladding iayer
€ is the incident glancing angle
d, is the equivalent core thickness
The derivation of equation (2.28) is given in Appendix F
After expressing the power in terms of the refractive indexes of different layers,

the loss coefficient of the fundamental mode under optimum conditions is

ad
86859A% [ (n2-nd) + (=2 17
€, = - 2 - dB/m
u‘:al‘5 - (%ncd,)z I ER N -n) + (%d,)z 1? (2.29)

where A is the wavelength (um)
n, is the refractive index in the core
n, is the refractive index in the first cladding
n, is the refractive index in the substrate
The derivation of equation (2.29) is given in Appendix G.
From equation (2.29) the loss constant,0, depends on A and d.. If d, is increased and A

is decreased. the propagation loss, ¢, will be smaller.

2.5 Advantages of ARROW Wavegunides over Conventional

Waveguides
In the ARROW waveguide structure, the ARROW waveguide mode is confined at the

upper surface (air) by conventional total internal reflection, but on the other substrate side
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by phased reflections from the interfaces of two higher-index retlector layers. These layers
and the intervening space form a series of Fabry-Perot resonators all in anti-resonance for
spectrally broad bandwidth. Because of the above structure, the ARROW waveguide
shows great promise for 2 single-mode optical coupler based on the following reasons:

1) They show a lower loss in broad wavelength range (<0.4 dB/cm) than conventional
waveguides.

2) The TE fundamental mode propagates by the filtering of high order modes due to loss
discrimination associated with the propagation.

3) Fabrication is easier because precise control of the refractive indexes is not necessary
to achieve anti-resonance.

4) Conventional optical slab waveguides need a thick cladding for reducing the decaying
evanescent field in air, whereas only thin cladding (~ 2 um for a 4 pm core) is needed
for large light confinement in the ARROW waveguide.

5) They have a high potential for integration with other optical and electronic devices on
a single chip since they are all formed on a Si substrate.

6) The coupling efficiency between ARROW waveguide ribs and optical fibres can be

very high if the ribs are well designed.
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Chapter 3

Effective Index Method

3.1 Introduction

The slab ARROW waveguide analyzed in the last chapter is an accurate representation
of single direction guiding because of the infinite spatial extent of the wave in the Y-
direction as shown in Fig.2.2. An important feature of optical integrated circuit
waveguides is the capability to confine optical energy in both transverse directions (both
X and Y-direction). The waveguides are referred to as three-dimensional structure when
light confinement occurs in both transverse directions. A number of three-dimensional
waveguide structures exist including strip optical waveguide, insulated image waveguides
and strip-slab waveguides. Different types of three-dimensional waveguide geometries
have been successfully analyzed by various methods [18], among which the finite element
methad [19]-{21]. the point-matching method and the effective index method are typical
ones. The effective index method was initially proposed [22] for the analysis of
rectangular-core dielectric waveguides as a modification of Marcatili’s method [23]. The
zeneric feature of the effective index has been extended to account for other waveguide
structures [24]-[26]. The central idea of the method is to replace the optical waveguide
by an equivalent slab waveguide whose refractive index profile is determined from the
geometrical shape of the waveguide. The success of converting the three-dimensional

problem to a two-dimensional problem makes the method significantly more efficient and

simpler than other methods.
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Fig.3.1: 3-Dimensional Coupled ARROW Waveguide
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3.2 Effective Index Method in ARROW Waveguide

Let us analyze the ARROW 3-D waveguide shown in Fig.3.1. The detailed structure has
been given in the previous chapter. The core is made of SiO.. The core bounded on the
upper surface by a low-index medium (air) o produce total internal reflection. but
hounded on the lower surface by an interference cladding which is composed of high
index layer (st cladding), Si layer and low index (2nd cladding), SiO, layer. Thus, light
propagates through the core by repeating total internal reflection at the upper 2ir/SiO,
boundary and extremely high reflection from the interference cladding when the
thicknesses of the interference cladding layers satisfy the anti-resonant condition. For ant-
resonant condition, maximum reflection occurs in the cladding layers i.e. most of the light
energy is reflected back to the core region. Slab ARROW waveguide is analyzed in the
xy plane as shown in Fig.3.2. If the waveguide structure is viewed in the yz plane, as
shown in Fig.3.3 . then the structure appears equal to that of an asymmetric slab
waveguide having a guiding region with refractive index n.yq and n.n with space s, and
width w, as shown in Fig.3.3. Note that n,, is the core layer and n,q, is the cladding layer
in the yz plane. Referring to Fig.3.2, ., {1.441709) is the effective index of the ARROW
with d, = 4 pm and n.;p (1.434455) is the effective index with d, = 2.874]1 pm. n o is
chusen to be 1,434455 so that only the fundamental mode can exist in the yz plane. The
effective refractive index may be interpreted as that of a hypothetical medium in which
the propagation constant is equal to that of the original structure. The effective refractive
index has been described in the previous chapter. Having determined the effective
refractive index of the various regions, the guide in Fig.3.1 can be analyzed by modelling
it with the 2n+1 layered structure. The steps in applying the effective index method to the
coupler are shown in Fig.3.2 and Fig.3.3.

The propagation constant in the slab of core thickness, d, is first calculated and use to
define an effective index n.,. which forms the refractive index of n parallel identcal
slabs of thickness w. separated by s which varies from 5.25 pm to zero as shown in
Fig.3.1. The propagation constant of the composite waveguide formed by array of slabs

is then used to approximate the propagation constant of the original three-dimensional
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coupler. The propagation constant P for the original 5-waveguide structure is determined
by matching the tangential fields on the boundaries. The individual steps in this method

ot analysis will be discussed 1n detail in the next chapter.

3.3 Conclusions:

The effective index method is a widely adopted approximation technique to determine
propagation constants and ficld distibutions of fundamental modes of dielectric
waveguides. The method of analysis, based on the concept of effective index, have been
shown to be an excellent approach to the study of certain types of optical waveguides
[28]-[30]. However. this approach is still an approximate technique. It can be expected
the approach will work well, only for:

i) Lurge aspect ratios (w/t > 1) [18].

it} The aperating frequency is far from cut-off frequency [28].

ii1) The difference between the relative refractive indices involved is small
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Chapter 4

NXN Passive Optical Star Coupler in
Planar Waveguide

4.1 Introduction

Passive star couplers are needed in high-capacity local-area networks to accept signals
from all wransmitters and broadcast these to all receivers which can access the messages
in the network and select one.

Each input waveguide can only support a single mode by making the refractive
index in the separation (n.,) close to the one in the waveguide (n.y) [31].

There are four different regions in the couplers as shown in Fig4.1 [32]. The
uncoupled region is used to allow input signal from the optical fibre to couple to the
device without any influence from its neighbours. In the transition region, the input
waveguides merge into a single waveguide slowly to allow the input signal to illuminate
the transmitting aperture no matter which input waveguide is excited. After diffraction,
the illuminated receiving waveguide is branched into N waveguides. Each output

waveguide is supposed to carry the same power if the index symmetry is valid.

