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Abstract

Optical waveguide bends are key building blocks in many integrated optical
components. Accurate numerical modelling of these bends is of great practical value to
the design of the integrated optical technology. Analyzed in this thesis are the
propagation characteristics of optical waveguide bends based on the method of lines
(MoL), not only for its good numerical performances (accuracy, speed of computation
and minimal memory requirements), but also for its high suitability for the analysis of
waveguide structures.

This thesis gives the detailed formulation for the calculation of the waveguide-
bending radiation loss and the transition loss due to modal mismatch at the junctions.
Besides, the 1D and 2D spatial field distribution algorithms are also covered in the
formulation.

The code based on the formulation has been implemented successfully. To validate the
code, we applied it to three typical waveguide structures appearing in other literatures and
compared the results. The comparison shows that our code works very well, and can be
used not only for the lossless dielectric media, but also for the lossy media at the optical
frequency.

This thesis also explores the application of the developed code to metal waveguide
bends. The numerical results of the propagation characteristics of the metal waveguide

bends at the optical frequencies are presented for what is believed to be the first time.
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Chapter 1

Introduction

1.1 Background

Bent waveguides are key building blocks in many integrated optical components
because they are used to achieve directional changes or displacements of waveguides,
such as in directional couplers, modulators, switches and ring lasers, or in connection
with components integrated on the same chip. The propagation characteristics of bent

waveguides are mainly determined by three factors [1]:
e Radiation loss. When the field propagates along a bend with constant radius of

curvature, some power will be lost by tangential radiation because of the finite speed
of light in the cladding medium [2]. In practice, the radiation loss may be neglected if
the radius of curvature of the bend is sufficiently large. However, in order to
minimize the size of optical devices, the design of curved waveguides with small radii
of curvature is necessary. The radiation loss increases rapidly as the radius of
curvature decreases.

e Transition loss. This loss takes place where there is modal mismatch of fields at

the junction of waveguides with different radii of curvature. For instance, the

maximum of the guided mode in the bend will be shifted outward with a smaller



radius of curvature, and therefore, when connected to a straight waveguide, bigger

mode mismatch and higher transition loss will occur.
e The change of phase constant. In addition to the effects such as radiation and

transition loss, bending also causes changes in the phase constant [3]. For
wavelength—selective waveguide devices such as the Mach-Zehnder interferometric
(MZ]) filter[4] and the arrayed-waveguide grating (AWG) [5] which require phase
control in order to achieve wavelength accuracy, the effect of bending-induced phase-
constant change is usually very important. In such cases, the accurate knowledge of
the phase constant of bent sections is fundamental for the correct design of the device.
The propagation characteristics mentioned above in optical waveguide bends need to
be accurately modeled so that a design rule could be set up and followed when designing

bent waveguides with specific requirements.

1.2 Overview

In spite of their apparent simplicity, the analysis of the propagation characteristics in a
bent waveguide continues to be a challenging elecfromagnetic problem. Since Marcatili
[6] published the first theoretical paper on bends in 1969, lots of methods have been
developed to analyze them. In summary, these methods are divided into three main
categories: analytic approaches, semivectorial approaches and vectorial approaches.

A number of analytic approaches, up to now, have been used in analyzing the
propagation in curved waveguide bends. Marcatili [6] analyzed a curved rectangular
dielectric waveguide by dividing the waveguide cross-section into several regions. In

each region, the field is expressed with Bessel or Hankel functions in the radial direction



and with sinusoidal or exponential functions in the axial direction, and field matching is
performed along the sides of the rectangular core. Marcuse [7] analyzed a curved three-
layer asymmetric slab waveguide. In each of the layers, the field is expressed with Bessel
or Hankel functions, and the field matching is performed at their boundaries. Marcuse
also derived formulae [8-10] for pure bending loss in symmetric slab waveguides and in
optical fibers. Lewin [11], in analyzing the radiation loss from curved dielectric slabs or
fibers, used the same technique of representing the field in the external region by using a
Hankel function of complex order and matching to fields in the guide that were assumed
unperturbed from a straight guide. Heiblum and Harris [12] analyzed the same
asymmetric slab that Marcuse did. In their paper, the curved waveguide is conformally
transformed to the corresponding straight waveguide. They broke up the transformed
region into a series of constant index steps and applied a quantitative geometrical
Wentzel-Kramers-Brillouin (WKB) approximation to determine the radiation and
transition losses. Later on, Winker, Love, and Ghatak [13] used geometrical optics to
determine the power attenuation in both the multimode slab and the fiber waveguide with
step-index and parabolic core profiles. Berglund and Gopinath [14] improved the
Heiblum-Harris analysis. They used the WKB method described by Janta and Gedeon
[15-16] and carried out a more complete WKB analysis of the transformed structure.
Semivectorial analysis for bent waveguides mainly involves the finite difference
beam propagation method (FD-BPM), the finite element method (FEM), and the method
of lines (MoL). M. Rivera [17] used FD-BPM to analyze bent dielectric waveguides. In
his scheme, transparent boundary conditions (TBCs) [18] are included. Yamamoto and

Koshiba [19] employed the FEM to model curved waveguide bends. Their FEM scheme



was an approximate scalar FEM (SFEM). They extended the SFEM, for the first time, to
include the loss due to the curvature of waveguides. Gu, Besse, and Melchior [20-21]
presented a semivectorial approach based on the method of lines (MoL). To improve the
accuracy of field matching at the interfaces between different media, they used an
integral technique to obtain the matrix representation of the differential operator instead
of using the difference quotient to approximate the differential operator.

The following approaches belong to the full-vectorial category. Bastiaansen, Keur,
and Block [22] made a vectorial analysis of curved channel waveguides by using the
source-type integral equation method. Kim and Gopinath [23] developed a finite-
difference method (FDM) to analyze optical dielectric waveguide bends. In their paper,
the finite-difference scheme was modified to satisfy the boundary conditions. Pascher and
Pregla [24] implemented the vectorial analysis for curved rib waveguide bends by means
of MoL. The discretization in their scheme is along the axial direction. The radial fields
are expressed in terms of Bessel and Hankel functions of large complex orders and
complex arguments. This in turn complicates the numerical calculations due to the
requirement of special computer codes. To simply the numerical calculation, Pregla [25]
put forward a new MoL algorithm, which does not need the Bessel or Hankel functions.
In Pregla’s new algorithm, discretization is along the radial direction and absorbing

boundary conditions (ABCs) are introduced on the right side of the computation window.

1.3 Why Method of Lines

The method of lines (MoL) is a rigorous vectorial technique. The MoL is well known

for its numerical performance: accuracy, speed of computation, and minimal memory



requirements. Furthermore, a number of papers [26-36] have shown that the MoL is
highly suitable for the analysis of straight waveguide structures. Pregla, in his papers [24-
25], further shows the MoL’s superior accuracy when it is applied to analyze the optical

waveguide bends.

1.4 Contribution of the Thesis

This thesis sets up a design tool for analyzing propagation characteristics in an optical
waveguide bend using the algorithm suggested by Pregla [25]. The code has been
implemented in Matlab.

In this thesis, for the first time, the transition loss is modelled using the method of
lines (MoL). Pregla, in his paper [25], only gave the basic formulation for the radiation
loss. In addition to the derivation of the ABCs, his work has been extended in two
aspects: first, to formulate and compute 1D electromagnetic field distributions along the
matching interface and to formulate and compute 2D spatial field distributions on the
entire cross-section; second, to model the transition loss due to the modal mismatch of
fields at junctions, which is never done by others using the MoL.

In this thesis, the radiation loss of metal optical waveguides due to bending is
calculated. The finite-width metal waveguide has great potential for applications
requiring short propagation distances and two-dimensional field confinement in the
transverse plane. Up to now, much work [46-48] has been done for the analysis and
characterization of the straight metal waveguides of finite width, but, to the author’s best
knowledge, no numerical work regarding the bending loss of the metal waveguide has

appeared in the literature.



1.5 Organization of the Thesis

The rest of the thesis is structured as follows:

Chapter 2 gives the detailed formulation. It covers the algorithm described by R.
Pragla, ABCs in cylindrical MoL, 1D and 2D field distributions, and transition loss based
on 2D spatial field overlap integral.

Chapter 3 is devoted to the verification of the code and Chapter 4 shows the
applications of the modelling in practical designs for metal optical waveguides.

The last chapter, Chapter 5, is a brief conclusion to the former chapters and also
presents some suggestions for future work.

Three appendices provide some extra information on Muller’s Method, vector

differential operators in the cylindrical coordinate system, and the component of &, at an

abrupt transition.



Chapter 2

Formulation

2.1 Introduction

The formulation is based on the algorithm described by Pregla in [25]. Pregla’s
algorithm [25] is very flexible, not only suitable for the analysis of circular bends with
simple cross-section shown in Fig. 2-1, but also valid for a multilayered structure with
arbitrary number of layers. The general model of the multilayered waveguide is shown in
Fig. 2-2. Each layer can be homogeneous or inhomogeneous. The permittivity of each
layer is allowed to be complex and change abruptly, which provides the possibility to
handle lossy media. The permittivity of each layer is radius-dependant.

However, Pregla only provided some basic formulation in his paper. In the first part of
this chapter, more details on the formulation of radiation loss will be given. Besides, the
ABCs on the right side of the computation window will be derived, which is the key to
make Pregla’s algorithm work.

Starting from Pregla’s algorithm, further analysis will be done to make two
extensions:
e Formulate 1D field distributions on the matching interface and 2D spatial field

distributions on the entire cross-section of the bent waveguide structure. The former



helps identify different modes more easily while the latter is indispensable for
modeling the transition loss.
e Formulate the transition loss due to the mode mismatch at the junction of waveguides

with different radii of curvature.

2.2 Radiation Loss
2.2.1 Basic Equations

For the convenience of analysis, a single Hertz potential I:Ie with two components,

instead of two potentials with one component is introduced in the cylindrical coordinate
system (r, ¢, z). This enables the use of a more concise mathematical formulation with
less algebraic manipulations than in the conventional approach. Thus the analysis is

easier to follow and the computer algorithms are readily programmed. In this case, the
vector potential lzle has two components: IT andII,. The solution is performed in the
two coordinate directions #and@. The permittivity may also depend on the two
directions rand ¢ .

In the remainder of this section, starting from Maxwell’s equations, we first give the

derivation of the vector wave equation that the vector potential er satisfies, and the

vector field expressions based on the vector potentiallzle. We then expand them into

corresponding scalar wave equations and six field component expressions.

