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Abstract

Sinusoidal anti-coupling (AC) symmetric waveguides provide a means to de-
sign dense waveguide arrays that have minimal inter-waveguide crosstalk for
high-density integration of photonic circuits. Also, the polarization sensitiv-
ity of sinusoidal AC symmetric waveguides and the reduction of wavelength
dependence that is achieved by the sinusoidal waveguides can be used to
design broadband polarization beam splitters (PBSs) for polarization di-
versity systems. In this thesis, I demonstrate the use of sinusoidal bends
to suppress the optical power exchange between pairs of symmetric strip
waveguides for both transverse-electric (TE) and transverse-magnetic (TM)
modes as well as to separate the TE and TM modes into two output sym-
metric strip waveguides on a silicon-on-insulator platform. I design, model,
simulate, and analyze sinusoidal AC symmetric waveguide pairs for both the
TE and TM modes. Then, based on the TE sinusoidal AC waveguide struc-
ture, I design, simulate, and analyze a PBS using a symmetric directional
coupler (DC) with sinusoidal bends. I also compare the modal dispersions
of the sinusoidally-bent symmetric DC, which is used in the PBS, with the
modal dispersions of an equivalent straight symmetric DC. I measure the
fabricated test devices and evaluate their performances.

The TE sinusoidal AC device, which has a gap width of 200 nm, has an

average crosstalk suppression ratio (SR) of 38.2 dB, and the TM sinusoidal
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Abstract

AC device, which has a gap width of 600 nm, has an average crosstalk SR
of 34.9 dB over an operational bandwidth of 35 nm. The PBS has a small
coupler length of 8.55 um, has average extinction ratios of 12.0 dB for the
TE mode and of 20.1 dB for the TM mode, and has average polarization
isolations of 20.6 dB for the through port (the TE mode over the TM mode)
and of 11.5 dB for the cross port (the TM mode over the TE mode) over
a broad operational bandwidth of 100 nm. All of my devices are easy to
fabricate and compatible with complementary metal-oxide-semiconductor

technologies.
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Lay Summary

In modern communications systems, light is often used to carry informa-
tion via optical waveguides in photonic circuits. When straight symmetric
waveguides are placed near each other, light will transfer, or couple, between
the waveguides. In this thesis, I present sinusoidal anti-coupling symmetric
silicon waveguide pairs that eliminate this coupling. Without the coupling,
the footprints of photonic circuits can be reduced.

There are two light propagation modes in the waveguides with rectan-
gular cross-sections that are often used in photonic circuits: transverse-
electric and transverse-magnetic modes. Sinusoidal anti-coupling symmet-
ric waveguides can be used to either separate or combine these two types
of modes. Hence, in this thesis, I also present a silicon polarization beam-
splitter/combiner using sinusoidal anti-coupling symmetric waveguides. This
device can be utilized to enhance the information-carrying capacity of opti-

cal communications systems.
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Preface

I am the main author of a journal paper, “Compact broadband polarization
beam splitter using a symmetric directional coupler with sinusoidal bends
[1], and a conference paper, “Sinusoidal anti-coupling SOI strip waveguide”
[2]. T presented a sinusoidal anti-coupling (AC) symmetric strip waveguide
pair for transverse-electric mode and a polarization beam splitter (PBS)
using a symmetric strip waveguide directional coupler (DC) with sinusoidal
bends on an SOI platform.

I calculated the design parameters for my devices using an analyti-
cal model and a finite-difference eigenmode solver (MODE Solutions from
Lumerical Solutions, Inc.). For the PBS, I also derived the modal disper-
sion to analyze the wavelength dependence of a sinusoidally-bent symmetric
DC, which was used in the PBS. I optimized the design parameters for fab-
rication using a finite-difference time-domain solver (FDTD Solutions from
Lumerical Solutions, Inc.). Then, I drew the test devices on mask layouts. In
order to evaluate the performance of the TE sinusoidal AC device, I added a
straight symmetric DC and a straight AC asymmetric waveguide pair, which
had the same gap width and coupler length as the TE sinusoidal AC device,
to the mask layouts. The test devices were fabricated using electron-beam
lithography at the University of Washington. I measured the fabricated test

devices using an automated probe station, which was developed by Han Yun,
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Jonas Fliickiger, Charlie Lin, Stephen Lin, and Michael Caverley, in our lab
at the University of British Columbia. Finally, I evaluated the performances

of those devices using the simulation and measurement data.