4.2 Scalar Wave Equation in Planar Waveguide

The spatial dependence of the electric field E(x,y,z) and the magnetic field H(x,y,z) of

30



an optical waveguide is determined by Maxwell’s equations. The dielectric constant
€(X.y.2) can be related to the refractive index n(x.v.z) of the waveguide by £=n¢ . where

£, is the dielectric constant of air. Under these conditions. Maxwell's equativns for a

Uncoupled Transition Diffraction Power.Dividing
Rct;ior?l 1)} Region (T) Region D) Region (P)

wad S um

nofi1a1.434455

neft2al 441709 Y

U=100 pm

Tal34x120 = 4080um

D=106.55 um

$1({beginning of the 2
transition region}e5.25 um

Fig.4.1: The Four Regions in the Planar Star Coupler
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source-free, anisotropic medium are expressed as [6]:

VxE = -j(u/fe )" kH ; VxH = j(u fe,)""kn’ £
Ven'eE = ) ; VeH =0 4.1
where k = 2r/A is the free-space wavelengih
A = is the wavelength of light in free space
g, is the free space dielectric constant
p, is the free space permeability
After taking Vx of the above equation and eliminating either H or E, theé following vector
wave equation for the cartesian components of the fields is obtained.
V’E+ icn*«E = V(VeE)
VH + Ion*H = <j(u/e,) " *k(Vn*xE) 4.2)
From section 2.2.1, the electric field component E, of the TE mode is the only electric
field component. Besides. in a planar waveguide with refractive index profile is n = n(y).
Therefore Va*x E of equation (4.2) is identical to zero.
If it is true. equation (4.2) becomes
VH + K'n’H = 0 (4.3)

In a planar waveguide with refractive index profile n(y), the magnetic field is as follows:
H(x,y,z) = HYy)exp(-/B2) (4.4)

If we use the representation of equation (4.4) and substitute into equation (4.3), we obtain
%H(y) + ROM2-PIHG) = 0 4.5)

Thus, the magnetic fields of the TE modes obey the scalar wave equation.

4.3 Uncoupled region

The purpose of this region is to let input optical fibres couple to the input waveguides
without electromagnetic interaction with adjacent waveguides. Thus, a signal entering any

one of the waveguides is initially unaffected by the presence of the other waveguides due
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to the large separation (200 um). All the input waveguides have the same width, w and
index, n.p. Meanwhile, the separation is varying in width with constant index. fm.
Different coupled-mode theories exist [33,34]. Our approach is to obtin the exact
solution for the transverse normal modes from the scalar wave equation [10]. Recall

equation (4.5),
%H(v)*«[n’(y)koz-ﬂ"]ff(y)ﬂ (4.6)

Recall equation (4.4), the eigen solution should be in the form:
H(xy2) = HO)xp(-jB2) @n

where B is the propagation constant in the z-direction

4.3.1 Normal Modes of the N-waveguide Array

According to [22], the exact eigenmode theory gives the best accuracy as compared to
other coupling theory. The magnetic field distribution in the various layers of N
waveguides is given [23]. For the sake of clarity, a S-input waveguide is used 2s an
illustration for solving the scalar wave equation of the general N-input waveguide system
as shown in Fig.4.2.

By making use of the fact that the ficlds arc cither symmetric or anti-symmetric in the
symmetric system, the fields of the 5 waveguides in various layers (H,) can be obtained
as follows:

H, = A, exp (k;, ¥) ysy

H, = A; cos (ky, y) + B; sin (k;, ¥) N1SYSY:

H, = A, cosh (k;, y) + B; sinh (k;, y) Y:SYSYs

H, = A, cos (k,, y) + B, sin (k;, ¥) Y:SYSY.
Hy, = Ay, exp (kyy y) Y 2Yio
33
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Fig.4.2: Schematic Cross Section of a 5-Waveguide Coupler

where H; represents the field in the i, layer
=0
Y2=W
Ya= WS

Yo = 2W4s
Yio = 4(w+s)

The constant k,,, k;, are real and given by

AR =
ka— fnﬁzkoz_ﬂz | (4_9)

By matching the tangential fields in the boundary layers, the coefficients (A; & B))
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can be obtained in terms of the ones in the previous layer. Additional to this, the guidance

condition can be formulated as:

KBiorbds (4.10)
kZAIO_leIO

The derivation of equation (4.10) is given in Appendix H. Numerical methods have been

tan(i,w) =(

used to solve this above transcendental equation. Considering the above equation, there
will be 5 different solutions, k,,. Each k,, can contribute a solution. The 5 normal modes
(A, B, C, D, E) under weak coupling are plotted in Fig.4.3. From [34], when the array
has identical channels and uniform coupling, the relative magnetic field amplitude of the

normal modes across the waveguide array can be approximated as:
H =sin(l-=>) (4.11)
n+1

wherev=1, 2, *n.

The relative magnetic field amplitudes (H,) have been summarised in Table 1. The
concept can be applied to any number of waveguides. The relative ficlds among 7
waveguides are listed in Appendix I as an example.

v (mode) 1=1 1=2 1=3 l=4__ I=5
1 (A) 1.0 1.7321 2.0 1.7321 1.0
2 (B) 1.0 1.0 0.0 -1.0 -1.0
3 (© 1.0 0.0 -1.0 0.0 1.0
4 (D) 1.0 -1.0 0.0 1.0 -1.0
5 B 1.0 -1.7321 2.0 -1.7321 1.0

Table 1: Relative Magnetic Field Amplitudes in Different Waveguides of the 5
Normal modes.
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Before any coupling betweer input waveguides, the field distribution across the
waveguides can be expressed as a sum of the normal modes, with different weighting.
Note that only lossless waveguides are assumed otherwise cross-coupling occurs, The
initial field distibution without any coupling due to the i input waveguide on N

waveguides is given as :

N N
Hiyz=0=Y ¥ o H ) («4.12)

vel o1
where
1 = 1.2...N refers to one of the N waveguides in the structure
v = 1.2..... refers to the one of the v™-order normal modes
1 represents the waveguide number with input power signal
o, is the weighting on H,(y) of I* waveguide [11].
For N=5, the coefficients o, are given in Table 2. The determination of the weighting

coefficient of the individual normal modes will be discussed in the next paragraph.

1 =1 1=2 1=3 =4 I=5
1 1.0 3.0 4.0 3.0 1.0
2 1.0 1.7321 0.0 -1.7321 -1.0
3 1.0 0.0 -2.0 0.0 1.0
4 1.0 -1.7321 0.0 1.7321 -1.0
5 1.0 -3.0 4.0 -3.0 1.0

Table 2: The Weighting Coefficient of the Normal Modes with Input to Different

Waveguides

Note that the summation of the weighting coefficients is always zero with input to the

even numbered waveguides.
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4.3.2 Determination of the Weighting Coefficient of the Individual

Normal Modes

For a N-input star coupler, the input power signal may come from any waveguide. It is
eisy to express the input waveguide in terms of normal modes as shown in Fig.4.3. To
see how this model will work for various power waveguides, 3 cases will be examined
tor N=5. The idea can be applied to any N. Appendix J also gives the weighting

coeffictents for N=7.