In an isotropic source-free region, Maxwell’s equations are expressed as [37]:

VxH = ja)sogrE 21



VXE:—ja)ﬂoﬂrﬁ (2.2)
VeB=0 (2.3)
VeD=0=Ve(skFE) (2.4)
For the dielectric case, Eq. (2.3) becomes Ve H=0 since 4, =1 and 4, is a
constant. We may therefore take:
H = jog,V ><I:Ie (2.5)
Combining (2.2) with (2.5) we yield:
VxE=k?VxII, (2.6)
Here, k, is the free space wave number, ie. k, = a)\/;o;t: . Integration is performed on
Eq. (2.6) and the following result is obtained:
E=kT1,+V¢ 2.7)
where ¢ is as yet an arbitrary scalar function. Taking the curl of (2.5), we get:
VxH = jwsOVxVxﬁe = jwe, 8, E (2.8)
Expanding and substituting for E gives:
VV eI, -V*TI, = &, k2T1, +&,V¢ = £, k2 I1, +V(e,4) - ¢V, 2.9)
Since Ve 1:Ie and ¢ are arbitrary up to this point, we choose the following relation
between them:
VVeIl, = V(&,¢) (2.10)

Equation (2.10) integrates to Ve l:[e =g, ¢ apart from an irrelevant constant. Thus, the

following equation for l:[e is obtained:



—

V211, - '(Ve, V- II,+€, k. T1, =0 2.11)
The equation (2.7) for E becomes:
F= kL, +V(e'VeIl,) = k211, -V o I1, £;°Ve, +¢'VV eI, (2.12)
From (2.11) we can get:
KD, =& 2(Ve, )V I, - 'V2 11, (2.13)
Substituting (2.13) into (2.12) yields the following equation:
E=g'VVeIl,—¢ 'V*I1, =£'Vx V xII, (2.14)
After manipulation, (2.5) can be rewritten as:

n H = jk,VxII, (2.15)

[4

>4

o

where 77, =

To simplify the formulation, the coordinates and the dimensions are normalized as
follows: z=k, z, ¥ =k, r, 7, =k, r, 7, = % , where r, is the mean radius of the bend,
namely the distance between the circular center and the vertical symmetry axis of the

bend cross-section (see Fig.2-3). In the normalized cylindrical coordinate system, (2.13),

(2.14) and (2.15) become:

V211, -2 '(Ve)V I, +&, 11, =0 (2.16)
E=¢g'VxVxII, (2.17)
n, H = jVxII, (2.18)

10



(a) Circular optical waveguide

| core ]
cladding

cladding

(b) Examples of the bend with embedded cross-section structure

corc

substrate

(c) Example of the bend with strip cross-section structure

buffer
film film
buffer buffer
substrate substrate

(d) Examples of the bend with rib cross-section structures

Fig. 2-1 Circular bends with simple cross-section. (a) top view of propagation along

©; (b),(c),(d) cross-section view.
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plane B: z,+d
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€r2 (r)

r

v

Fig. 2-2 General model for circular multilayered waveguide structures

Two things are assumed: first, the permittivity of each layer is only a function of the

radial coordinate, i.e. & =¢,(r); second, a wave propagates in the +¢ direction
according to exp(— jk,@) = exp(—j4/€, #) with & = @7, and VE. =k,/T,. Asaresult:
%¢: -jk, =- jJ€,. T,. The vector wave equation (2.16) is expanded into two coupled

scalar wave equations (2.19) and (2.20):

v E
0z* " oF

re or

S ), T1,)
-

n

2 /=
IGIL) , 5 a{l a(FnH,)}L(a—
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—N”[ra—(- H)—Tg( H)}

o*(F,I1,) _ @
— P 4F
oz or,

75( I )}(8 - 25, 10,)

n

10 _ o1 ]
_‘]\/—‘c’:lizgf—(rnnr)—rn—é—r:(—’?;—nr):l_

Eq. (2.17) is expanded into (2.21) to (2-23).

H =—-j—I1
T]a r ]af ¢)
0
H =;j—TII
770 [ ]82 r
1 0 _ &,
nH, = ——( nH¢) i__nr}
" OF T,

(2.19)

(2.20)

2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)
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2.2.2 Discretization and solution of the wave equation

Following the analysis steps of the MoL, the coupled partial differential equation
(2.19) and (2.20) should be discretized to obtain ordinary differential equations which can
be solved analytically. As stated, the discretization is applied in the radial direction. For

convenience, the potentials are normalized according to:

7, =11, (2.27)
FIL =10, (2.28)

After normalization, (2.19) and (2.20) are rewritten to (2.29) and (2.30) respectively:

’(1,,) ~— ol 1 o
— e, { 7| (8 —(f H,n>}+<s~ {1,

—]\/—{81’\/_ (J—_z o) r_i—\/lr_:%(\/?‘n—nw)}o (2.29)

*M,,) —ao|l 1 1 0, g,
——GZT—WZ g{ﬁ—ﬁg(ﬁ Hq,,,)}(s, - r_nzxnw)

118, - 10, =1 B
~J grelig:/—;ﬂ_—;gﬁ:(\/znrn)_rn——\/_Fjg(\/zfn_znrn)}——O (2.30)

In this case, not only the potentials but also the permittivities and the radial coordinate
rhave to be discretized. A discretization as shown in Fig. 2-3, on two shifted line

systems, which achieves accurate field matching at all dielectric interfaces, will be

14



applied. For the calculation window, an electric wall (EW) is placed on the top and
bottom boundary respectively, while a magnetic wall (MW) or EW can be placed on the

left side boundary because the bending shifts the modal fields outward, and an absorbing
boundary (AB) is introduced for the right side of the calculation window. For Il , E |
H,, and H, the Dirichlet boundary condition is therefore applied on the left side of the
calculation window and the Newmann boundary condition is employed on the right side
of the calculation window. With respect to I1,, H,, E,, and E_, the Newmann

boundary condition is applied on the left side and an absorbing boundary condition
(ABC) is placed on the right side of the calculation window. The discretization yields the

results as follows:

Z a
L HE,
| C E,TI,
dr |

db v %
df nf | § E, H,
Hz’Hr

skf p > r

Fig. 2-3 A rib waveguide bend cross-section with shifted discretization lines
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H lines:

1, — I, (vector)

i_ —~h™'D, =D,
or

\/g_l—a%(\/gnrn) - D_hn 1:[rn

D, = \/iwth\/—’;h‘

(2.31)
(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

Considering the boundary condition combination for T, , the backward difference

scheme is employed, so we can get:

__ajnm 5; — Hm,i —_Hrn,i—l
or h
a Hrn —Hrn Hrn
—_Hm f 1 _ ,0 - _l
or h h
a Hrn _Hrn -
—I1,, |5 = 2"
or h
— 1 -
-1 1
-1 1

(2.37)

(2.38)

(2.39)

(2.40)
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I, — I:IW (vector)
g, —E,

v, —r,

i_ —hD, =D,
or

V7 (1, > D L,

D, =+F, DT .

condition combination, the following results hence yield:

in ‘f :HQM,HI:Hw,i
o " h
2, |f - ez e
oF ! h
B‘H ‘f _ Hrpn,NH__Hw,N
oF v h
-1 1
-1 1
-1 1
-1 1
¢c b -1-a

(a, band c definition see 2.2.5 )

(2.41)
(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

For[1,,, the forward difference scheme is applied taking account into the boundary

(2.47)

(2.48)

(2.49)

(2.50)
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Here, h =k h is the normalized discretization distance. &,, &,, F,and 7, are diagonal
matrices. The subscripts indicate the discretization line system to which the quantities
belong. Since IT, and H,are discretized on the same line system, the quantities on this
system are marked with the subscript 4. The quantities on the discretization line system
for T1,are marked with the subscripte, because E, is also discretized on this same

system of lines.

After discretization, the wave equations (2.29) and (2.30) will become:

a;zz y rn [EhDhtngeﬁthn + grerh - 8_';1 ]l:Irn
. — 175 - — 7~ =-1--2 I

+]\/alrh D, —-gr, D,g, 7, jl'[w =0 (2.51)
dzzz I on [D;Den +e, 70— Ee]l:l on

= J\E |_’7e_1 Ehn - El—jhnfh_z ]ﬁrn =0 (2.52)

with
Dy, =h"Dy = (. D7)
=h7(F, Dht\/E—l )
=-h"'(J7, DR ) 2.53)

D =h'D.,=h"(JF, DAF)
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=h (W DF )
=i D, {7 ).

For the sake of brevity a super-vector is introduced.

2 I
H,,:I: .Arn:|.
—]HW

(2.54)

(2.55)

The symbol ( 7) on the quantities indicates super-vectors and super-matrices.

Accordingly, the discretized wave equation (2.51) and (2.52) is rewritten in a shorter

form

dZ

daz

>
>
I

2 =0.

>

n—

Where O is a super-matrix consisting of four sub-matrices :

1= _A_z N

Qll = § 51: g D re h - gh

[ —1 e Ty =12
Q12 re (rh en 8hrh enge re )
A { =-1 7 - 7R =2
Q21 = 8re (re Dhn _reDhnrh )

t
Q22 —D grere —82 .

(2.56)

2.57)

(2.58)

(2.59)

(2.60)
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To solve (2.56), it must first be uncoupled. Uncoupling is achieved by transforming 0

to main axes i.e. diagonalization. Diagonalizing Q is done according to

T QT=T 2.61)

I, =TTl (2.62)

(2.63) is an uncoupled telegrapher’s equation along z. Its analytical solution is

expressed by

T = cosh[Fz - 2,))¢, +sinh [z - 2,)]C, (2.64)

4

° 1, =sinh lf-2)] ¢ +cosh[fz-2)| ¢, (2.65)

with

C’l :1—21_,,(20) and
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At the planes A ( z = z,) and B (z = z, +d), the following results from (2.64):

=P
I

n4
ﬁnB = (coshf"g)é1 +(sinh fc?)@ :

(2.66) and (2.67) are rewritten in a more compact form:

ﬁnA _ I 0 C’\'1
I, ~|coshfd sinhTd || ¢,

n.

For the derivatives in the same planes, the results from (2.65) are as follows:

m,, -'c,

&=

%ﬁw = sinh [fc?]fél +cosh [f“c?] I'c,.

C , 18 solved from (2.67):

A

éz = (sinh T'd)'[ TT,, — (cosh

~

d)C, ]

A

with

o
l
=t

nd

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)

2.71)
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C'l ,C , are substituted into (2.69) and (2.70) with the above expressions yielding:

%ﬁ‘m - _[(tanh Td@)" T, +T(sinh )11, (2.72)
%ﬁw _ _P(sinh £@)"' T, +(tanh 7)1, @.73)

(2.72) and (2.73) are rewritten into a more compact form

4 _n ~ -y & _n
Ao} _pa) =7 L (2.74)
azi 2 . R A
IT.5 - 4 Iz
with 7= tanh I'd)™

and @ =(sinh['d).

Here, expressions for 7 and ¢ are used for a layer with a finite thickness. For a layer

with infinite thickness (compared with the wavelength), these expressions are simplified

according to:

I if the real parts of [ are positive
- if the real parts of T are negative

The above are based on the following relations:
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tanh(a + jb) — +1 if a— 4w

—-1 if a— -
sinh(a + jb) — *w if a— too
1 .
—_— if a— oo
sinh(a + jb)

2.2.3 Fields and Their Transformations between Layer Interfaces

To facilitate their manipulation, some simplifications will be done on the field

components. First, the components are normalized according to:

r,L,=E, (2.75)
FE =E, (2.76)
nEk =Lk, 2.77)
r,H,=H,, (2.78)
FH =H, (2.79)
rH =H,, (2.80)

Second, the discretization is applied on two shifted different line systems as shown in

Fig. 2-3 yielding:
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E lines

E, — E,, (vector)
E, — E_, (vector)

H, — H, (vector)
H lines
H, — H, (vector)

H, — H_, (vector)

E, — E, (vector);

Next, super-vectors are introduced for the fields transverse to the layer interfaces:

and the super-matrix for the relative permittivities:

(2.81)
(2.82)

(2.83)

(2.84)
(2.85)

(2.86)

(2.87)

(2.88)
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>
1
1
S &
S
| ———|

& =
(2Nx2N)

(2.89)

where &, , £, are diagonal matrices (N x N) and O represents the (N x N) zero matrix.