In this thesis, Section of Chapter [1, Sections and [2.5] of
Chapter 2], Section 3.5/of Chapter 3, Sections and of Chapter |4,
and Section of Chapter |5 are based on the work in the paper [1]. Also
in this thesis, Section of Chapter [I], Sections [2.1] and [2.4) of Chapter [2}

Section of Chapter [3| and Sections 4.1} and of Chapter [4] are
based on the work in the paper [2].

My supervisor, Dr. Nicolas A. F. Jaeger, provided me with essential
guidance, advice, and support for my research and helped me write and
edit my papers. Dr. Lukas Chrostowski provided me with valuable insights
regarding design and fabrication issues and useful suggestions to help me
improve my papers. My colleague, Han Yun, also helped me edit my papers.

Here is a copyright notice for the contents that are reproduced in this
thesis with permissions from my papers [1, 2]:

(©2015 and 2017 Optical Society of America. One print or electronic
copy may be made for personal use only. Systematic reproduction and dis-
tribution, duplication of any material in this paper for a fee or for commercial
purposes, or modifications of the content of this paper are prohibited.

Here is a list of my publications as the main author:

1. Fan Zhang, Han Yun, Yun Wang, Zeqin Lu, Lukas Chrostowski,
and Nicolas A. F. Jaeger. Compact broadband polarization beam splitter
using a symmetric directional coupler with sinusoidal bends. Optics Letters,
42(2):235-238, Optical Society of America, 2017.

2. Fan Zhang, Han Yun, Valentina Donzella, Zeqin Lu, Yun Wang,
Zhitian Chen, Lukas Chrostowski, and Nicolas A. F. Jaeger. Sinusoidal
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anti-coupling SOI strip waveguides. In CLEO: Science and Innovations,
pages SM1I-7. Optical Society of America, 2015.

During my Master’s studies, I participated in various research projects.
In these projects, I worked with my colleagues to design, analyze, and mea-
sure various optical devices, including broadband couplers, photonic crys-
tals, optical pulse shaping devices, polarization beam splitters, Bragg grating
filters, and sub-wavelength grating couplers. A list of publications for the

projects is given in Appendix
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Chapter 1

Introduction

1.1 Silicon Photonics in Optical Communications

Silicon photonics continues to evolve and to have a huge impact on the ad-
vancement of optical communications technologies. Silicon has many unique
attributes that make it a versatile material for both photonics and electron-
ics. For example, silicon optical waveguides have a wide, low-loss trans-
mission window within the infrared spectrum, specifically, from 1100 nm to
8600 nm according to Ref. [3]. Furthermore, silicon, the second most abun-
dant element in the crust of the Earth, is a semiconductor that has been
used by electronics industry for decades. Existing complementary metal-
oxide-semiconductor (CMOS) design tools and fabrication processes can be
used to build photonic integrated circuits (ICs) on silicon-on-insulator (SOT)
platforms, and high quality SOI wafers are available at low prices. More-
over, high refractive index contrast between silicon waveguide cores and
silicon dioxide or air claddings on an SOI platform allows compact waveg-
uides and waveguide bends with small radii to have good optical confinement
for single-mode operation and, therefore, SOI optical components can have
small feature sizes and low propagation losses. As a result, the footprints
of SOI ICs can be greatly reduced as compared to other photonic ICs, e.g.,
indium-phosphide-based 1Cs.



1.1. Silicon Photonics in Optical Communications

The integration of silicon photonic and microelectronic circuits is crucial
for numerous applications of silicon photonics in optical communications.
Using mature hybrid integration techniques, many leading semiconductor
and telecommunications companies, such as Luxtera, Finisar, Cisco, and
Intel, have introduced optical transceiver modules that are based on sili-
con photonics, with a wide range of data rates up to 200 Gbps, for optical
interconnects in data centers according to Refs. [4-7]. In last few years,
there have also been important technological breakthroughs for the mono-
lithic integration of photonic and electronic circuits on SOI platforms. In
2015, a large-scale integration of silicon photonic and electronic circuits on
a single chip was demonstrated using 45-nm CMOS fabrication processes
in Ref. [8]. In 2016, a quantum dot laser, which was directly grown on a
silicon substrate, was demonstrated using standard CMOS fabrication pro-
cesses in Ref. [9]. In 2016, IBM demonstrated a multichannel 56 Gbps silicon
photonic transmitter by integrating a silicon optical modulator and CMOS
driver circuits on a single chip using 90-nm CMOS fabrication processes in
Ref. [10]. The continuously advancing silicon photonics and microelectron-
ics fabrication technologies lay the foundation for next generation optical
communications systems with wide operational bandwidths and low power
consumptions.