4.3.2.1 Input Power Goes into the Centre Waveguide
When power only goes into the centre waveguide, only the A, C and E modes will be
excited. Modes A and E will be excited such that they are subtmctivg: in the second and
the fourth waveguide and additive in the first, the third and the fifth waveguide. Mode
C is excited 5o it is additive to the sum of modes A and E in the centre waveguide and
subtractive in the first and fifth waveguide as shown in the following expressions.

(A Al Ay AL A A + (ELESLES ELE) -2(CL G, Gy, G, Cy)

=1(1, ¥3. 2, ¥3, 1) + 1(1, -V3, 2, -¥3,1) -2(1, 0, -1, 0, 1) = (0, 0, 6, 0, 0)

4.3.2.2 Input Power Goes into the First or the Fifth Waveguide.
i) The first waveguide has the input power.
All five normal modes will be excited in this case. The normal modes will be
excited as follows:
(A, A, A, A A A + (B, E, Ey, E, E9) + 4(C,, Gy, Gy, C,, C) + 3(B,,B,,
B..B,. By) + 3(D,, D, D,, D,. DY)

=11, V3. 2. V3, D)+ 1(1, V3. 2, ¥3,1) 44 (1, 0, -1, 0, 1) +3(1, 1, 0, -1, -1) +3
(1.-1. 0. 1. -1)] = (12. 0, 0, 0. 0)
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it} The Fifth waveguide has the input power
All five normal modes will be excited in this case. The normal modes will be excited
as follows:
(Al Al Ay AL AL A) +(ELELEVELE) + HC,. C.. C,. C. C,) - 3(B,. B..
B.. B,. Bo) -3(D,. D., D,. D,. Dy)
=1(1. V3.2, ¥3, 1) + 1(1, V3, 2, V3. 4 (1, 0, -1, 0, 1) =3(LL E 0, -1, -1) -
3(L-1.0 L -D)=(0,0,0,0.12)

4.3.2.3 Input Power Goes Into the Second or the Fourth Waveguide.
i) The second waveguide has the input power.
Only the A.B.D.and E modes will be excited in this case. The normal modes will be
excited as follows:
(Ay, As Ay Ay, A - (E,. E.. E,. E,. E) +¥3(B,. B.. B,, B,. By) - V3(D,. D.. D,
D.. Dy
= 1(1, V3.2, 43, 1) -1(1, V3, 2, N3, 1) +V¥3(1. 1,0, -1, -1) -¥3(1. -1, 0, 1, -1) =
(0. 4¥3. 0. 0. 0)
ii) The fourth waveguide has the input power
Only the A.B.D and E modes will be excited in this case. The normal modes will be
excited as follows:
(A, As A, A, AJ - (E. E,. E,, E.. EJ) -V3(B,, B,, By, B,, By) +V3(D,. D,. D,,
D,, Dy
= 1(1. V3, 2, V3, 1) -1(1.-V3, 2, V3, 1) -V3(1. 1, 0, -1, -D) +¥3(1, -1, 0. 1, -1)
=(0. 0, 0, 43, 0)
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Fig.4.4: Slowly Varying Waveguide Structure

In the transition region, the separation between the input waveguides gradually decreases
from 5.25 pm to zero. The mutual coupling becomes stronger as the separation decreases.

As the separation decreases slowly, the propagation constants and the normal modes also
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vary in the direction of propagation. At a waveguide position z,. the normal modes of the
structure are calculated as if it does not vary with z as shown in Fig.4.4. These normal
modes solutions are then said to be the local normal modes of the actual varying
waveguides at the position z = z, [35].

Since the transition is extremely graduval. it will cause negligible power transfer
between the normal modes [35]. The power in a given local mode will stay in that mode
throughout the whole transition. As a local mode propagates. its phase also increases
across each section by the product of the propagation constant and the scction 8z
Consequently. the phase at an arbitrary position along the propagation is a sum of such
products [36]. Consequently. the field distribution over N waveguides due to the i™ input

waveguide is approximated as :

N N M

H02=Y 3 ¥ e, 0ex(-,,52] @13

vel =] m=l

where

Bym is the longitudinal propagation constant of the normal mode v at section m.

M = 120 is the total number of sections in the transition

8z = 34 pm
Table 3 summarised the longitudinal propagation constant when the spacings between the
waveguides are 5.25 um and zero pm. The normal mode A has the greatest longitudinal
propagation constants () amongst other normal modes. When the spacing between the
waveguides becomes smaller, the longitudinal propagation constant (B) are also smaller.
When the waveguides are far apart, the longitudinal propagation constants between the
5 normal modes are wider spread than in narrow spacings. This can be observed in
Appendix K which gives different propagation constant (B,,,) for 120 different regions,
From equation (4.13), both amplitude and phase response prior to diffraction are given

in Fig.4.5 and Fig.4.6, respectively.
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Longitudinal Propagation Constant (B)
Nomal Mode (v) Spacing between Spacing between
Waveguide (S) = Waveguide (S)
5.25pm — 0 um

A (1) 6.96699677 6.9563355

B 2 6.96371370 6.9560867

C 3 6.95830164 6.9557280

D 4) 6.95088541 6.9553436

E (5) 6.94178602 6.9550435

Table 3: Longitudinal Propagation Constants of the Five Normal Modes at the

Beginning and End of the Coupling Region
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4.5 Diffraction Region

In the diffraction region. the refructive index is almost constant everywhere as in an
almost unbounded dielectric medium so that the fields ¢an be expressed as individual

plane waves [37]. For a planar structure. the magnetic field is given as :
H(y,2)=Hyexp[-jlk,y+B2)] (4.13)

where H, is the wave amplitude constant

k) +p2=ks (4.15)
From [37].
HQyz) = iH(kz)exp[-j(15y+pz)] dk, (4.16)
Atz=0
HU,0)=£H(kz)cxp(-jk‘,y)dkz 4.17)

Thus, the weighting coefficients H(k,) of the plane waves are the Fourier transform of the

transverse field distribution at the beginning of the diffraction region. Thus,
1] :
Ho)=—>- [ HO,0exp(iy)de, (4.18)

The diffraction patterns on the receiving side of the coupler are illustrated in Fig.4.7. The
length of the diffraction region, D is designed to reduce the spill-over, mode mismatch

and the reflection loss as shown in Fig.4.7. D is designed as:

=— (4.19)
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where
H is the wid:h of the receiving aperture

8 is the diffraction angle

28

H=4.5x6=22.5 pm
D=106.55 prm
6=6.03 degrees

Fig.4.7: Diffraction Region of the Star coupler

Theoretically, the length of the diffraction region must be long enough to fulfil the
Fraunhofer diffraction approximation. In other words, in order to use the Fourier

Truanstorm to calculate the far field pattern. D must be as follows [38]:
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D>—__k(z‘2 Y1 e (4.20)

where

z, and y, are co-ordinates in the far field

However, Fraunhofer diffraction patterns can be observed at distances much
shorter than implied by the above formulia, provided that the receiving aperture is
illuminated by a circular wave converging towards the receiving element as shown in
Fig.4.7. |35] gives the planar structure wrrangements producing the Fourier Transform

with the Fresnel diffraction approximation for a large N.