Last, the super-matrix R is defined as:

with

E =-RTI,
H, :in‘n.
dz

(2.90)

(2.91)

(2.92)

(2.93)

(2.94)

(2.95)

(2.96)
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In the transformed domain, if the definition
(2.97)

E =TE,
(2.98)

is given, where E, and H, are field quantities in the transformed domain,

then the following equations will result after combining them with (2.95) and (2.96):

E =-T"RTL (2.99)
-~ Ad -
H =121 (2.100)
dz
Substituting (2.62) into (2.99) and (2.100) yields
E =-RTI, (2.101)
F-2f (2.102)
dz
R=T7RT (2.103)

with

The relation between the electric and magnetic field components on two planes A and B

is described by the equation:
26



AN
—'7 (04 HnA

H s ~& 7 ||
A=y X ]—%—1 l%n
__fo|77 @ M (2.104)
- 77 0 }%—1 EnB
with f:Diag(f, f‘)
Equation (2.104) is rewritten as:
" E
N :[{1 yf} - (2.105)
ﬁnB Yo N —EnB
AZ A L\__l
with y,=T 7R
AZ A L‘l
y,=T aR

In the original domain, the relation between the electric and magnetic field components

on two planes A and B is derived from (2.105). It is expressed as:

ﬁnA — [yl y2} EnA (2 106)
A,| . »nl-E,



with y, =1 y1"
V2 :f)—/zj\ﬂﬂl

2.2.4 Indirect Eigenvalue Equation

To set up the indirect eigenvalue equation, there is a need to turn to the recurrence
relation used in [36] to relate the transverse fields from one layer to the other. The

recurrence relation is written as follows:

H, =7T%E,

) _ < (k) _ gD Y5k _ 5k
y<>:y§>(yl<>_y< >) FH _ 50

In [36], this algorithm is used in the transformed domain. It is correct only in the
transformed domain if the layers are homogeneous. Only in this case are the
transformation matrices for each layer equal. However, this algorithm does not hold valid
if the layers are inhomogeneous. The admittances and fields should be transformed back
to the original domain and the algorithm should be used for these quantities.

As a general case, the formulation for the structure is done with inhomogeneous
layers, as Fig. 2-3 shows. The formulation is also suitable for the analysis of the structure
with homogeneous layers, though a little redundant.

At the matching interface M, the admittance type relationship is obtained from the

below layers:
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H,=YE,. (2.107)

The matrix ¥is constructed by scanning up through layers from substrate to the layer

adjoining the matching interface and applying the following recursive equation

y® = y®[® _yle 1)] Ly ® (2.108)
which begins from the substrate with
Yt (substrate) _ yl(.sub.strate) ' (2 109)

Here, the substrate thickness may be infinite or finite with a shielded electric wall.
Accordingly, the similar admittance type relationship is achieved from the upper side

at the matching interface M:

HYy =-Y"Ey, (2.110)

The matrix ¥ is constructed by scanning down through layers from the cover to the

layer adjoining the matching interface and applying the following recursive equation

W _ l) (l) a-n ! (z) (z)
Y, ~-Y, (2.111)

which begins from the cover with
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Y(cover) — y(cover) . (2112)

t 1
Again, the cover thickness may be infinite or finite with a shielded electric wall.
Since no electric currents exist in the “matching interface,” all tangential field

components must be continuous there. Therefore, the boundary conditions

n

Al =Hl, =H,, 2.113)

A

B, =k, =E,, (2.114)

must be satisfied. Hence, subtracting (2.110) from (2.107) yields

ﬁrIA,M - I:IS,M = (KI - thn)é‘n,M = ths (gre)En,M = O (2 115)

(2.115) is the desired characteristic equation, which is an indirect eigenvalue problem for
the effective propagation constant.

It is well known from mathematics that a homogeneous linear matrix equation shows
nontrivial solutions only when the determinant of the matrix is equal to zero. For solution

of the equation given above (2.115) it is accordingly necessary to first solve

det(Y,(¢,,))=0. (2.116)

This yields the effective propagation constants (&,,) of propagating modes supported by

the optical waveguide bend. The effective propagation constant is a complex constant
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because of the radiation. The radiation loss is obtained from the imaginary part of /&, .

For a bend with an angle & (in radian), the radiation loss is expressed by the equation

o =868+ 07, Im(Jz, ) dB. 2.117)

The phase constant is obtained from the real part of &, . For some propagating

mode with the effective propagation conmstante,,, the normalized phase constant is

expressed by

Bk, =Re(n,)=Rel|z,) (2.118)

In equation (2.116), &, is a complex value, and cannot be determined by a numerical

procedure that finds the zeros of (2.116) by means of searching for points where the sign
of the determinant changes. Instead, Muller’s method must be used to find the complex
roots (see Appendix A for the algorithm of Muller’s method). Searching by Muller’s
method has an advantage: the poles of the determinant do not affect it.

The MoL formulation already handles complex quantities due to the radiation loss.
Therefore, this algorithm can be used for bends with complex permittivities without any

modification in the code.

2.2.5 Interface Conditions
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To get a monotonic convergence behavior, the interface conditions at permittivity
steps along the radial direction should be taken into consideration. Choosing suitable
values for the permittivities in the vicinity of the steps can accomplish this task [26].
However, in certain cases the steps cannot be placed on suitable lines. In the case shown

in Fig. 2-3 the step is placed on a IT line. The component in &, at the transition from &,

to &,, must be chosen according to

.+_
, =g—”2—“’”~+p (&0 —5,) (2.119)

with -05<p<05.

Here, ,,, £,, are the permittivities on the left or the right side of the steps, respectively.

The term with p allows a shift of the step from the IT,, line by ph.

2.2.6 Nonequidistant Discretization
To speed up the calculation, nonequidistant discretization is introduced in the

formulation. The diagonal normalization matrices are first set up:

h_.
s, { —m—} (2.120)
e,
! diag

h_
s, :{ —m—} (2.121)
hi diag
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s =diag(s,, s, (2.122)

where e, denotes the spacing between H lines, h, represents the spacing between E

lines, and A_, refers to the line spacing in the equidistant region with rapidly changing

fields. Using the above diagonal matrices, a second normalization of the potentials 1s

performed. The fields and the difference operators become:

I, =§711, (2.123)
E, =5"E, (2.124)
H,=§"H, (2.125)
D, =5,D,,5, (2.126)
D,y =hyy, Doy (2.127)
D, =s,D,.s, (2.128)
Dy =Py Dy (2.129)

These double normalized quantities must be used in the formulation instead of single

normalized quantities.

2.2.7 Absorbing Boundary Conditions (ABCs) [39-43]
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To analyze the bending loss using MoL, the calculation window must be delimited.
But, the use of electric or magnetic walls on the right boundary will produce errors, since
the tangential field components there are set to zero and radiation effects cannot be taken
into account. To overcome this difficulty, two schemes are employed: one choice is
putting the right boundary far away from the waveguide core until its influence is
neglected, and the other choice is introducing ABCs on the right side of the calculation
window. As a matter of fact, putting the right boundary far away from the waveguide
core is not practical, though possible, considering the computing efficiency.

As ABCs will be introduced in D, (see Fig. 2-3), the formulation will be started from

the equation (2.30). Using the operator

L=( JEDF—IF—)(L_DFJE )+ Dz? +7, D2 +¢,

7T

2 2
with sz—d—, Dz* = dz, D’ = d2
dar dz Y de
(2.30) is rewritten as
L1, =L"L'I,, =0 (2.130)

with solutions for the propagating fields in the +r and -—r directions in two separate

equations:

['T,, =0 and LTI, =0 (2.131)
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where

L'T,, = (|7, DF jl__—+j\/gx/l+S2 I, =0 (2.132)
rn

L', =(7,DF —\/1_:—]\/2\/1+S2 I, =0 (2.133)
rn

% :gi(Dzz +772D2). (2.134)

r

Equation (2.132) describes wave propagation in the +r direction and (2.133) in the
—rdirection. In this case, only equation (2.132) is needed. The ABCs will be obtained
from this equation for the right boundary. The main problem in Eq. (2.132) is the square
root with differential operators under the radicand. Therefore, L"is a nonlocal
pseudodifferential operator and a direct numerical implementation is not possible. The
usual approach [39-41] to overcome this problem is to use the following Padé

approximation by the rational function:

2
NIy i |52 <1. (2.135)
9o + 4,5

With the above approximation, Eq. (2.132) is rewritten as:

[—j (g0 + 9,87 F, DF —j;——+@(m +p2S2)]H¢,,, =0. (2.136)
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Combining with Eq.(2.134), the result is:

 jlao + @6, (DZ* +7,7D2) Wr, DF —j?

7, (2.137)
Jr\/;[p0 + p,e,  (DZ° +Fn*2D;)] i, =0

Introducing
Dz* +F, D} =-¢, (JEDF = DFF)
" "

from the wave equation (2.30) and using it in (2.137) yields:

{— 4, (JF, DF Jﬁx—jf:m‘ I, DF %)

n

Jpzx/_(\/’Dr\/—(TDr ) . (2.139)

+[(1- ), (JF, DF _\/;_:n)—j(pz —Po)gf”}nqm =0

Discretizing the above equation on line N by using Taylor series at this line to obtain the

potential on the neighborhood lines gives the following result:

C C C
Fonn 11 =t Fe,Nr‘[w,N +E&1_ E,NAIH@N—I +— E,N—2H¢,N—2 (2.139)

e,N+1 1@, N+1 C
N+ N+l N+
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-1— -1

= -1 11 1 - -
Cyn =Palon rhN \’rh,Nfl +§( g, )1, 7, e, N+1 +na oty nTen Tenn

— = S N T 1 -
Cy=p, AT enw A Fnv-1 (rh,N 1 +7 N 1)‘5(1_ g )N, 7, 1
+n, (pz po)\/ w/rth

-1 -

o _
+(F, N rN rhN+’eN rN rhN1+reN ¥, na rh,N—l)na q,

P eN\/rth I’th +(1 q,)n,r, e N-1
ao

—-n, qz(eNl rN rth"'r re,Nfl rhN1+r 1 Fena rh,sz)

S A
+h, Qlena Ten-2 Tun-

Cy,= —_(1 g, =

e,N-2

with the abbreviation 7, = jh \/8_ and where without loss of generality g, =1 1is

I

introduced. From the above equations, the coefficients a,band cin the expression for D,

(see 2.2.2) are found:

=L (2.140)
CN+1
p= S (2.141)
CN+1
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N-2 (2.142)

v

Fig. 2-4 Field wave reaches the ABC at the angle of incidence 6

Three parameters p,, p, and g, are determined by choosing three angles with total

absorption. According to [40], the reflection coefficient at the boundary is given by

R cosd —q, cos@sin® @ — p, + p,sin’ 6

— . 2.143
cosf —q, cosOsin* & + p, — p, sin“ 0 ( )

Therefore, with R=0 for three chosen angles 8,,6,andé,, the coefficients can be

obtained [41]:
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1 —sin*6, cosé,sin’6, |[ p, cosb,
1 -sin’6, cosd,sin’f, || p, |=| cos, (2.144)

1 -sin’8;, cosB,sin’G; || 12 cos &,

the above has the solution:

q, = (cos8, cos 8, +cos 8, cosb, +cosb, cosb,)™ (2.145)
P, = (cos®, +cosb, +cosb; +cos b, cos, cosb;)q, (2.146)
p, = (cos6, +cosb, +cosb,)q, . (2.147)

As the radiation loss is tangential [2], the three angles 6,, 6,and &; should be chosen to

be nearly 90 degrees.

2.3 Field Distribution
2.3.1 One-Dimension Distribution [38]
The analysis begins with Eg. (2.115), which is a homogenous matrix problem. Here,

Y, isa 2N x2N square matrix. An infinity of nontrivial solutions exists for En!M only if
Y, is singular. Thus, if Y, is singular, there exists a basis of 2N-dimensional vectors (with

at least one vector) that expresses all possible solutions for En,M .