Fundamental building blocks of silicon photonics include passive compo-
nents (such as ring resonators, multi-mode interference couplers, directional
couplers, Bragg grating filters, and grating couplers) and active compo-
nents (such as modulators, photodetectors, and lasers). There are numerous
demonstrations of these photonic devices in Refs. [11-19] on SOI platforms

within standard telecommunications bands, from 1260 nm to 1675 nm.
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1.2 Thesis Motivation and Objective

1.2.1 Sinusoidal Anti-coupling Symmetric Waveguides

SOI platforms allow us to integrate large-scale photonic circuits and realize
various functionalities on a single chip. In SOI ICs, we use routing waveg-
uides to connect photonic components. Nevertheless, we need to keep rout-
ing waveguides far apart to minimize undesired inter-waveguide crosstalk.
However, the use of large gaps between routing waveguides can increase the
footprints of SOI photonic circuits and limit the number of devices that can
be integrated on a chip.

In order to use on-chip real estate more efficiently, we can design spe-
cial waveguide structures to suppress inter-waveguide crosstalk (see Ref. [2]).
Stefano proposed to suppress the crosstalk using sinusoidal symmetric waveg-
uides on a titanium lithium-niobate platform in Refs. [20, 21] and demon-
strated sinusoidal anti-coupling (AC) symmetric waveguides on an erbium-
ytterbium phosphate platform in Ref. [22]. Nicolas demonstrated a Mach-
Zehnder modulator using sinusoidal AC symmetric waveguides on a titanium
lithium-niobate platform in Ref. [23]. As an alternative AC waveguide struc-
ture, straight asymmetric waveguides were demonstrated on SOI platforms
in Refs. [24, 25].

In this thesis, I present sinusoidal AC symmetric waveguide pairs on
an SOI platform for transverse-electric (TE) or transverse-magnetic (TM)
modes, each with design, model, simulation, analysis, and demonstration.
The demonstrated devices provide large crosstalk suppressions for both the
TE and TM modes over the entire C-band. They are also compatible with
CMOS fabrication processes and easy to fabricate. Therefore, they can be

used to design high-density routing waveguides in photonic circuits.



1.2. Thesis Motivation and Objective

1.2.2 Polarization Beam Splitter Using a Symmetric

Directional Coupler with Sinusoidal Bends

In optical communications systems based on silicon photonics, light is usu-
ally transmitted between photonic chips via optical fibres (see Ref. [1]).
However, the polarization states of optical signals at the outputs of optical
fibres can change randomly according to Ref. [26]. Due to geometric birefrin-
gence, optical signals in SOI waveguides are prone to undesired polarization-
dependent modal dispersion, central wavelength shift, and phase shift ac-
cording to Refs. [27-29]. Polarization beam splitters (PBSs) are essen-
tial components in polarization management systems to solve the problems
caused by the polarization dependence of SOI waveguides (see Ref. [1]).
There are many different configurations of PBSs that have been demon-
strated on SOI platforms, including arrayed waveguide gratings, directional
couplers (DCs), Mach-Zehnder interferometers, photonic crystals, two-mode
interference couplers, and multi-mode interference couplers in Refs. [28, 30—
40]. Zeqin demonstrated a broadband PBS using point-symmetric cascaded
couplers in Ref. [40], but it has a relatively long coupler length of 87.4 pm.
Jian demonstrated a compact PBS using an asymmetric DC in Ref. [36],
but it has strong wavelength dependencies for both the TE and TM modes.
In this thesis, I present the design, simulation, analysis, and demon-
stration of a PBS using a symmetric DC with sinusoidal bends on an SOI
platform. The device has a small coupler length of 8.55 ym and a broad
operational bandwidth for both TE operation and TM operation. It is also
compatible with CMOS fabrication processes and easy to fabricate. There-
fore, it can be used for polarization management in optical communications

systems.
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1.3 Thesis Organization

This thesis consists of the following five chapters and one appendix:

In Chapter 1, I review the development of silicon photonics in optical
communications. I also describe the motivation, objective, and organization
of this thesis.