4.6 Power-dividing Branch Waveguide

The purpose of this region is to distribute the received power to the output ports evenly.
On the receiving side. the power-dividing waveguide is assumed to be single-mode.
According to [8], for a branching waveguide with index asymmetry. the normal
modes will evolve to a stage of having most of their power associated with only a single
waveguide if the separation between the waveguides is large enough. However, with
regards to a perfectly symmetric (both index and separation) branching waveguide as
shown in Fig.4.8. the normal modes maintain a stage of evenly dividing their power

between the branches at any separation.

47



Pust et MEd I B DS ARG RN A RS AR R PSR MR MRS MM e el ey

Nam

4.7 Loss Consideration

Additional to splitting loss, there are other losses related to the device.

4.7.1 Spill-Over Loss

Only a fraction of the radiated power from the transmitting waveguide is intercepted by
the receiving element: the remaining is lost due to spill-over. From Fig.4.9a to Fig.4.9e,
the shaded area represents the spill-over loss when the radiating angle is 6.03 degrees.
The spill-over is dependent on the i waveguide with input power, length of the transition

region, and length of the diffraction region. Theoretically, if the diffraction region is long
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enough. the spill-over loss can be eliminated. i.e. the receiving waveguide is far enough
to collect all the power from the transmitting waveguide. However, the received radiation
pattern is different from the single-mode of the receiving waveguide. The difference will
create mode-mismatch loss. Thus, the length of transition region and dittraction must be
optimum to minimize both the spill-over and the mode-mismatch loss with input to

different waveguides.

4.7.2 Mode-Mismatch Loss

The fundamental mode of the receiving waveguide can only accept a fraction of the
incident power illuminating the element aperture because the transverse mode is different
from those of the far field pattern as shown in Fig.4.9a to Fig.4.9e. The arca under the
single~-mode pattern is equal to the area under the received radiation pattern. Any radiation

which does not entre into the single-mode pattern region is the mode-mismatch loss.

' Computer simulations were performed to vary the fransition and the difiraction regions

to minimise the mode-mismatch loss with different input waveguides. The centra! shaded
area represents the mode-mismatch loss which is dependent on the i™ input power
waveguide excitation. The mode-mismatch and spill-over loss are summarised in Table
4 when the length of transition region is 4.08 mm and the length of the diffraction region
is 106.55 pm.
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input into the Spill-over Mismatch Loss | Total Loss
waveguide Loss
#l 238 % 16.9 % 40.7 %
#2 222 % 2.7 % 43.9 %
#3 212 % 19.1 % 403 %
#4 22.2 % 2.7 % 439 %
#5 238 % 16.9 % 40.7 %

Table 4: Estimated Loss with Input to Different Waveguide
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4.8 Corclusions:

A slab waveguide optical star coupler for single mode fibres was modelled. the local-
maode fields were used to approximate the exact fields for the slow variaton of the
separation in the transition region. The resultant fields then diffract to the receiving
waveguides. Simulation results show that when the length of the transition region is 4.08
mm. the far field pattern for different input power waveguides were obtained as shown
in Fig.4.9. The length of the diffraction region is designed to eliminate the spill-over,
mode-mismatch and reflection loss. When the maximum diffracted angle is 6.03 degrees,
the loss is summarised in Table 4. For different transition and diffraction length, one may
achieve low loss for one particular inp'ut waveguide but high loss for other input
waveguides. This may crate an undesirable loss deviation amongst different waveguides.
Due to the symmetry of the coupler structure, the loss with input to the 1st waveguide is
exactly the same loss with the fifth input power waveguide as shown in Fig.4.9a to
Fig.4.9¢. The loss from the second input power waveguide is exactly the same loss from
the fourth input power waveguide as shown in Fig.4.9b and 4.9d. The other important
criterion for a coupler is the minimum loss deviation among the output ports. This can
be accomplished by making perfect index symmetry on the branching waveguide on the

receiving side.
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S Conclusions and Suggestions

5.1 Conclusions

In this thesis, we investigated the field distribution for an N-waveguide coupler in
terms of the normal modes {3]. By solving Maxwell’s equations in each layer and
making use of the fact that the normal modes are either symmetric or anti-symmetric
in a symmetric waveguide system, the field distributions of normal modes can be
obtained. When the longitudinal propagation constants vary in the direction of
propagation, the normal modes of the structure are replaced by the concept of a
locally normal mode [4].

Moreover, for a slowly varying waveguide structure with propagation distance,
negligibie power transfer occurs between the normal modes [5]. Thus, power entered
in the first-order local normal mode will end up in the first-order local normal mode.

Furthermore, the plane wave weighting coefficients are given by the Fourier
transform of the beam transverse distribution before diffraction [7]. Only a fraction
of the radiated power from the transmitting waveguide is intercepted by the receiving
waveguide; the remainder is lost due to the spill-over as shown in Fig4.9.
Theoretically if the diffraction region is long enough, the spill-over loss can be
eliminated. However, the received radiation pattern is different from the single-mode
pattern of the receiving waveguide. The difference creates mode-mismatch loss. Thus,
the length of the transition and diffraction regions must be optimised to minimize
both spill-over and mode-mismatch losses. For a branching waveguide with refractive
index and separation symmetry, the normal modes evenly divide their power between

the branches at any separation. Thus, the received power will be distributed to the
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output ports evenly [8].

Simulation results show that when the length of the transition region and of
the diffraction region are 4.08 mm and 10655 pzm respectively, total loss is the
minimum (spill-over is and mode-mismatch). the total losses are between 40.7% to
43.9% The received radiation patterns with input to the different waveguides are
obtained as shown in Fig.4.9. The length of the diffraction region is designed to
minimise the spill-over and the mode-mismatch losses. When the maximum diffracted
angle is 6.03°, these loss are summarised in Table 4. The results are quite similar to
those from [18). The other important criterion for a coupler is the minimum loss
deviation among the output ports. This can be accomplished by making symmetric
hranching waveguides (both refractive index and physical separation) on the receiving

side as shown in Fig.4.8.