Singular Value Decomposition (SVD) is the formal approach used to solve a

homogeneous matrix problem. SVD determines both the null-space basis and the range

basis. The SVD of Y, is expressed by
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Y, = U0V (2.148)

Here, both UJand V are super orthonormal matrices: ie OU" =1 and VV' =1,
[@ ]diag is a diagonal matrix which contains the singular values @, of Y, in decreasing
order of magnitude: |a),| > |a),.+l| and @,, is the smallest singular value. If Y, is singular
then at least one singular value @,, will be null. In this case, only the last singular value
is null.

The last column vector of ¥ which corresponds to the last null singular value is the

vector that defines the null-space basis. An infinity of solutions for En,M exists, since any

constant times this basis vector is a valid solution. Physically, a constant attributes

different power levels to the computed mode. Interest only lies in the field distribution.

Without loss of generality, if V =[7;,7,,...,Vay 1, Vo] where V,(1<i<2N)is a column
vector (2N x 1), then En’M is expressed by the null-space basis, namely the last column

vectorin V| i.e.

>

I
ol
2

(2.149)

n,M

According to Eq. (2.107) or (2.110), H,,,, is obtained by

[
~3
9>

Hn,M

nM
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or H,y=-Y"E,,. (2.150)

From Eq. (2.95) and (2.96), the following results

f,, =-R'E,, (2.151)
d - .
}ZH"’M =H, (2.152)

where R takes the value in the upper or lower layer adjoining the matching interface.

Starting from Eq. (2.23) and (2.26), the following results

0

JNEre
£k, = = {T—\/———gz(\/fnm)‘ } (2.153)

n,H,, = {—-\/:ét(\/—ﬂ )+] = } : (2.154)

To facilitate the coding, (2.153) and (2.154) is written in matrices respectively

Ezn = Srﬁl[D_hn V 1]* ﬁn,M (2155)

Hzn = 77(;1[ Ere "A_ha1 Ben]* (_ﬁn,M) (2156)
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A~

If E,, and H,, are written asE,, =[E E,E, - Ey By Eyy - Eyyy E, Y, and

n

I-}n,M =[H H,H,~Hy HyH,, H,yy, HZN]T , transverse field components on the

matching interface are expressed by

En,M = [E1 Ez E3 ° 'EN—l EN ]T

Eg)n,M = j[EN+1 "'EzN-l EZN]T

H, v :77(;1[H1H2H3"'HN-1 HN]T

HqJn,M = Jﬂ&l[HNH "'H2N—1 HzN]T .

Next, denormalization with respect to the six fields will be done according to

Er,M: rh Ern,M

—1
Ew,M =AF Ewn,M

-1

z e zn

-1

Hr,M =47 Hrn,M

-1

H,,, =\r, H

gn, M

-1
z,M: rh Hzn,M‘

The corresponding relative values of the above fields are obtained by

(2.157)
(2.158)
(2.159)

(2.160)

(2.161)

(2.162)

(2.163)

(2.164)

(2.165)

(2.166)
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E =E /By
E, vy =E, ! Evax
E,=E /E,,

H,,, =H, ,/E..
H,y=H,\E

Hz,M = Hz,M /Emax

with

E_. =max(|E,,, ‘)

E_.. =max(

m

El.

2.3.2 Two-Dimension Spatial Distribution

(2.167)
(2.168)
(2.169)
(2.170)
(2.171)

(2.172)

for quasi-TE mode

for quasi-TM mode

Starting from the one-dimensional field distribution on the matching interface, the

two-dimensional field distribution is obtained. The idea is to scan the entire structure

layer after layer, up from the matching interface to the cover or down from the matching

interface to the substrate. The top or bottom boundary of one layer is the start for the

calculation of another layer. For the interface between layers, the quantities in the

physical domain must be used to match the boundary conditions. Besides, FE,is not

continuous at the interface between two layers and can only be obtained from above or

below the interface.
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The following demonstrates the formulation of two dimensional field distribution
i . After obtaining

when scanning up from the layer adjoining the matching interface
I1_,,, they are transferred into the transformation domain according to

I yand —
" dz
ZA"lfInM and——H =77 ——ﬁ
’ dz dz

1_In,M =

The layer is discretized along z into many sublayers each having a thickness Az and at

the “i”” sublayer, the following results
(i) = cosh[["(AZ)ITT, ,, +sinh[ ["(iAZ)] %ﬁ (2.173)
d = . A A ~d =
—I1,,()= s1nh[F(lAz)]FH + cosh[F(zAz) ——H (2.174)
dz dz
E,()=-R1I,() 2.175)
7,6)="L11,0) 2.176)
n dE n ‘
£ () =TE, @) 2.177)
A .G)=TH,3) (2.178)
~1 | d al .
Ezn(l):‘gr [Dhn gre re ]*_HnM(l) (2179)
dz 8
Hzn(i) 770 [ Een]*(—ﬁn,M (l)) (2180)
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After the calculation within one layer is finished, scanning of the next layer begins
using this top interface as the starting boundary and the procedure mentioned above is
repeated. When the calculation on the entire structure is finished, the denormalization is
done and the corresponding relative value using the equations analogous to (2.161 to

2.172) is obtained.

2.4 Transition Loss

The transition loss is obtained from the overlap integral between waveguides of
different curvature. As the junction of straight waveguide and curved waveguide is the
most common case in integrated optics, the analysis for this case will be given. For the
junction of waveguides of different curvature, the analysis is very similar. In this
formulation, assuming the radius to be infinite, the mode and its two-dimensional field
distribution is obtained for the straight case. After obtaining the two dimensional field
distribution for the curved waveguide, the transition loss [12][14][53] for the TM case is

estimated:

Transition Loss (dB)=

A jE?(nz)Ef(nzyﬁukr
A+B" 1) (|E2 r,2)| drdz

10log, ;% ( >
EX(r, z)| drdz

2

M N
. Z_JIEE?(I}J)E?(I'J)
=1010g10( = st 2 — 2). (2-181)
A+ 871p") %%@Wfo%%KWJﬂ
j=li=1 Jj=ti=t
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Equation (2.181) is for the straight-bend junction, where B’ and B are the propagation

constants of the straight and bent waveguides, respectively, and E” and E{ are the

corresponding normalized modal fields. When the mode is searched or the modal
distribution is calculated, the absorbing boundary (AB) is placed on the right side of the
calculation window. There is no problem for the calculation of the integral in the
numerator in (2.181), but the AB will introduce some error in calculating the integral of
the denominator since the integral should include all the modal distribution and the latter
is not normalizable for a radiative field. The nonradiative modal distribution is used
instead of the radiative modal distribution for the calculation of the integral in the
denominator in (2.181). The nonradiative modal distribution is obtained by placing an
electric wall (EW) boundary condition instead of AB on the right boundary of the
calculation window. Obviously, this practice will also cause some inaccuracy, but it has
been shown sufficiently accurate for device design [23]. Besides, the bend-to-straight
junction can also be computed using (2.181) with A" and f interchanged [53].

For TE mode, the dominant transverse electric field £, should be used, instead of

E,in (2.181).
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Chapter 3

Validation

3.1 Introduction

In Chapter 2, the detailed formulation for waveguide bend induced radiation loss,
bend transition loss, and field distributions etc. is given using the cylindrical-MOL. This
chapter will verify the code implemented by Matlab. The code will be validated by
comparing the simulation results obtained from it with those appearing in some other
papers.

First, the results shown in Pregla’s paper [25] are reproduced. Thus, the code
regarding the formulation for the radiation loss and the absorbing boundary conditions
can be verified. Furthermore, the one-dimensional and two-dimensional field
distributions for quasi-TE and quasi-TM modes are shown.

Second, the code is applied to model the structure given in [19][23]. In [19], T.
Yamamoto and M. Koshiba analyze the radiation loss using the Finite-Element Method
(FEM); furthermore, they compare their results with those obtained from experiments and
the semi-vectorial MoL [21]. In [23], S. Kim and A. Gopinath analyze the same structure

and give the results of the radiation loss and transition loss. In addition to those, S. Kim
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and A. Gopinath also present optimal lateral offsets for this structure. To further verify

the code, these results will be computed and compared with others.

3.2 Validation I

3.2.1 Reproduction of Pregla’s results

A Z
na Open
W structure
dr ’ < \
nr

db o \é
M
df nf 27

I'O»

]

ns

Fig. 3-1 A general rib waveguide bend cross-section

(A) Structure parameters (see Fig. 3-1)

Table 3-1 Dimension parameters of Pregla’s structure

rib width rib height film thickness buffer layer thickness
(W) (dr) (df) (db)
29um 032umor0.33 um 1.12 um 0 um
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Table 3-2 Refractive indices of the layers in Pregla’s structure at 4 =1.52 g m

cover rib film buffer layer substrate
(na) (nr) (nf) (nb) (ns)
1 33735 3.3735 3.3735 3.3042

(B) Size of the computation window

For comparison, the same computation window is taken as Pregla shows in his paper,

i.e.. the distance between the left boundary and the middle of the rib is 8 4 m, and the

distance between the right boundary and the middle of the rib is 12 4 m.

(C) Lines on the rib

When the size of the computation window is set up, a determination is made as to
how many E- lines should be put on the rib. Table 3-3 and Table 3-4 are the results

obtained for TE mode and TM mode when different lines are put on the rib.

Table 3-3 Radiation loss (dr=0.32 & m, ro=2mm)

E-lines on rib 10 lines 20 lines 30 lines 40 lines
TE 13.1602 dB 13.8562 dB 14.0283 dB 14.0782 dB
Table 3-4 Radiation loss (dr=0.33 1 m, ro=2mm)
E-lines on rib 10 lines 20 lines 30 lines 40 lines
™ 5.17596 dB 492683 dB 4.89458 dB 4.88734 dB
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From the results above, it is shown that the simulation results are stable when about 20
E-lines or more are placed on the rib. The following simulation results are obtained by

putting 20 E-lines on the rib.

(D) Reproduction of Pregla’s results [25]

In [25], Pregla shows the radiation loss of a 90° bend as function of bend radius ( r,)
for TE mode (dr=0.32 xm or 0.33 ¢ m) and TM mode (dr=0.33 1z m); furthermore, he
compares his results with Deri’s experimental results [44]. Besides, he also shows the
dominant TE mode field distributions of the bend (2mm radius) at the middle of the
guided film with the thickness df.

The numerical results are shown in Fig. 3-2. Amongst Fig. 3-2, (a) and (b) represent
radiation losses of TE mode versus radius with dr=0.32xm and dr=0.33 ym,
respectively. Figure 3-2(e) shows radiation losses versus radius with dr=0.33 #zm (TM
mode). In these figures, the solid line represents the results obtained from the code, while
the triangle symbol represents the results shown by Pregla. Figure 3-2(c) shows radiation
losses versus radius with different rib heights (TE mode), where the solid line represents
the results with dr=0.32 4 m and the dashed line represents the results with dr=0.33 ym.
The numerical results shown in Fig. 3-2(c) agree with the theoretical analysis: the higher
the rib, the lower radiation loss. Fig. 3-2(d) and Fig. 3-2(f) show the comparison between
the numerical results and Deri’s experimental results [44], where the solid line represents

the numerical results and the circle symbol represents the experimental results.
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Figure 3-3 shows the dominant field distributions of the TE mode of the bend with
dr=0.32 g m. Er and Hz are normalized to the peak value of Er. Figure 3-3 (a) and (b)
give the same field distribution for Er and Hz as Pregla shows in his paper [25].