In Chapter 2, I present the design and model of a straight symmetric DC
and a sinusoidally-bent symmetric DC. I also derive the modal dispersion
between the supermodes of the sinusoidally-bent symmetric DC in order to
compare its wavelength dependence with an equivalent straight symmetric
DC (which has the same gap width and coupler length as the bent symmetric
DC).

In Chapter 3, I present the simulation and analysis of a single straight
waveguide, straight symmetric DCs, sinusoidal AC symmetric waveguide
pairs, and a PBS using a symmetric DC with sinusoidal bends for TE and/or
TM operation on an SOI platform. I compare the wavelength dependencies
of the sinusoidally-bent symmetric DC, which is used in the PBS, with an
equivalent straight symmetric DC for the TE and TM modes.

In Chapter 4, I present the fabrication, measurement, and demonstration
of sinusoidal AC symmetric waveguide pairs and a PBS using a symmetric
DC with sinusoidal bends for TE and/or TM operation on an SOI platform.
I compare the sinusoidal AC symmetric waveguide pairs with the straight
symmetric DCs and straight AC asymmetric waveguide pairs (which have
the same gap widths and couplers lengths as the sinusoidal AC devices),
each for the TE and TM modes. I also evaluate the performance of the
PBS.

In Chapter 5, I summarize and conclude my thesis. I also provide sug-
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gestions for future research on sinusoidal symmetric SOI waveguides.
In Appendix A, I present a derivation of the propagation constant dif-
ference of a sinusoidally-bent symmetric DC in terms of the propagation

constant difference of an equivalent straight symmetric DC.



Chapter 2

Design and Theory

In this chapter, I design and model a symmetric DC with sinusoidal bends
for TE and/or TM operation on an SOI platform. I describe the waveg-
uide structures and the principles of operation for my devices. 1 derive an
analytical model of a straight symmetric DC and use the analytical model
to obtain the optical transmissions of symmetric DCs as well as obtaining
the formulas of essential design parameters for my devices. I also derive the
modal dispersions between the supermodes of a symmetric DC in order to

study the wavelength dependence of the device.

2.1 Design Overview

As shown in Fig. 2.1, each of my devices consists of a pair of parallel sym-
metric strip waveguides that are separated by a gap of width, G, and have
the same width, W, and height, H. Since a sinusoidally-bent symmetric
waveguide pair has the same cross-sectional structure as a straight sym-
metric DC, I can also refer to it as a symmetric DC with sinusoidal bends.
Each sinusoidal bend is defined as a function of z, f;(z) (see Fig. 2.2), as in
Ref. [1]:

folz) = Acos <2A”z> (2.1)



2.1. Design Overview

Top Oxide Cladding Layer

Figure 2.1: Cross-sectional view of a pair of parallel symmetric strip waveg-
uides on an SOI platform. Adapted with permission from Ref. [1], ©2017

Optical Society of America.

e >

Figure 2.2: Top view of a full period of a symmetric DC with sinusoidal
bends. Adapted with permission from Ref. [1], ©2017 Optical Society of

America.
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where A and A are the amplitude and period of a sinusoid. The choices of
G's depend on design requirements and constraints.

The use of sinusoidal bends in parallel symmetric waveguides can sup-
press the optical power exchange between the waveguides for either TE or
TM operation. Therefore, I can design sinusoidal AC symmetric waveguide
pairs. Based on this idea, I have demonstrated a sinusoidal AC symmetric
SOI strip waveguide pair for TE operation in Ref. [2], and I demonstrate a
sinusoidal AC symmetric SOI strip waveguide pair for TM operation in this
thesis. Compact routing waveguides and dense waveguide buses are two of
the potential applications of sinusoidal AC symmetric waveguides.

Sinusoidal AC symmetric waveguides can also be used to design a PBS.
In a sinusoidal AC symmetric waveguide pair that is designed for TE oper-
ation, optical power exchange between the waveguides still occurs for TM
operation. Such a device can be regarded as an “anti-coupler” for TE oper-
ation and as a coupler for TM operation. The device can have a small gap
width and a small coupler length. The sinusoidal bends can also allow a
symmetric DC to have broadband performances for both TE operation and
TM operation. Based on these ideas, I have designed a compact broadband
PBS using a symmetric DC with sinusoidal bends for both TE operation

and TM operation on an SOI platform in Ref. [1].