5.2 Suggestions for further Work

The effective Index Method, since its discovery, has been widely applied to
different waveguides. The accuracy of the effective index tacthod depends on several
factors such as large aspect ratios (w/t > 1) [18), an uperating frequency which is far
from cut-off frequency [28), and a small difference between the relative refractive
indices involved [27]. Despite that. it is a widely adopted approximation technique
10 determine propagation constants and field distributions of fundamental modes in
optical waveguides It is suggested that to gain more accuracy in the results numerical
methods such as finite element method [19-20] should be applied to determine the
propagation constants and field distributions of the fundamental modes. Both the
effective index method and the finite element method [19-20] can give both
propagation constants and the field distributions. Unlike the effective index method,
the only limitation is that the operating frequencies are close to the cut oft frequency
of the mode under consideration. Since the model in this thesis is not constrained by
N =3, using a large number of input and output waveguide, (N>5) is alse suggested

for future research.
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Appendix A

Derivation of the Glancing Incident Angle in the Core (£,)

The phase condition of the fundamental (0-th order) mode is illustrated in Fig.2.1

and expressed as:
2kpndsing + x, + %, ~ 0 (A.D

where
ko is the wavenumber in vacuum
£, iv the propagation angle of the fundamental mode in the core
n, is the refractive index in core
d, is the equivalent thickness of core _
x; is the phase shift at the interface between air and core

x2 is the phase shift at the interface between core and cladding layers

The phase shifts are given [15] as:

X, = 2ran-*(%) (A2)
X, = danl() (A3)

where

o, and oy, are the transverse attenuation constant in the air and the cladding
layers.

k., is the transverse propagation constant in the core

If the core is thick enough, the fundamental mode has a negligible tail in the air

region, i.e. both a,, = a;, = eo. Thus, both x, and x, = =. As a result, the phase
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condition of the fundamental (0-th order) mode is expressed as:

. A
S = Tng

The equation (2.2) has been derived.
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Appendix B

Derivation of Equivalent Core Thickness (d)

According to [15] and Fig.2.3, the physical core thickness can be expressed in terms

of the transverse propagation and attenuation constant as follows:

kd = m-l(&) + tan“(&) (B.1)
kﬂ’ kcx

By definition, the transverse propagation constant, k,, is given as:
k, = knsin, (B2)

Combining (B.1) and (B.2),

(=) + (=)

J- k_ k_ (B3)
ko sing,
Recall (A4)
d = —% (B.4)
2n snf,

Combining (B.3) and (B.4), the equivalent cure thickness is given as follows:

d-d+ 2 M % (BS)
2kgn s,
where x; is the phase shift at the interfaces between air and the core and is defined

by (A2)
x» is the phase shift at the interfaces between the core and the second
cladding and is defined by (A3)
The penetration of the field into the cladding layers can be neglected under the
extremely high reflecting condition (¢, = o)
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Thus, the equivalent core thicknes: can be approximated as follows:

¢

d =d+¢i (B.6)
ax

According to [29], the phase shift of TE mode at the interface between the core and

air is as follows:

nfowzﬁc-ng (B_‘?)

Combining equation (B.5) and (B.7) and assuming the glancing incident angle is very

close 10 90 degrees.

o
f = ‘/nccoszﬁc -ng = ‘/nc - n? (B8)
Putting equation (B.8) into (B.6), the equivalent core thickness (d.) in Fig.2.3 is :
. 1 _ A
de"d+__z"d+—_1_ (B.9)
kln; - ng)? 2x(n; - np)*

The equation (2.3) has been derived.
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Appendix C

Derivation of the Optimum First Cladding Layer Thickness (t,)

According to [16]. maximum reflection will occur in Fabry-Perot interferometer
under antiresonant condition.
In a Fabry-Perot interferometer, the phase delay between two partial waves is

expressed as the product of wavenumber and path length as shown in Fig.2.2.
{ = 2gn tising, = 2k, rsing) (C.1)

where
k;, is the wavenumber in the first cladding
2t,sing, is the path length
Considering the reflection characteristics of a Fabry-Perot etalon, the reflection is

unity whenever
{ = % + Lm (C2)

where L, =0,1.2 ...

Putting equation (C.2) into (C.1),

1
I (©3)
! sing, k;,
By Snell ’s Law
ncos§_
cosEl = (C4)
n
2. 2,
sing, = {1 - n,suzl L (C.5)
!
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Combining equation (C.3) and (C.4), the optimum Ist cladding (t,) is:

Combining (C.4) and (C.5)

1
g i

f, = (C.6)

N
1 - n’sin%t) 2
2xn, ( S

Putting equation (C.6) into (A.4), the optimum 1st cladding can be approximated as

follows:

2 1

i n, A2 3
t, = —QL DI - (= 2 C7
l 4n, e (n12)+ 4nfd¢2] ©n

The equation (2.4) has been derived.



Appendix D

Derivation of the Optimum length of the Second Cladding (t.)

Referring Fig2.2, for antiresonant (maximum reflection) the length of second

cladding can be expressed as follows:

1
L, = “(E o (D.1)
* " TSmEK,
where
L,=0123.....
k,, is the wavenumber in the 2nd cladding layer
Recall (A4)
. A
sing, = D.2
&, ond (D.2)
Putting (D.1) into (D.2), t, can be expressed as follows:
t;-ﬂ(—‘*lq)( c'(—)—d(—*'f-z) (D.3)

The equation (2.5) has been dernived.
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Appendix E

Derivation of the Dispersion Equation of ARROW Using
transverse Resonant Method

The input admittance of an arbitrary transmission line is given by [17]

Y, + Y taoh(yx)
Y, + Ypanh(yx)

where Y, is the characteristic admittance of the line

(E.1)

Y. =Y,

Y, is the load admittance of the line
- is the complex transverse propagation constant

The complex transverse propagation constant in mth layer, v, is given by [17]

1

where k, is the complex propagation constant
Kk, is the wavenumber in vacuum
n, is the refractive index of the m layer

Moreover, k, is defined as follows:
k= kN = kg + I (E3)

where Ny is the complex effective index
n. is the real part of N4 |
a is the propagation loss (Np/cm)

Thus, when ngy > n,

Ym = G * jnm (E'4)

Meanwhile for ny < ng,



Y, = Jx, -je) (E.5)
As result,

1 _
Y, = ko(N:g - a3 (E.0)

Referring fig.2.7, the transmission line equivalent circuits are used to find input

admittance at the boundaries of different layers.