From numerical results given in Fig.3-2 and Fig.3-3, it is believed that the formulation

and the code work.

TE mode dr=0.32um TE mode dR=0.33um
T T T T T T e A A A A M S M
iof 1 1 i | Oblainedresuls b8 1 11 [— obtained resulls
% LR I I Pregla’s results ' H ' ' ' v Pregla's results
b s\a Pl B P
= AT o
| oy
el P 2
e % —
[ =
g g
8w . @
] : ]
] ' o
14 : 14
; @
|
1 TN
(a) (b)
TE mode dR=0.33um
TE mode dR=0.32um, 0.33um
30 ey S A A S S Mt R R S
oo i1 i 1 }[— obtained resufs
25l el © exp.results [44] |

Radiation Loss {dB] / 90 degree
Radiation Loss [dB] / 90 degree

Fig. 3-2 continues from page 51- page52.
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Fig. 3-2 Radiation loss versus radius, where (a) to (d) are for the TE mode of the

bend structure with dr=0.32 £ m or 0.33 4 m and (e) to (f) are for the TM mode of
the bend structure with dr=0.33 #m. The solid or dashed lines represent the

numerical results and the triangle or circle symbol represents results from Pregla

[25] or the experiment [44], respectively.
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Fig. 3-3 Normalized dominant field distributions of the TE mode of the bend

structure with dr=0.32 #m (in the middle of the guided film). (a) is for

E |E

and (b) is for |n,*H /E

r,max

rmax |» Where 7o =/, /€, =377Q. The

solid lines represent the numerical results and the triangle symbol represents

results from Pregla’s paper [25].
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(E) Normalized phase constants
Figure 3-4 shows the numerical results for normalized phase constants (3//,). Fig.

3-4 (a) gives the results for the TE mode of the bend structure with dr=0.32pm or 0.33um
and Fig. 3-4 (b) presents the results for the TM mode of the bend structure with
dr=0.32pum or 0.33um. It is found that there is a bending-induced increase of the
normalized phase constant for the bent waveguide. The smaller the radius of curvature,
the bigger the increase of the normalized phase constant, and as the radius of curvature
increases, the normalized phase constant of the bend tends to be that of the straight
waveguide asymptotically. The numerical results for the normalized phase constant are
consistent with the prediction in [10], discussion in [3] and derivation in [1]. According

to [1][3][10], the perturbation to the phase constant in bent symmetric waveguides is

expressed by: AB =By — Byyagw =B/R* , where B is a positive constant which

depends on the wavelength and waveguide structure parameters; R is the radius of the
curvature. The bending-induced increase of the phase constant is simply interpreted as
follows: a bent waveguide structure can be treated as an equivalent straight waveguide
with modified index profile after conformal mapping [12] and the outer side presents
higher refractive index than the inner side. It is well known that the electromagnetic
waves moves from the media with lower refractive index to the media with higher
refractive index and therefore the fields will shift outward. More fields being confined in

higher refractive index will certainly result in the increase of the phase constant.

3.2.2 Field distributions

(A) 1D field distributions
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Fig.3-4 Normalized phase constants for the bent waveguide structure. (a) is for the

TE mode of the bent waveguide structure with dr=0.32 £ m or 0.33 £ m and (b) is

for the TM mode of the bent waveguide structure with dr=0.32 4 m or 0.33 g m.

Figure 3-5 gives six 1D normalized field distributions for the TE mode of the bent

waveguide structure with dr=0.32 #m and radius=Im, while Fig.3-6 presents six 1D

normalized field distributions for the TM mode of the bent waveguide structure with

dr=0.33 4 m and radius=1m. These fields are obtained in the middle of the guided film

and can be treated as the field distributions of the straight rib waveguide due to the large
radius of curvature. It is easily seen that the electric field Er and the magnetic field Hz are
dominant fields for TE mode and the magnetic field Hr and the electric field Ez are
dominant fields for TM mode. It is also observed that all the fields of TE mode or TM
mode with the radius of the bent structure being 1m (this case can be thought to be the

straight waveguide) are symmetric about the vertical axis. Six field distributions are
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normalized to the peak value of the real part of the dominant electric field, i.e. Er for TE
mode, and Ez for TM mode, respectively.

Figure 3-7 and Fig. 3-8 show the change of 1D normalized dominant electric field
distributions of the TE or the TM mode. Fig. 3-7 (a) to Fig. 3-7(d) or Fig. 3-8 (a) to Fig.
3-8 (d) correspond to four cases of diffefent radii of curvature, i.e. 6mm,3mm,2mm, and
1.5mm. All fields are normalized to their peak values. It is found that the field is actually
propagating toward the + r direction when the radius of curvature is small, which results
in the radiation loss, and that the bending shifts the modal field peak radially outward: the
smaller the radius, the greater the shifting. It is also observed that the shifting makes the

fields more asymmetric for a smaller bend radius.
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Fig. 3-5 continues from page 55- page56.
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Fig. 3-5 Six normalized 1D field distributions of the TE mode of the bent rib

waveguide (radius=1m) with dr=0.32 ¢ m, where the distributions are normalized to the

peak value of the real part of Er.

56



0.025

0.02p

Lotap

001}

0.005F

0005

Real part of Er

0.01

-0.015

002+

TM mode ro=1m dr=0.33um

S

D3+

Real part of Ez

07

L8F

L3

position{um)

(a)

TM mode ro=1m dr=0.33um

04r

L4F

L6}

T

4 2

position{um)

©

Real part of Hr

Real part of Hz

10

TM mode ro=1m dr=0.33um

position{um)

(b)

TM mode ro=1m dr=0.33um

T T T T T T T T
'

4 2 0 2 4 6 8 W0 12

position(um)

(d)

Fig. 3-6 continues from page 57- page58.

57



<10 TM mode ro=1m dr=0.33um «10* TM mode ro=1m dr=0.33um

Imaginary part of Eq

T
2
4 T
I
ES "5
&
10} g
£
2]
12+ @ -
E
14
A6k
8¢
1 i 1 I 1 L 1 ] L 1 1l Il L 1 1 1 L L
§ 6 4 2 0 2 4 & 8 M0 4 5 4 2 0 2 4 & 8 W0 1
position(um) position(um)
(e) ()

Fig. 3-6 Six normalized 1D field distributions of the TM mode of the bent rib

waveguide (radius=1m) with dr=0.33 & m, where the distributions are normalized

to the peak value of the real part of Ez.
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Fig. 3-7 continues from page 58- page59.
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Fig. 3-7 1D normalized dominant electric field distributions of the TE mode of the rib
waveguide bend with dr=0.32 4 m, where the distributions are normalized by the
peak value of the real part of Er. (a) to (d) correspond to four cases of radius, i.e.

6mm,3mm,2mm, and 1.5mm.
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Fig. 3-8 continues from page 59- page60.
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Fig. 3-8 1D normalized dominant electric field distributions of the TM mode of the
rib waveguide bend with dr=0.33 # m, where the distributions are normalized by
the peak value of the real part of Ez. (a) to (d) correspond to four cases of radius,

i.e. 6mm,3mm,2mm, and 1.5mm.

(B) 2D field distributions

Figure 3-9 presents six 2D normalized spatial field distributions of the TE mode over
the cross-section of the bent rib waveguide structure with ro=1m, and dr=0.32 ¢ m, while
Fig. 3-10 shows six 2D normalized spatial field distributions of the TM mode on the
cross-section of the bent rib waveguide structure with ro=1m, and dr=0.33 & m. All fields
are normalized to the peak value of the real part of their dominant electric fields. Fig. 3-9
and Fig. 3-10 show that Er or Ez is the dominant electric field for TE mode or TM mode,
respectively. For the bent waveguide with ro=1m, the radius is large enough for the
waveguide to be treated as a straight one. Therefore, all fields shown in Fig. 3-9 and Fig.

3-10 present symmetry about the vertical plane (r=0).
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Figure 3-11 gives several contour plots of absolute normalized dominant electric field
distributions of the TE mode (Er), while Fig. 3-12 presents several contour plots of
absolute normalized dominant electric field distributions of the TM mode (Ez) on the
same cross-section of the rib bend structure with dr=0.32um. All fields are normalized to
their corresponding maximum magnitudes. Fig.3-11(a) to Fig.3-11 (d) or Fig.3-12(a) to
Fig.3-12 (d) correspond to four cases of radius, i.e. Im, 4mm, 3mm, and 2mm. It is easily
observed that the bending shifts the modal fields outward: the smaller the radius, the
greater the shifting, and that the bending renders the fields more asymmetric about the
vertical axis (r=0) for a smaller bend radius. By comparing Fig. 3-11 with Fig.3-12, it can
be found that the dominant electric fields of the TE mode present more shifting than
those of the TM mode at the same radius for this bent waveguide structure. Therefore, the
TE mode of this bent waveguide structure shows more radiation loss than the TM mode

at the same radius, as is observed by comparing Fig. 3-2 (b) to Fig. 3-2 (e).

Re[Er] TE mode ro=1m dr=0.32um I
(Vim) 1 Re[Hr] TE mode ro=1m dr=0.32um
08 (mA/rH)1

0.0,
0.6

04

02

8 6 4 2 0 2 4 B 8B PR
position (um)

%ositign (umﬁ

(a) (b)

Fig. 3-9 continues from page 61- page62.
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Fig. 3-9 Six 2D normalized spatial field distributions of the TE mode on the cross-

section of the straight rib structure (ro=1m, dr=0.32u4m). All quantities are

normalized to the peak value of the real part of Er.
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Fig. 3-10 Six 2D normalized spatial field distributions of the TM mode on the cross-

section of the straight rib structure (ro=1m, dr=0.32um). All quantities are normalized

to the peak value of the real part of Ez.
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Fig. 3-11 continues from page 64- page 65.
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Fig. 3-11 Contour plots of absolute normalized dominant electric field distributions

of the TE mode (Er) on the cross-section of the rib bend structure with dr=0.32um,

where Er is normalized by the maximum magnitude of Er. (a) to (d) correspond to

four cases of radius, i.e. 1m, 4mm, 3mm, and 2mm.
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Fig. 3-12 continues from page 65- page 66.
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TM mode ro=3mm dr=0.32um TM mode ro=2mm dr=0.32um
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Fig. 3-12 Contour plots of absolute normalized dominant electric field distributions
of the TM mode (Ez) on the cross-section of the rib bend structure with dr=0.32um,
where Ez is normalized by the maximum magnitude of Ez. (a) to (d) correspond to

four cases of radius, i.e. 1m, 4mm, 3mm, and 2mm.

3.3 Validation II

T. Yamamoto and M. Koshiba have computed the radiation losses for the structure
shown in Fig. 3-13 using the Finite-Element Method (FEM) [19], and compared their
results with those from experiments [45] and those obtained by J.S. Gu using the semi-
vectorial MoL [21]. S. Kim and A. Gopinath have analyzed the same structure using the
Finite-Difference Method (FDM) and got similar results [23]; furthermore, they also
analyzed the transition loss at the junction between the straight waveguide and the curved
one. In this part of the validation, the code will be applied to the same structure and the

numerical results will be compared with those from [19][21][23][45].
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Fig. 3-13 Rib waveguide structure with rib width w and height dr. The
waveguide film thickness is represented with t and the thickness of the substrate

is treated as being infinite.

3.3.1 Numerical results and comparisons

(A) Structure parameters (see Fig. 3-13)

At the wavelength A =1.15um, the refractive indices of the layers in the rib
waveguide are na (cover) =1, nr (rib) = 3.44, nf (film)=3.44, and ns (substrate)=3.35;
geometrical parameters of the rib waveguide are w (rib width)= 3 um, dr (rib height) =

0.4 um, and t ( film thickness ) = 0.4 ym or 0.3 um.