2.2 Analytical Model of a Straight Symmetric
DC
A straight symmetric DC consists of a pair of parallel identical waveguides

which are close to each other. According to Refs. [41, 42], the device can

be analyzed in terms of even (symmetric) and odd (anti-symmetric) super-

9
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modes. When light is injected into one of the waveguide cores, it excites one
even supermode and one odd supermode in the two-waveguide structure.
The supermodes propagating in the DC each travel at their own speeds.
The difference in their speeds causes the optical power to oscillate from one

waveguide core to the other along the length of the device, L.

X

Elsolation = = $_> Cross
: (x=0,z=0) z

—>
Through

>

Figure 2.3: Top view of a straight symmetric DC.

As shown in Fig. I have labelled the waveguide cores a and b and the
input, isolation, through, and cross ports, which I will use to model a straight
symmetric DC. I assume that the DC is lossless, that the electromagnetic
fields propagating in the device are time-harmonic, and that the transverse
field distributions for the even and odd supermodes (in the = — y plane)
are invariant along the propagation direction (along the z axis). Based
on these assumptions, the electric field distributions for the even and odd
supermodes in the device, V. (z,y, z) and ¥,(x,y, z), can be represented in
terms of their respective transverse field amplitudes at z = 0, A, and A,,
their respective normalized transverse field distributions at z = 0, ¥(z,y)

and ¥, (x, y), and their respective propagation constants, . and §,. I can use

10
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TE ‘ ' TE
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Figure 2.4: 1-D normalized transverse field distributions for the even TE
supermode (left) and odd TE supermode (right), v.(x) and ,(z), over

their respective maximum values, V¢ maz and Yo maz-

the effective index method to collapse the two-dimensional (2-D) transverse

field distribution into an one-dimensional (1-D) one, so that v.(z,y) and

Yo(x,y) become Y (x) and ¥,(x) (see Figs. and [2.5)), respectively, and,

as a result, ¥ (z,y,2) and ¥,(x,y,z) become ¥ (z,z) and ¥,(z, z), also
respectively. Therefore, when light is injected into only waveguide core a,

U, (x, z) can be expressed as:

Ue(z,2) = Aethe(w)e 702, (2.2)
and U, (z,z) can also be expressed as:

Uo(,2) = Agtho(x)e 7%, (2.3)

where 1) (z) and 1, (x) are normalized such that fj;o |Ye () ]2d$—|—fj;o [Vo()]?

dx = 1. As the superposition of the even and odd supermodes, the 2-D

11
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Figure 2.5: 1-D normalized transverse field distributions for the even TM
supermode (left) and odd TM supermode (right), ¥.(x) and v,(x), over

their respective maximum values, V¢ maz and Yo maz-

electric field distribution of a straight symmetric DC, ¥pc(z, z), can be

obtained as:
\I’DC($7 Z) = \I/e({L‘, Z) + \Ilo(l'a Z) = Aewe(x)e_jﬂez + Aod’o(l')e_jﬁoza (2'4)

which shows the overall interference between the even and odd supermodes
along the device.

In order to study the local interference for the even and odd supermodes
in waveguide cores a and b, I will also analyze the local normal modes.
According to Refs. [21, 41, 42], the model of the DC that is based on the
supermodes and the one that is based on the coupled modes are correlated,
so that I can express the 2-D electric field distributions for local normal
modes in waveguide cores @ and b, V,(x, z) and Uy(z, 2), in terms of their

respective z-dependent transverse field amplitudes, A,(z) and Ap(z), their

12
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Figure 2.6: 1-D normalized transverse field distributions for the TE local
normal modes in waveguide cores a (left) and waveguide core b (right),

q(x) and Yy (z), over their respective maximum values, ¥4 maz and ¥p maz-

respective 1-D normalized transverse field distributions, v, (x) and p(z)
(see Figs. and , and their respective propagation constants, £, and

Bp. Therefore, W, (x, z) can be expressed as:

Wa(,2) = Aa(2)vba(@)e 7%, (2.5)
and Uy(x, z), can be also be expressed as:

Uy(z, 2) = Ap(2)ihp(x)e 777, (2.6)

where 1), () is normalized such that fj;o |9a(z)|?dz = 1, and ¥y (x) is nor-
malized such that fj;o [y (7)|?dz = 1. Here, referring to Eq. Upol(x, z)

can be rewritten as:

Upo(z,2) = Aeweu)e—j%+Aowo<x>eﬂ'%]e-ji"z, (2.7)
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Figure 2.7: 1-D normalized transverse field distributions for the TM local
normal modes in waveguide core a (left) and waveguide core b (right), ¥, ()

and (), over their respective maximum values, Vg maz and ¥p mag-

where AS = S. — B, and X8 = . + B, are the difference and the sum of [,
and (,, respectively.
For an arbitrary integer, n, when ASz = 2nm, light is localized in waveg-

uide core a, |A4(z)| reaches its maximum magnitude, A, rs, at z = 2A"—g, and

Upeo (:c, 2A"—g> = +[Actbe(z) + Aowo(x)]efj%gzﬁ. Thus, referring to Egs.
and the correlation among 1, (), (), and ¥,(z) at z = ZA”—E can be
given as:

Aa,M¢a(x) = Ae¢e($) + Aowo(x)a (28)

and, when ABz = (2n + 1)m, light is localized in waveguide core b, |Ay(2)|
(2n+1)w

reaches its maximum magnitude, Ay a7, at z = “=3 7 and
) _ A(n+%)ﬂ'
Wpelr, ZEDT) = +(—j)Abe(x) — Agtbo(a)le 5 . Thus, refer-

ring to Egs. [2.6| and (2.7, the correlation among ¥p(x), 1e(x), and Y,(z
g to Eq g

14
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— @ntl)rm : )
at z = *=x7— can be given as:

Ab,M¢b(w) = Aewe(x) - Aowo(x)- (2'9)

Then, adding Egs. and [2.9, 1e(x) can be expressed, in terms of 9, (z)

and (), as:

_Aama() + Ap aridp(z)
¢e($) = 24, )

and, subtracting Eq. from Eq. o(x) can also be expressed, in terms

of Y, (z) and (), as:

(2.10)

Aa,M¢a(x) - Ab,Md]b(x)
2A,

Subsequently, substituting Egs. and into Eq. Upe(z,z) can

be rewritten, in terms of ¢, (z) and ¥y (z), as:

Vo) = : (2.11)

.AB .AB CAB .AB
eJ2 el 2’ el 2t g2 * _.58
\IJDc(:L‘7 Z) = |:Aa,ma:r:< >wa(l‘)+Ab,maa:< >7/}b(x):| eI,

2 2
(2.12)

Since, in a lossless symmetric DC, Ag s = Ap pr = Anr, Buwg is the prop-
agation constant of a single straight strip waveguide with the cross-sectional
dimensions (W and H), and %ﬁ ~ Ba = By = Buwg, referring to Eq. m,

U, (z,z) can be given as:

Vo(z,2) = Am <6] 5 >wa(:r)ej22ﬂz = A cos (Afz> Yo(x)e IPua?,
(2.13)

and, also referring to Eq. [2.12, W;(z, z) can be given as:

e*j%z _ ej%z

2

. A ,
\Ijb(m, Z) = AM < >wb(x)€_-722ﬁz — _,]AM Sin (fz) wb(x)e_]ﬁng.
(2.14)
From now on, the subscript, wg, is used to indicate that a particular variable

is related to a single straight waveguide. Hence, referring to Egs. and

15
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2.13, A,(z) can be represented as:
Au(z) = Apg cos (Afz), (2.15)
and, referring to Eqgs. and Ap(z) can also be represented as:
Ap(z) = —jAps cos <A252> (2.16)

Subsequently, referring to Eq. the 1-D local electric field distributions

at the input port, W,pu(x), in waveguide core a at z = 0 can be solved as:

\Ijinput(x) = \I/a(l',O) = AM¢a(x)a (217)

referring to Eq. the 1-D local electric field distribution at the isolation

port, W;soration (), in waveguide core b at z = 0 can be solved as:
\I}isolation(x) = \I’b(xa 0) =0, (218)

referring to Eq. the 1-D local electric field distribution at the through

port, Winrough (), in waveguide core a at z = L can be solved as:
Ap —§BuwgL
Uibrough() = Vo(z, L) = Ap cos TL Yo (x)e IPwe (2.19)

and, referring to Eq. the 1-D local electric field distribution at the cross

port, Ueposs(), in waveguide core b at z = L can be solved as:
. . [AB —jBuwg L
\I/cross(x) = \I]b(xy L) = _]AM sin TL 1/1b(96)€ JPwa (220)