E.1 Input Admittahce at 2nd Cladding/Substrate Boundary looking

downward, Y;, ;

¥,, = Y b Tty (ET)
Y; + Yytanh(y,)

where 1 and Yy, are the thickness and equivalent load of the substrate
respectively

v 1S given as

1

) 7 E8
73=1ko("32'N33'2=1‘3"'°‘3 (=8)

Putting equation (E.8) into (E.7),
tanh(y,}) = tanh(oy)) + fan(xy) (E9)

1 + jtanh(e, Dtan(x,))

Compared with the wavelength of light, the substrate is infinite thick. When | - oo,

equation (E.7) becomes
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Y, =Y (E.10)

According to [17], characteristic admittance is expressed as

Y, = —2 (E.11)

WK,

where w is the angular frequency

o is permeability in air

E.2 Input Admittance at the Air/Core Boundary Looking Upward, Y;,,
Y. =Y, (E.12)

E3 Input Admittance at the 1st/2nd Cladding Boundary Looking

Downward, Y;,,

Ym"'yzta'nh('?’zrz) . Y2 \Ys + '\’ztanh('\’ztz) E.I3
Y,',..z = 15 =L~ ) (E.13)
Yg + Ymmh(thz) Wy Yo T ngh(\’;tg)
Whenngy >> &
1
5 . E.14
Y2 = king - m)* = &, (B9
Thus, equation (E.13) can be approximated as:
' tan '

Oty X + figtan(ct)
When the cladding layers are optimum, the Fabry-Perot Etalon is in antiresonant
state, i.e. both v,t; and +.t, are equal to =/2.

Thus, equation (E.15) becomes
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1

Y , = (E.10)
WHoK;

E.4 Input Admittance at Core/Ist Cladding Interface Boundary Looking

Downward, Y,

You =1, (E.17)
Y, + Y, .tanh(y 1)
with
o
Y, = j—— (E.18)
(Op.o
Thus,
Y. . + v tanh(y.t
Y, = Tz * Yitanh(r,h) (E.19)
Wiy v, + Y, .tanh(y,z))
Besides,

T - ¥, ) (E20)
Y, + Yanh(y,5)

Or equation (E.20) can be written in terms of the complex transverse propagation

constants as follows:

7=y Y3 * Yjtanh(y,n,) (E.21)

2?2 + ngnh('fztg)

Whenng >> ¢
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1
) 1
Y, = kindy - n))?
Or Y,, can be written as:

Yy . = X Y.+ JYtan(kz) (E.23)

= e Y, + j¥, an(xt)

When «,t, = /2 (antiresonant state),

2
KKy
Y, = —2 (E24)
WHok2

Furthermore, v, » v, and y; » v, because the refractive indexes of the 1st cladding
and substrate (3.5 for Si) are much higher than that of 2nd layer (1.45 for SiO,). As

result,

Y,, = for Antiresonance (E.25)

E.5 Input Admittance at core/1st Cladding Boundary Looking Upward,
Y.

m.c
Similarly, Y, can be expressed as follows:
Y, + Ytanh(y d)

Y, =Y E26
e Ty + Y, tan(yd) (E.26)

where

1
¥ = jkn? - N3 = jix, - ja) (E27)

When ngy >> a,
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(E.28)

Thus, Y, can be expressed as follows:
., Yo (Yo * Y tanh(y d) (E.29)
Ym = J( < 0 <

Considering the interface between the core and st cladding. the total admittance

seen from this boundary is zero. Thus,

Y, =7, (E30)

ine in,1

Combining equation (E29) and (E.19), we have the dispersion equation for TE
modes in ARROW waveguide as follows:

Y, + Ytanh(yd) ¥, + yanh(y;r)

Y = ¥ — (E31)
Yo + Yotanh(y.d) 'y, + Y, tanh(y,r)
where
— + y2tanh
T - szg y2tanh(y,,) (E.32)
¥, + Ystanh(y,%)

The Equation (2.25) has been derived.
When both cladding layers are optimum for antiresonance, Y, - o (as shown

before). Then, the dispersion equation can be simplified as:

y, + ytan(yd) = 0 (E33)

where
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Yo = &t %,

Y, = Jjlx, - Jje)
Thus, the dispersion equation can be simplified as:

x, + e tan(xd) = 0

The equation (2.27) has been derived.
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Appendix F

Derivation of Loss Constant, «, of Fundamental Mode in

ARROW
Power loss per unit length of Fig.2.2 is given as follows:
Ap = 8(1 - R)sing,

where S is signal power
R is the power reflectivity of cladding layer

Power carried by the plane wave inside the core is:
P = 8d cos§,
According to [4]. power loss coefficient (2ay) is

Ap _ (1 - Rpanf,
P d

[4

Np/m

2 =
~Cy

Thus, loss coefficient (o) is

2.17(1 - RyanE,
@, = d

L4

dB/m

The equation (2.28) has been derived.

7

(F.1)

(F.2)

(F.3)

(F.4)
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Appendix G

Derivation of Loss Constant of Fundamental Mode, o, under

Optimum Conditions

Referring Fig.2.2, the transmission medium from the core (1) to the 1st cladding

layer (n,). the transmission coefficient can be expressed [4] as follows:

2n,sink,
nsini_  + nsing,

T =

For large waveguide (d, >> X/ 21.),sin §, = 0

Putting-this approximation into equation (G.1),

Power Transmission coefficient [4] is given as follows:

. g sinf,  n sinf
b3 P - ===
n, smeE1 n, sing,

By definition, Reflectivity = 1 - Power transmission coefficient. Thus,

n sing

Rcl =1- . : .
n,sing,

where R, is the reflectivity from core to 1st cladding

Similarly.

RZI =1 - 4= < 2-52
nsing,

where R,, is the reflectivity from 2nd cladding to 1st cladding

Similarly,

(G.1)

(G2)

(G3)

(G4)

(G3)
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where R, is the reflectivity from 2nd cladding to substrate

(G.6)

With the help of equation (F.4), Loss coefficient in optimised ARROW of TE, mode

can be expressed as:

tan§
d

*

L3

@y = 21701 - R)A - RA - R

Combining equation (G.4), (G.5). {G.6) and (G.7).

g = 217010 e BBy ARG, SIS
n,sm§, rsng, nsing, cosf d,
Recall (A4)
. A
SIn =
Ec zntdt
Since n, = n,,
A
SlnE2 - mEc zncdc

By Snell’s Law,

1
i = - & ) = - .-r..‘i - l E
sing, | 1 nlsmzﬁc {1 (nl)z [1 (2’1‘ dg)’]l

1
. _ a & _ A 2
sinf, = [1 (n,)2 [1-¢ 2. dg)’l]

Similarly,

Putting equation (G.9), (G.10), (G.11) and (G.12) into (G.8),
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1
"4 " a3
0y - —— BB (a2-nd) + AP - nD) + QaP

nd1 - (%ncd NE

dB/m

(G.13)

where
A and d. are in um

The equation (2.29) has been derived.
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Appendix H

Derivation of the Guiding Conditions of the Normal
Modes of 5-waveguide Coupler

Referring to Fig.4.2, matching the tangent components E, and H,

(1) y=0
Etan:
Aexp(0) = A, + B,sin(0) (H.1)
Thus,
A = A (H2)
Hian:
—rak,sin(0) + Brkycos(0) = kA, exp(0) (H3)
Thus,
2, = (%) A (H4)
() y=w
Etan:

Ajcos(k,w) + Bsin(k,w) = A,coshlk(w - w)] + Bysinhfk;(w - w)] (HS)

Ay = Acos(kw) + Bysin(kw) (FL6)

Htan:
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-Agksinem) + kB,cos(lw) 1)
= kA,sinh(k,(w - w)) - kyBycosh(k,(w - w))

Thus,

B, = (2) [-Asinw) ~ Boos(kw)] (H3)

ks

Similarly. all the coefficients A, Ay« - » - Agyyy By Bs- - - - By, can be obtained in

the same way.