(B) Computation window and the lines on the rib
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After several attempts to adjust the distance between the right absorbing boundary
and the outside of the rib, it is observed that one rib width (w) is enough to obtain
converged numerical results. As to the lines on the rib, at least 30 E lines should be

placed on the rib to obtain converged results.

(C) Numerical results

Figure 3-14 shows the numerical results of the radiation losses versus radius for the
bend structure shown in Fig.3-13. In Fig.3-14, the solid line represents the numerical
results; the dot and asterisk represent results from the experiment [45] and other
numerical methods (FDM or FEM), respectively. Fig. 3-14 (a) and Fig. 3-14 (c) give the
results of the TE mode of the structure with film thickness t=0.4; Fig. 3-14 (b) presents
the results of the TM mode for the same structure. Fig. 3-14 (d) gives the radiation losses
versus radius for the TE mode of the bend structure with the film thickness t=0.3um.
From Fig. 3-14, it is seen that the agreement of the numerical results for the small radii of
curvature with those from the experimental data [45] are acceptable, but the experiments
[45] show much larger losses than the calculations for the larger radii of curvature, being
greater than 200um. Scattering losses of the waveguides apparently dominate for the
bend structure with large radii of curvature and scattering losses are not taken into
account in the formulation applied here. Comparing Fig. 3-14 (a) with Fig. 3-14 (b)
shows that the TE mode of this bent waveguide structure with dr=t=0.4um has more
radiation loss at the same radius. It is also found from comparing Fig.3-14 (c) with Fig.3-
14 (d) that the bend structure with a thinner film and same rib height produces lower

radiation loss at the same radius.
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Fig. 3-14 Radiation losses versus radius, (a) to (c) are for the bend structure with film

thickness t=0.4um and (d) for t=0.3um. Solid lines represent the numerical results, dot

for experimental data, and the asterisk for data from other numerical methods.
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Figure 3-15 shows the numerical results of the transition losses versus radius for the

bend structure shown in Fig. 3-13. S. Kim and A. Gopinath have computed the transition

losses of the TE and TM mode of the structure in [23]. They assume the end of the 90°

bend is connected with the straight waveguide. Fig. 3-15 (a) gives the results for the TE

mode, while Fig. 3-15 (b) shows the results for the TM mode. Through comparison, it is

observed that the numerical results are close to those obtained by S. Kim and A.

Gopinath. Fig. 3-15 shows that the transition loss tends to decrease with the radius

becoming larger for both fundamental modes. From Fig. 3-15 (a) and Fig. 3-15 (b), it is

found that the TE mode of this bend structure with dr=t=0.4pm produces more transition

loss than the TM mode at the same radius, as the former case yields more radiation,

resulting in more field shifting, and therefore gives more transition loss.
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Fig. 3-15 Transition losses versus radius, (a) for the TE mode and (b) for the TM

mode. Solid lines represent the numerical results and the square for those from

FDM.
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3.3.2 Optimal Lateral Offset

It is known that the transition loss occurs at the junction of two waveguides with
different radii of curvature(as shown in Fig.3-15). Introducing a lateral offset in the
direction of the bend radius [51-54], as shown in Fig.3-16, is the usual method used to
reduce this transitioﬁ loss. The lateral offset improves the matching of the field
distributions at the junction; thus, the transition loss is reduced. In fact, there exists an
optimal lateral offset for the junction of two waveguides with fixed radii of curvature to
minimize the transition loss. The optimal lateral offset is calculated from the shifted
overlap integral. The following example will show that the code can be used to find the

optimal lateral offset in practical designs.

................. offset

offset
e

Fig. 3-16 Schematic diagram of lateral junction offsets between straight and curved
waveguides.

In [23], S. Kim and A. Gopinath have calculated the optimum lateral offset. For the
convenience of comparison, the code will be applied to the same structure, as shown in
Fig. 3-13 shows, to find the optimum lateral offset. The structure has the following
dimensional parameters: width=3 um, film thickness t=0.4 t#m and rib height dr =0.4 um.

To find the optimal lateral offset, the overlap integral was repeated with different

lateral locations for the straight waveguide. Fig. 3-17 presents the numerical results for
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Fig. 3-17 Optimal lateral offset and the minimized transition loss with the optimal

offset for the TE mode. (a) is the plot of the optimal transition loss versus radius; (b)

shows the transition loss versus radius without and with the optimal lateral offset.
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Fig. 3-18 Optimal lateral offset and the minimized transition loss with the optimal

offset for the TM mode. (a) is the plot of the optimal transition loss versus radius; (b)

shows the transition loss versus radius without and with the optimal lateral offset.
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the TE mode. Fig. 3-17 (a) gives the optimal lateral offset as a function of the radius of
curvature, Fig. 3-17 (b) shows the transition loss as a function of the radius of curvature
with and without the optimal lateral offset. Fig. 3-18 shows the numerical results for the
TM mode. Fig. 3-18 (a) shows the optimal lateral offset versus the radius of curvature
and Fig. 3-18 (b) gives the transition loss versus the radius of curvature with and
without the optimal lateral offset. The numerical results for the optimal offset given in
Fig. 3-17 and Fig. 3-18 are close to those from [23]. It is observed that the transition loss
is reduced greatly with the optimal lateral offset. This example demonstrates that
introducing a lateral offset is a very useful method to reduce the transition loss at the
junction of two waveguides with different radii of curvature. Fig. 3-17 and Fig. 3-18
show that the bent waveguide structure with a smaller radius tends to have a greater
optimal offset for both fundamental modes. It is very easy to understand as there is a
greater modal mismatch at a smaller radius and thus a greater need for optimal offsets.
Comparing Fig. 3-17 with Fig. 3-18 shows that the TE mode of this bend structure has a
greater optimal offset than the TM mode at the same radius. This is attributed to the fact
that the TE mode of this bend structure gives is shifted more than the TM mode at the

same radius, and therefore needs a greater optimal offset.

3.4 Conclusion

In this chapter, the code has been applied to two different structures and the numerical
results are compared with those available from other papers. It has been proven that the
code works very well, and can be used to calculate the radiation loss due to the bending,

as well as the transition loss coming from the mode mismatch between the bends with
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different radii of curvature. In practice, the code can act as a general straight or bent
waveguide mode solver. It thus can be employed to analyze not only lossless dielectric
media, but also lossy media such as lossy metallization or lossy dielectric media, as the
permittivity of each layer may be real or complex in the formulation. In Chapter 4, the
developed code is successfully applied to analyze the mode propagation characteristics of
metal waveguide bends, where the equivalent relative permittivity of the metal film at the

wavelength of interest is negative.
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Chapter 4

Metal Waveguide Bends

4.1 Introduction [46][47]

At optical wavelengths, the electromagnetic properties of some metals closely
resemble those of an electron gas, or a cold plasma. Numerous experiments as well as
classical electron theory both yield an equivalent negative dielectric constant for many
metals such as gold, silver, and copper etc. when excited by an electromagnetic wave at
or near optical wavelengths. It is well known that an interface between semi-infinite
materials having positive and negative dielectric constants can guide transverse magnetic
(TM) surface waves. According to solid state physics [55], a plasmon is a quantum of a
plasma oscillation and the quantum of the coupled phonon-photon transverse wave field
is called a polariton. In the case of a metal-dielectric interface, the waves are therefore
termed plasmon-polariton modes and propagate as electromagnetic fields coupled to
surface plasmons (surface plasma oscillations) comprised of conduction electrons in the
metal.

A metal film of a certain thickness bounded by dielectrics above and below is often
used as an optical slab (planar, infinitely wide) waveguide structure, with the core of the

waveguide being the metal film. Metal films are commonly employed in optical
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polarizing devices while long-range surface plasmon-polaritons can be used for signal
transmission. Infinitely wide metal film structures, however, are of limited practical
interest since they only offer 1D field confinement, which occurs along the vertical axis
perpendicular to the direction of wave propagation implying that modes will spread out
laterally as they propagate from a point, source used as the excitation. Metal films of
finite thickness and finite width offer 2D field confinement in the plane transverse to the
direction of propagation. These waveguides, termed plasmon-polariton waveguides for
the sake of modes supported by them, may prove to be quite useful since they can be used
in principle for optical signal transmission and routing over short distances or to construct
passive components.

In [46][47], P. Berini has done much work on the characterization and description of

plasmon-polariton modes guided by thin metal films of finite width. He has showed that

the ss, mode, one of the fundamental modes supported by the metal waveguide, exhibits

very interesting characteristics and is potentially very useful. The ss, mode evolves with

decreasing film thickness and width towards the transverse electromagnetic (TEM) wave
supported by the background, its losses and phase constant tending asymptotically
towards those of the TEM wave. Carefully selecting the film’s thickness and width can
make this mode the only long-ranging one supported. In addition, the mode can have a
field distribution that renders it excitable using an end-fire approach. The existence of
this mode renders the finite-width metal film waveguide attractive for applications
requiring short propagation distances and 2D field confinement in the transverse plane.

In the first part of this chapter, some numerical results in [47] are reproduced to

further verify that the code can be applied to the analysis of metal waveguides. In the rest
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of this chapter, the mode (ss, ) propagation characteristics of metal waveguide bends will

be numerically analyzed.

4.2 Reproduction of some numerical results for straight metal waveguides

| L« w »|

Fig. 4-1 Metal waveguide structure

The metal waveguide structure P. Berini considered in [47] is shown in Fig. 4-1. In
[47], cartesian coordinate axes are used for the analysis, while cylindrical coordinate axes
are employed in this code with propagation taking place along the ¢ axis, which is into
the page. Here, t and w represent the thickness and width of the metal waveguide film;

£, ,1s the equivalent permittivity of the metal film and the metal film is surrounded by an
infinite homogeneous dielectric of permittivity £,,. It is assumed in the analysis that the

metal region shown in Fig. 4-1 can be modeled as an electron gas, i.e., a cold plasma, and

that the dielectric function of a plasma can be approximately expressed as[55]:

2
P

&(w)=1-—, where @, is the plasma frequency and is dependent on the electron
10,

concentration. For the optical field to propagate through a plasma, its frequency @ should

be greater thanw, , i.e., a wave will propagate if its free space wavelength is less than

ﬂp = 27[c/a)p; otherwise the wave is reflected, and therefore /1p is called the cut-off
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wavelength. The table 4-1 below shows different electron concentrations and their
corresponding cut-off wavelengths [55]. For plasmon-polariton waveguides, their

operating wavelength should be greater thanA,. In [47], the equivalent dielectric
constants of this structure areg,, =4, g,, =—19- j0.53 (silver) and the optical free-

space wavelength of excitation is set to 4, =0.633.om. Note that the real part of the

equivalent relative permittivity of silver at the wavelength of interest is negative.

Table 4-1

n, electrons/ cm’ 10% 10*® 10" 10%°

A,, cm 3.3x107° 33x107 033 33

As in [47], table 4-1 is used to show the vertical-horizontal wall combinations used
along the axes of symmetry and the mode nomenclature proposed by P. Berini. The
nomenclature for identifying the modes of the metal waveguide consists in using the
letters a or s for asymmetric or symmetric transverse field distributions, respectively,

followed by a subscript b or / for bound or leaky modes, respectively; m represents the

order in the mode nomenclature. The ssy, say, as, and aa; modes are the fundamental

modes supported by the metal waveguide

Table 4-2
Vertical-Horizontal walls Mode
EW-EW as]
MW-EW ssT
MW-MW say
EW-MW aa
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4.2.1 Four fundamental modal distributions

In [47], the author showed the spatial 2D distribution of six electromagnetic fields for

the four fundamental modes supported by the metal film with w=1um and ¢ =100nm.