Az = Aycostow) + Bysin(k,w) (FL.9)

By, - (%)[-Az,sin(k,,w) + Byoos(iw (H.10)

Ay = Ay, cosh(ky, 5} + B, sinh(k,,s) (H.11)
B,.. = (%)[Amsinh(g,,s) + B, cosh(k,,. .9}

(H.12)

A, = A, cosh(k, s) + B, sinh(k, s) (H.13)

B, = (%‘:") [4,,_,sinh(k,, _.s) + B,, jcosh(k,, .s)] (H.14)

gy = A cost,w) + Bysin(l,w) (H.15)

with
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s aa (H.16)
ki, = niky - B°
B = B - g (H.17)
where i=12...n
(3) vy = nw+(n-1)s
Match the H,,, when y=nw+(n-1)s
. H.18
o A i) + ke, By o5l ) = ~Asyihs (L)
Due to the symmetry of the array structure,
ky =k 5 k., =k (H.19)
Using equation (H.19). equation becomes as follow:
kA, sin(k,w) + kB, cos(kw) = -4,, kK (H.20)

Combining (H.15) and (H.20), the guidance conditions for the TM, mode is ,

therefore, given by

o B thAy,
LW = tan lcm) (H.21)

When n=5, equation (H.21) is as follow:

kB, + ki
tan(k,w) = (———m) (H.22)
’CZW kZAIO - leIO
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Appendix [

Relative Peak Field Across the 7-waveguide Coupler

|

|I

Table 5: Relative Peak Field Across the 7-Waveguide Array

78

Normal Relative Peak Magnetic Field Amplitude amongst the 7-
Mode Waveguide Array
! T: 2nd 3rd 4th Sth 6th 7th

A 1.00 1.86 243 2.63 243 1.86 1.00
B 1.00 141 1.00 0.00 -1.00 141 -1.00
C 243 1.81 -1.00 -2.63 -1.00 1.86 243
D 1.00 0.00 -1.00 0.00 1.00 0.00 -1.00
E 243 -1.86 -1.00 2.63 -1.00 -1.86 243
F 1.00 -141 1.00 0.00 -1.00 141 -1.00
G 1.00 -1.86 243 -2.63 243 -1.86 1.00




Appendix J
Weighting Coefficients on Different Normal Modes with Input

to Different Waveguides of a 7-waveguide Coupler Structure

Input
Power Weighting coefficients on different normal modes (A to F)
A B C D E F G

1st 1.00 3.45 243 345 243 3.45 1.00
2nd 1.00 2.78 1.00 0.00 -1.00 -2.78 -1.00
3rd 243 540 =243 -5.40 243 540 243
4th 1.00 0.00 1.00 0.00 -1.00 0.00 -1.00
5th -2.43 5.40 243 -5.40 -243 5.40 -2.43
6th 1.00 -2.78 1.00 0.00 -1.00 2.78 -1.00
7th 1.00 345 -243 345 -243 3.45 1.00

Table 6: Weighting Coefficients on Different Normal Modes with Different Input
Power Waveguide of a 7-waveguide Coupler Structure
Note that the summation of the weighting coefficients is always zero with input to the

even numbered waveguides.
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Appendix K

Longitudinal Propagation Constant of Normal Modes at

Different Inter-Waveguide Separation

$ (um) longitudinal Propagation Constant (8) under Differeat Normal Modes
Mode A Mode B Mode C Mode D Mede E
5250000 | 6.9563355 6.9560867 6.9557278 6.9553436 6.9550435
5228125 | 69563429 6.9560912 6.9557280 6.95533%0 69550349
5184375 | 69563579 6.9561004 69557284 69553294 67550172
5140625 | 69563733 6.9561098 69557288 6.9553196 6.9549990
5096875 | 69563890 6.9561194 6.9557292 6.9553096 6.9549804
5053125 | 69564051 6.9561293 6.9557297 69552994 6.9549612
500975 | 69564216 6.9561394 69557315 6.9552886 6.9549416
4965625 | 69568385 6.9561497 6.9557307 6.955278C 6.9549215
4921875 | 69564557 6.9561604 6.9557311 6.9552670 6.9549008
4878125 | 69564734 69561712 6.9557317 69552557 6.9548795
4834375 | 6956491 6.9561824 69557323 6.9552442 6.9548577
4790625 | 69565100 | 69561938 | 6955720 | 6955322 | 6954853
4746875 | 69565291 6.9562055 6.9557335 6.9552201 6.9548123

80




4703125 6.9565184 6.9562175 HOSSTRL 09552077 GOS4TRST

4.659375 695636583 6.9562298 6055730 6,955 6.95470-H

4.615625 6.9565886 6.9562424 6.9557356 69551818 0NSI7I0%

4571875 6.9566095 69562554 69557304 69551684 69547140

4528125 6.9566095 6.9562554 6.9557364 6.9551684 68546378
4.484375 9566526 6.9562686 69557372 GU351540 095468738
4.330625 6.956674 69562961 6.9557390 69551262 69540332
4396875 6.9566978 6.9563104 6,9557399 69551113 6.9536048
4.353125 6.9567212 6.9563249 6.9557409 0.9550963 0.9545757
4309375 6.9567452 6.9563399 69557420 6.9550907 6.9545457
4.265625 6.9567697 6.9563553 6.9557432 6.9550645 69545150
4221875 6.9567948 6.9563711 6.9557443 6.9550486 6.9544834
4178125 6.9568205 6.9563825 6.9557455 6.9550319 6.9544500
4.134375 6.9569468 6.9564037 6.9557467 6.9550148 6.9544177
4.090625 6.9568737 6.9564206 6.9557481 6.9549974 6.9543835
4.046875 6.9569012 6.9564380 6.9557495 6.9549795 6.9543483
4.0031‘).‘:‘ 6.9569294 6.9556455 6.9557509 6.9549611 6.9543122
3.950375 6.9569583 6.9564742 6.9557525 6.9549423 69542752
3.915625 6.9569873 6.9564932 6.9557542 6.9549231 6.9542371
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3.X7IK75 6957018 6.9565123 6.9357558 6.9549034 6.9541980
3.828125 6.957049 6.9565316 69557576 6.9548832 6.954157
384375 | 69570807 6.9565518 6.9557505 6.954362 6954117
3740625 | 6957113 6.956573 6.9557614 6954841 6.954407
3696875 | 6957146 6.95659 6.9557637 6954319 6.9540307
3653125 | 69571803 6.9566154 6.9557662 6.954798 6.9539861
3609375 | 69572151 6.9566377 69557679 69547750 6.9539402
3565275 | 69572510 6.9566606 6.9557703 69547518 6.9538929
3521875 | £9572872 6.9566840 69557728 6.9547280 6.9538445
3478125 | 69573245 6.9567080 69557755 6.9547037 69537950
3434375 | 69573627 6.956T327 6955772 6.9546783 69537436
3300625 | 69574018 6.9567579 6.9557812 6.9546533 6.9536911
3346875 | 6957482 | 69567838 6.9557843 6.9546273 6.9536371
3303125 | 6.9574828 6.9568104 69557874 6.9546273 6.9536371
3259375 | 60575245 6.9563376 6.9557908 6.9545734 69535247
© 3215625 | 69575677 6.9568656 6.9557944 6.9545455 6.9534662
3171875 | 69576117 6.9568942 6.9557980 6.954517° 6.9534061
3128125 | 6.9576567 6.9569236 6.9558019 6.9544878 69533443
3084375 | 69577028 6.9569538 6.9558060 6.9544580 6.9532157
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3.040625 6.9577500 6.9569847 6538103 6.95:4275 649532157
2996875 6.9577933 6.9570164 69558148 6.9543963 69531437
2.953125 6.9575478 69570490 69558195 6.9543645 6953079
2909375 6.9578985 6.9570924 6.9558245 6.9543319 6.9530003
2.865625 6.9579504 65711665 6.9558297 6.95429806 6.9529366
2821875 6.9580035 6.9571519 6.9542647 6.95258621 69528521
2778125 6.9580579 6.9571879 6.9558409 6.95422% 69527854
2734375 6.9581136 69572249 6.9558%470 6.9541945 69527070
2.690625 6.9581707 6.9572629 6,9558533 6.9541553 6.9526258
2.646875 6.9582291 6.9573019 6.9558599 69541213 6.9525427
2.603125 6.9582889 6,9573419 59558669 6.9540836 69524574
2559375 9.9583503 6.9573829 6.9558742 6.9540450 6.9523698
2515625 6.9584131 6.9574251 6.9558818 6.9540057 69522797
2471875 6.9574684 6.9574683 6.9558899 6.9539656 69521872
2.428125 6.9585432 6.9557513 6.9558984 6.9539247 69520922
2384375 6.9586108 6.957558 « 6.9559072 6.9538830 6.9519947
2340625 6.9586799 6.9576052 6.9559166 6.9538404 6.9518946
2.296875 6.9587508 6.9576533 6.9577926 6.9537971 6.9517917
2253125 6.9588234 6.9577026 6.9537529 6.9516861 6.9597508
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2209375

6953897

6M3TTASS 60350473 03370 0 OSLSTTT
2.165623 69559741 0O5TR05S 6559380 685830021 045 L4004
2121875 6.9590322 6.9573589 69559704 69330155 H5 4004
2078125 6.9591323 69579138 09359828 6033567V [ ks
2034375 6959214 69579703 69559938 693351490 R F R
1.990625 9.5929564 69580283 09560095 OO0 6500
1.946875 6.9593349 69380879 6.9560238 69534205 09500032
1.903125 6.9594733 6.9551491 6.9560358 69533097 6050731
1.839372 6.9595640 6.9582121 6.9560547 6.9533151 69500008
1.815625 6.9596571 6.9542768 69560712 69532656 6,9504030
1.771875 6.9597523 6.9593432 6.9560996 69532125 69503237
1.728125 6.9598502 69534115 6.9561068 69531585 UM
1684375 6.9599507 6.9594819 6.9561259 69531037 69500325
1.640625 6.9600536 6.9585543 6.9561459 6.59530482 06.9398815
1596875 6.9601593 6.9586286 6.956166Y 6.9529919 69497207
1.553125 6.9602677 6.9587055 6.9561889 6.9529349 69495652
1.509375 6.9603789 6.9587337 69562121 6.9528773 69494059
1.465625 6.9604931 6.9588647 6.9562363 69528189 69492396
1421875 | 6.9606104 6.9589479 69562618 6.9527600 6.9490697




— vy

pa— e p—

LIMI25 | 6960THT | 6usw33T | 6956288 | 69527004 | 69488957
1.336125 69000393 69591183 6.9563153 6.9526427 6.9487250
1200025 | eueoon1z | 3592128 | 69563157 | 69525796 | 69485389
1245625 | 69611063 | 69593026 | 69563753 | 65525209 | 6.9483576
1203125 | 69612455 | 69593027 | 69564088 | 69524568 | e54s3576
1.161125 69613775 6.9594979 6.9563413 6.9523973 69479744
L115625 | 69615245 | 69596042 | 6956472 | 69523332 | 69477658
10718575 | 69616699 | 69597095 | 69sesisa | e9s2ser | esarsem
128125 | 69618193 | 69598131 | 69565545 | 6952068 | 69473617
0984375 | 69619730 | 69599301 | 69565955 | 69521437 | 69471523
0940625 | 69621311 69600354 | 69566384 | 69520806 | 69469392
0596875 | 69622037 | 69601645 | 69566835 | 695201713 | 69467224
0853125 | 69624610 | 69602873 | 69567308 | 69519542 | 69465021
0309375 | 69626331 | 69604140 | 65967804 | 69518911 | 69462783
0765625 | 69625104 | 69605448 | 69568324 | 69613283 | 69460511
0721875 | 69620929 | 69606798 | 69568870 | 69517658 | 69458210
0678125 | 69631810 | 69608192 | 69569442 69517037 | 69455875 |
0634375 | 69633736 | 6.9609631 69570043 | 69516420 | 69453514
0590625 | 69635741 69637574 | 69570667 | 69515810 | 69451127 “
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0546375 6.9637300 05612030 GOSTLIAS ONFLA20N L.ORTET
0503125 6.9639921 69014240 69572030 69514613 6. 9410285
0.459375 69642113 6.90 5% OMSTITEN 6951029 O3N35
0415625 69644368 69617559 69573523 6051355 6370
0371375 6.9636699 6,9619349 09574326 6.951259%4 09438893
0328125 69649106 6.9621171 69575170 69512347 6943007
0.284375 6.9651592 6.9623057 6.9576055 69511815 65433920 [
0240625 6.9654162 6.9625012 69576936 69511300 69431424
0.196875 6.9656818 6.9627033 6.9577963 69510803 6.03828993
0.153125 6.9659566 6.9629139 69573990 69510328 6.9426349
0.109375 6.9662410 6.9631318 6.9580069 € 50948 6.5423975
0.065625 6.9665353 6.9633580 6.9581204 6959447 0.9421515
0.021875 6.9668401 6.9635929 6.9582397 69509044 6.419073
.0000000 6.9669967 6.9637137 6.9583016 6.9508854 69417360

Table 7: Longitudinal Propagation Constant of Normal Modes at Different Inter-

Note: The waveguides are initially separated by 5.25 pm. In the merging process,
there are totally 120 transition sections. The step size is 0.04375 pm throughout

the transition region except on the two extreme ends with step size (.021875 um.

Waveguide Separation
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