The code is applied to the same structure and it reproduces the following results. It is
observed that Fig. 4-2 to Fig. 4-5 show the same modal distributions as those represented
in [47].

(A) Spatial distribution of six field components related to the ss; mode

Re [ Er] ssb® mode(w=1um,t=0.1um) Re[Hr] ssb® mode(w=1um,t=0.1um)
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Fig. 4-2 continues from page 79- page 80.
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Im[Eq] ssb” mode(w=1um,t=0.1um) Im[Hg] sst° mods(w=1um,t=0.1ur)

o (nain)

0.3+
0.2 054

0.1

054

Fig. 4-2 Spatial distribution of the six field components related to the ss; mode
supported by a metal film waveguide of thickness t=100nm and width w=1 zm. The

waveguide cross-section is located in the r-z plane, and metal is bounded by the region

—-0.5<r<0.5 um and —0.05 £ 7 <£0.05 um .The field distributions are normalized such

that max|[Re{E_}|=1.

(B) Spatial distribution of six field components related to the sa) mode

Re[Er] sab” mode(w=1um, t=0.1um) -Re[Hr] sab” mode(w=1um, t=0.1um)
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Fig. 4-3 continues from page 80- page 81.
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Fig. 4-3 Spatial distribution of the six field components related to the sa, mode

supported by a metal film waveguide of thickness t=100nm and width w=1 um. The
waveguide cross-section is located in the r-z plane, and metal is bounded by the

region —05<r<05um and —-0.05<7z<0.05 um.The field distributions are

normalized such that max]Re{ E, }| =1.
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(C) Spatial distribution of six field components related to the as, mode
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Fig. 4-4 continues from page 82- page 83.
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Fig. 4-4 Spatial distribution of the six field components related to the as, mode

supported by a metal film waveguide of thickness t=100nm and width w=1 gm. The

waveguide cross-section is located in the r-z plane, and metal is bounded by the

region —0.5<r<05um and -0.05<7<0.05 um. The field distributions are

normalized such that max|Re{EZ }| =1.

(D) Spatial distribution of six field components related to the aa; mode
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Fig. 4-5 continues from page 83- page 84.
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Fig. 4-5 Spatial distribution of the six field components related to the aa, mode

supported by a metal film waveguide of thickness t=100nm and width w=1 zim. The

waveguide cross-section is located in the r-z plane, and metal is bounded by the

region —0.5<r<05um and -0.05<7<0.05 gm. The field distributions are

normalized such that max |Re{E . }| =1.



4.2.2 Reproduction of modal dispersion curves with metal film thickness

In [47], P. Berini has showed the mode characteristics and evolution with film

thickness of the metal waveguide. To verify the code, the modal dispersions associated

with the four fundamental modes for the metal waveguide with film width w=1pm are

reproduced. By comparison, almost the same curves as those from [47] are obtained.
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Fig. 4-6 Dispersion characteristics with thickness of the four fundamental modes

supported by a metal film waveguide of width w=Ilpm. (a) Normalized phase

constant. (b) Normalized attenuation constant. The triangle symbol represents the

numerical results of the ss,? mode from [47].

4.2.3 Reproduction of Re{S ¢}0f the mode ss,
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In [47], the author also shows the profile of Re{S Jof the mode ss, over the cross-

section of the metal waveguide for the case of thickness t=20nm and width w=1um. Note
that cartesian coordinate axes are used in [47], and Re{S_}=Re (E H ,—EH)I2,
while Re{s ¢}= Re (E_H, - E,H})/2 in the case of cylindrical coordinates. The code is

applied to the same structure and the numerical results are shown in Fig. 4-7. It is

observed that the normalized profile of Re {S ¢} is the same as that of Re{S, } represented

in [47].

Re[Sq] ssb” mode (w=1um, t=0.02um)
( Wim? )

1

0.5 1

0.2

0.5

Fig. 4-7 Normalized profile of Re { S,} associated with the ss, mode for a metal

film waveguide of width w=1um and thickness t=20nm. The waveguide cross-section

is located in the r-z plane, and metal film is bounded by the region ~0.5<r <0.5 um

and —0.01< z<0.01 zm.
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4.3 Mode propagation characteristics of metal waveguide bends

When the optical signal travels along a straight metal waveguide, there exists the
propagation loss caused by the imaginary part of the equivalent dielectric constant. In this
case, the insertion loss means the propagation loss. However, when it travels along a
metal waveguide bend, the insertion loss includes two contributions: one is the inherent
propagation loss coming from the imaginary part of the equivalent dielectric constant,
and the other is the pure radiation loss due to the bending. In addition to the insertion
loss, the transition loss will result if a bent metal waveguide is connected to another
straight metal waveguide or metal waveguide bend with different radius. The accurate
knowledge of the insertion loss, pure radiation loss and transition loss is very important
for the metal waveguide to be applied in integrated optics. Besides, if metal waveguide
bends are used for wavelength-selective waveguide devices such as the Mach-Zehnder
interferometric(MZI) filter [4] and the arrayed-waveguide grating (AWG)[5] which
require precise phase control in order to achieve wavelength accuracy, the accurate
knowledge of the effect of bending-induced phase-constant change is also most
important. Nevertheless, no literature, up to now, has dealt with these issues for metal
waveguide bends. The code developed can be used to handle these issues. The following
section give numerical results obtained from this code. No experimental or numerical
results from other methods can be used for comparison, but the validity of these results is
firmly believed because of the validation done for this code in Chapter 3 and some work
done in the first part of this chapter.

The code is applied to the same structure as that described in [47], namely the optical

free-space wavelength of excitation A, = 0.633 m , the equivalent permittivity of the
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metal film &,, =—-19~j0.53 and the permittivity surrounding the metal filme,, = 4.
The cross-section of metal waveguide bends is as Fig. 4-1 shows. 12 cases of geometrical
combinations of the bend structure are under consideration: the width is either w=1um, or

0.5um, and the thickness is t=10nm, 11nm, 12nm, 13nm, 14nm, or 15nm. The following
numerical analysis only deals with the ss, mode supported by metal waveguide bends, as

this mode is potentially useful in integrated optics [47].

To increase the computation efficiency, the symmetry of the modal distribution about
the horizontal axis over the entire cross-section is utilized. An EW is therefore placed on
the horizontal axis. Note that the vertical symmetry can not be employed as the bending
has rendered the modal distribution to lose symmetry about the vertical axis (see Fig.4-12

to Fig. 4-15).

4.3.1 Numerical results

(A) Insertion loss, pure radiation loss and transition loss

Figure 4-8 and Fig. 4-9 show the numerical results of the insertion loss and the pure
radiation loss versus the radii of curvature for the metal waveguide bend with different
film thickness and width. Fig.4-8 (a,) to Fig. 4-8 (f;) (i =1,2) are for the waveguide
structure with w=lpm and t=10nm to t=15nm, while Fig.4-9 (a,) to Fig. 4-9 (f;)
(i=1,2) are for the waveguide structure with w=0.5um and t=10nm to t=15nm,
respectively. The subscript /i identifies different kinds of losses, where i =1 represents
insertion losses, and i = 2 denotes pure radiation losses. The insertion loss is calculated

by using this code and it comes from two contributions: the inherent propagation loss,

88



and the bending-induced pure radiation loss. In equation (2.117), a represents the
insertion loss for metal waveguide bends. The propagation loss can be calculated by

A,y =8.68%0*F, *Im(neﬁp)dB, where n,, is the effective refractive index of the

straight metal waveguide. The pure radiation loss is then obtained by subtracting the
propagation loss from the insertion loss. The pure radiation losses can also be obtained by
leaving out the imaginary part of the equivalent permittivity of the metal film in the
simulation. It has been proven that the results from the two methods are very similar to
each other.

From Fig. 4-8 and Fig. 4-9, it is observed that there exists a minimum for the insertion
loss. Ropt denotes the radius corresponding to the minimum insertion loss. From equation
(2.117), the insertion loss of a 90° metal waveguide bend depends on two factors: one is
the radius and the other is the imaginary part of the effective propagation constant. When
the radius becomes smaller little by little, the imaginary part of the effective propagation
constant will increase gradually due to the bending, and therefore the insertion loss
decrease or not is determined by which rate of change dominates. Obviously, decreasing

the radius dominates for the case ofr, > R_,, while the increasing of the imaginary part

opt ?
of the effective propagation constant weighs more for the case of7, <R,,. From Fig. 4-8

and Fig. 4-9, it is also found that the bending-induced radiation loss is very low

whenr, > R_,, and the insertion loss presents a quasi-linear relationship with the radius

opt >
due to the fact that the insertion loss is mainly coming from the inherent propagation loss.
From the numerical results shown in Fig. 4-8 and Fig. 4-9, a conclusion can be drawn for
the pure radiation loss: a metal waveguide bend with a smaller geometrical-size film

produces more pure radiation loss at a specific radius.
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The optimum radius corresponding to the minimum point of the insertion loss shown
in Fig. 4-8 and Fig. 4-9 is most interesting to the practical design. Considering its
importance, the transition loss of the bent metal waveguide at the optimum radius is
calculated assuming that it is connected to a straight metal waveguide. Fig. 4-10 presents
optimum radii of curvature and the corresponding transition losses for metal waveguide
bends, where the solid line represents the case of w=1pum, and the dashed line shows the
case of w=0.5um. Fig. 4-10 (a) gives optimum radii of curvature for metal waveguide
bends with different geometrical combinations, while Fig. 4-10 (b) gives transition losses
for curved metal waveguides at optimum radii of curvature. From Fig. 4-10 (a), it can be
seen that a smaller geometrical-size metal waveguide bend presents a larger optimum
radius. It is easily observed from Fig. 4-10 (b) that a smaller geometrical-size curved
metal waveguide at its optimum radius shows lower transition loss.
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Fig.4-8 Insertion losses and pure radiation losses versus the radii of curvature for
metal waveguide bends with w=1pm and t being from 10nm to 15nm (see Fig. 4-1).
(a;) to (f;) (i=1,2) are for t=10nm to t=15nm, respectively. The subscript i

identifies different kinds of losses, where i=1 represents insertion losses, and

i = 2 denotes pure radiation losses.
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Fig.4-9 Insertion losses and pure radiation losses versus the radii of curvature for

metal waveguide bends with w=0.5pm and t being from 10nm to 15nm (see Fig. 4-1).
(a;) to (f;) (i=1,2) are for t=10nm to t=15nm, respectively. The subscript i

identifies different kinds of losses, where i=1 represents insertion losses, and

i = 2 denotes pure radiation losses.
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Fig. 4-10 Optimum radii of curvature and corresponding transition losses for metal
waveguide bends. The solid line represents the case of w=Ium, and the dashed line
shows the case of w=0.5um. (a) gives optimum radii of curvature for metal waveguide
bends with different geometrical combinations; (b) gives the transition loss when the

curved metal waveguide with the optimum radius is connected to a straight one.
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(B) Normalized phase constants

Figure 4-11 gives normalized phase constants (fB/8,) versus radii of curvature,
where (a) to (f) are for w=1um, and t=10nm to t=15nm, respectively. The solid lines
show the results for the curved metal waveguides, and the dashed lines represent results
for straight waveguides. From Fig. 4-11, it is observed that the normalized phase constant
will increase due to the bending, and tends to be that of the straight waveguide
asymptotically when the radius becomes infinitely large. For metal waveguide bends, the
trend of the bending-induced increase of the normalized phase constants is the same as
the Pregla’s rib bend structure shown in Chapter 3. This behavior is attributed to the fact
that bent metal waveguides analyzed here belong to the symmetrical-waveguide type and
the rule of bending-induced increase holds for all waveguides symmetric about the
vertical axis [3].
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4.3.2 Modal field distributions

(A) 1D dominant modal field distributions of the ss; mode

Figure 4-12 and Fig. 4-13 present 1D normalized dominant electric field distributions
(the real part of Ez) of the ss; mode supported by the curved metal waveguides with

w=1um, and w=0.5um, respectively. Note that these fields are obtained at the interface
between the metal film and the cladding, but in the cladding. Fig. 4-12 (a) to Fig. 4-12 (f)
or Fig. 4-13(a) to Fig. 4-13 (f) are correspondingly for t=10nm to t=15nm, respectively.
Three curves on Fig. 4-12 (a) to Fig. 4-12 (f) or Fig. 4-13(a) to Fig. 4-13 (f) correspond to
three different radii of curvature; among them, one case is the radius being 1m, another
case corresponds to the upper limits of the radius of the radiation curves shown in Fig. 4-
8 or Fig. 4-9 and the third radius is chosen so that it is shown distinctly from others on
one figure. From Fig. 4-12 and Fig. 4-13, it is found that the field is actually propagating
toward the +r direction when the radius of curvature is small, which results in the
radiation loss, and that the bending shifts the modal field peak radially outward and
makes it more asymmetric for a smaller bend radius.
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Fig. 4-12 continues from page 98- page 99.
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Fig4-12 1D normalized dominant electric field distributions of the ss, mode

supported by the curved metal waveguides with w=1um and different thickness t.

(a) to (f) are for t=10nm to t=15nm, respectively. Three curves on (a) to (f)

correspond to three different radii of curvature.
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ssb’ mode (w=0.5um t=10nm)
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Fig.4-13 1D normalized dominant electric field distributions of the ss; mode

supported by the curved metal waveguides with w=0.5um and different thickness t.
(a) to (f) are for t=10nm to t=15nm, respectively. Three curves on (a) to (f)

correspond to three different radii of curvature.

(B) 2D modal field distributions of the ss; mode

Figure 4-14 and Fig. 4-15 give contour plots of normalized dominant electric field
distributions of the ss, mode supported by the curved metal waveguides with w=1um or

0.5pm, and different thickness t. For each geometrical combination, two contour plots are

given. One is for the radius being 1m, and the other case is for the optimum radius. (a,)
to (f;) (i=1,2) of Fig. 4-14 or Fig. 4-15 are for t=10nm to t=15nm, respectively. The

subscript i identify the radius, where i=1 represents the case of radius=1m, and
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i = 2 denotes the case of the optimum radius. From Figure 4-14 and Fig. 4-15, it can be

seen that a smaller geometrical-size metal waveguide has more spreading field

distributions, and that the peak of the field distributions of a smaller geometrical-size bent

metal waveguide shifts a smaller distance at the optimum radius. The smaller shifting

distance of the peak of the field distributions can explain why a smaller geometrical-size

bent metal waveguide results in lower transition loss at its optimum radius.
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Fig. 4-14 continues from page 102- page 104.
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Fig.4-14 Contour plots of normalized dominant electric field distributions of the ss,

mode supported by the curved metal waveguides with w=1um and different thickness
t. (a;) to (f,) (i=1,2) are for t=10nm to t=15nm, respectively. The subscript i
identify the radius, where i =1 represents the case of radius=1m, and i = 2 denotes

the modal distribution with the optimum radius.
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Fig.4-15 Contour plots of normalized dominant electric field distributions of the ss,

mode supported by the curved metal waveguides with w=0.5um and different

thickness t. (a;) to (f;) (i=1,2) are for t=10nm to t=15nm, respectively. The

subscript i identify the radius, where i =1 represents the case of radius=1m, and

i = 2 denotes the modal distribution with the optimum radius.
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4.4 Conclusion

This chapter analyzes the plasmon-polariton waveguides, ie., metal optical
waveguides, with an emphasis placed on the mode propagation characteristics of metal
optical waveguide bends. The analysis of metal optical waveguide bends includes 12
cases of structures with different widths and thicknesses. The simulation results for the
insertion loss, and the pure radiation loss of these bend structures are shown, and the
optimum radii of curvature, which correspond to the minima of the insertion losses of
these bend structures, are also presented in this chapter. Considering the importance of
the optimum radius curvature, the transition loss at this point is analyzed for each case of
the bend structure. The numerical analyses of the mode propagation characteristics of the
metal waveguide bends at the optical frequencies in this chapter are presented for what is

believed to be the first time.
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Chapter 5

Conclusions

5.1 Thesis Summary

This thesis mainly deals with the modeling of the propagation characteristics in optical
waveguide bends: The radiation loss from the waveguide-bending effect, and the
transition loss due to the modal mismatch at the junction of waveguides with different
radii of curvature.

The modeling is set up based on the cylindrical MoL. The detailed formulation
includes the algorithms for the analysis of the propagation characteristics and those for
six 1D and 2D electromagnetic field distributions. The code is implemented successfully,
verified by the validation in Chapter 3. The initial goal to set up a design tool for
analyzing propagation characteristics in an optical waveguide bend using the method of
lines (MoL) has been reached.

In this thesis, the developed code is applied to the analysis of the finite-width metal
waveguide bend. To the author’s best knowledge, no numerical work regarding the
insertion loss of the metal waveguide bend with finite width has appeared in the literature
up to now. It has demonstrated the usefulness of the tool for practical designs in the

integrated optics technology.

108



5.2 Future Extensions

Although the code was proven to be very suitable for the analysis of circular bends
with various cross sections, it has a limitation for the analysis of the longitudinal
inhomogeneous waveguide bends, such as the optical taper bend. To overcome this
limitation, some extensions should be made to the code.

To analyze the longitudinal inhomogeneous bent waveguide, R. Pregla and J. Gerdes
etc., in [54], have put forward a beam-propagation algorithm based on MoL, and got
satisfactory numerical results. As a result, the code based on the BPM-MoL algorithm

can be incorporated into the design tool to make it function more generally.
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Appendix A

Muller’s Method

The procedure for Muller’s method is developed by writing a quadratic equation that
fits through three points in the vicinity of a root, in the form av? +bv + ¢ (See Fig. A-1).
The development is simplified if we transform axes to pass through the middle point, by

letting v = x — x,.

(Xo5 fo

Parabola av’+bv+c= p,(v)

>
X

Fig. A-1
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Let h =x,—x, and h, =x,—-x,. We evaluate the coefficients by evaluating
p,(v) at the three points:
v=0:  a(0)>+b(0)+c=f,;
v=h: ah) +bh)+c=f;
v=-h: ah,) -bh)+c=f,;
From the first equation, ¢ = f,. Letting h,/h =v, we can solve the other two

equations for aand b :

— Vfl _f0(1+v)+f2

¢ vhi(1+v) a1
b :%—a}zf (A.2)

After computing a,b, and ¢, we solve for the root of av’®+bv+c=0 by the
quadratic formula, choosing the root nearest to the middle point x,. This value is

2c

b++b* —dac

With the sign in the denominator taken to give the largest absolute value of the

root =x, —

(A.3)

denominator (that is, if b>0, choose plus; if b<0, choose minus: if b=0, choose either).

We take the root of the polynomial as one of a set of three points for the next
approximation, taking the three points that are most closely spaced (that is, if the root is
to the right of x,, take x,, x,, and the root; if to the left, take x,, x,, and the root). We
always reset the subscripts to make x, be the middle of the three values.

An algorithm for Muller’s method is:
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Given the points x,, x,, X, in increasing value,
1. Evaluate the corresponding function values f,, f,, f;.
2. Find the coefficients of the parabola determined by the three points.
3. Compute the two roots of the parabolic equation.

4. Choose the root closest to x, and label it x, .

5.TF x,>x, THEN rearrange x,,x,,x, Int0 X,,X,, X,

0>y

ELSE rearrange x,,x,, X, into x,,x,, X, .

2>

6.IF |f(x,)

<FTOL, THEN return x,

ELSE go to 1.

Note: As the Muller’s Method is used to search for a complex root, the computation

must, of course, use complex arithmetic.
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Appendix B

Vector Differential Operator in Cylindrical Coordinates

1. Gradient

2. Divergence

- 10 104, 0A
AeA=—— — £
Bp( 2 pop dp
3. Curl
0A ~0A, QA A1a(pA) 18A
— SR -+ 4
a¢ dz dz dp o dp 0 09
4. Laplacian of a scalar field

vy =19, w 182w+82w

0 0p p’ 09> 07’

s

Laplacian of a vector field

VIA=V(VeA) -VxVxA

(A4)

(A.5)

(A.6)

(A7)

(A.8)
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6. Expansion of the Laplacian of a vector field

. _0%4, 104, A4 1 0*4

4

2 04, 62Ap

Vid=p(—L+——">~L-—L+

— — 4
op*> pop p> ptog’ p'op o
- 9°4, 1% A, 1 9°4, 2 04,

+4(

32142 1 04, 1 52/12 azAz
> T t— >+ 2
op p op p° Op Oz

+z( )

7. Vector operator identities (hold in all coordinate systems)

Ve(VxA)=0
VxVep=0
VO((oZ):ZOV(DJr(pVOZ

Vx(¢2)=V¢xZ+(pVxZ

+— +—=—"4
dp> pop p> p> ot p’Op Oz

(A.9)

(A.10)

(A.11)
(A.12)

(A.13)
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Appendix C

The Component of ¢, at an Abrupt Transition

As numerical investigations have shown, it is best to put the interface, where the

dielectric constant has an abrupt transition, on a i, -line i.e. E line ( or to choose the
discretization in such a way that a i, -line coincides with the interface line t ) (shown as
Fig. A.2). Which value of &, is to be inserted in &, on this line? To answer this question,
we look at the behavior of i, on the interface line t. On the interface itself w, is

continuous, but not dy, /dx . Because of the continuity of the tangential E-field and the

normal D-field components there is rather:
1 2
v =y (A.14)

1 2
Loy, _ 19y (A.15)
E, Ox €, Ox

Here, the subscript e is omitted as only y, is regarded. Consequently, in the figure the i -
curve is represented with a break on the interface; and the dashed curves are drawn

without any break for the definition of the auxiliary quantities ,,, and ¥, .
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\\\\\

€ c -

Fig. A-2 Behavior of i, at an abrupt transition from £, to €,

These auxiliary quantities are necessary to compute the second derivative on the lines k

and k+1. With the incremental formula (Taylor series up to the linear term, applied on the

interface lint t ) it is found:

o' h

ey R A.16

sy SR (A.17)

v Vi ox 2 '

oy’ h

— A.18

V=¥ ——5—> (A.18)
dw* h

- A.19

visv, ox 2 ( )

Conditions (A.11) was immediately taken into account in these equations. With (A.11),

we find for the two derivatives on the interface line:
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oy 2
h ~ L - A20
o o re. Wi = W) (A.20)

2 2g,,

0
h g/ ~ Wi —¥4) (A.21)
X 8r1 + ng

With these, two derivatives are given by the special second derivatives on the lines k and

k+1:
) 0,1 oy 2 1
Line k: h —(—-—)=~ - - - A22
PY (8;' Py c +s, Wi — V1) ‘. W — Vi) ( )
. 0.1 oy 1
Linek+l: h*—(—F)~— - - - . A.23
o (gr o ) ‘. (W2 = Viar)  +e, Wi — W) ( )
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