As the value of L varies, Wiprougn(, 2) and Weroqs(, 2) change sinusoidally

in the waveguide cores.
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2.3 Optical Transmissions of a Symmetric DC

Now, referring to Egs. and the optical transmission to the through

port of a symmetric DC, Tiprough, can be obtained as in Ref. [1]:

+
Pthrough f_;)o \Pthrough(x)\p:hTough(Q?)dx 9 <A5 )
X = cos L),

Tihrough = 9
roug Pinput fj—;o \Ijinput (l’) LI];'knput (SL’) dl‘ 2

(2.21)
and, referring to Egs. and [2.20, the optical transmission to the cross
port of the DC, T,,,ss, can also be obtained as in Ref. [1]:

+oo

P v x)U* x)dx A

Tcross __ fcross . fj::; CT’OSS( ) cross( ) _ sin2 <BL>, (222)
Pinput f—oo \IjinPUt (x)qj;knput (.’E)d.’I}

where Pinput, Pihrough, and Peross are the optical powers at the input, through,
and cross ports of the device, respectively. When light is injected into only
one waveguide of the device, referring to Eq. the smallest value of cross-
over length that allows the maximum optical power transfer to an adjacent

waveguide, L¢min, at a given wavelength in vacuum, Ao, can be given as:

s

Lemin = —. 2.2
min = 3 (223)

I will use Eq. to calculate the L of a straight symmetric DC for
either TE or TM operation.

2.4 Sinusoidal AC Bends for a Symmetric
Waveguide Pair

According to Refs. [20, 21, 43], the AS of a sinusoidally-bent symmetric DC,
ABpent, can be given (see Appendix |A) as in Ref. [1]:

2TA(W + G
Aﬁbent = ABstraz‘ghtJO (A)ng ; (224)

17
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Figure 2.8: Bessel functions of the first kind of orders 0 and 1 with respect

to a variable, T4, ranging from 0 to 10.

where Jy is the Bessel function of the first kind of order 0 (see Fig. [2.8).
When W, H, G, A, and 3,4, have been determined, I can find a value of
A to obtain the first positive root of Jy and to set the ABpens and Tpppss of
the sinusoidally-bent symmetric DC to be zero (see Refs. [1, 2]). As shown
in Fig. 2.8 the value of this root is approximately 2.405 and, therefore, the
smallest value of A, A,.n, that can suppress the optical power exchange

between the sinusoidal waveguides can be given as in Refs. [1, 2]:

2.405A

14m7;n§g .
21(W + G)Bug

(2.25)

Since the derivation of Afpe,: does not depend on mode type (either the
TE or TM mode), Egs. and can be used with either mode type.
Thus, I will use Eq. to calculate the A,,;, of a sinusoidal AC symmetric
waveguide pair for either TE or TM operation. I will also use Eq. to

analyze bent and straight symmetric DCs.
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2.5. Modal Dispersions between the Supermodes of Symmetric DCs

2.5 Modal Dispersions between the Supermodes

of Symmetric DCs

In order to study the wavelength dependence of a symmetric DC with sinu-
soidal bends, I will derive the modal dispersions between the even and odd
supermodes of a symmetric DC. The phase velocity for the even supermode,

Up,e, can be defined as:
2me

e = — 2.26
‘. /\Oﬂe ( )

the phase velocity for the odd supermode, v, ,, can also be defined as:

2me

O: 9 22
%0 = 2B (2:20)

where ¢ = 299.8 um/ps is the speed of light in vacuum. The arrival time for

the even supermode, 7., can be defined as:

L
Te = , (2.28)

Up,e

and the arrival time for the odd supermode, 7,, can also be defined as:

L

Up,o

(2.29)

To =

Then, substituting Eqgs. and into Eqgs. and respectively,

I can write the difference between 7, and 7., A7, as in Ref. [1]:

—L)g

2me

AB, (2.30)

AT =T, —Te =

and, therefore, I can obtain the modal dispersion of a symmetric DC, D, as

in Ref. [1]:

T Ld\ 2wc

AB+ Ag—2

2.31
Dhg (2.31)

o LdAr —1< dA[i’).
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2.6. Summary

Subsequently, the D of a straight symmetric DC, Dgtrqignt, can be given

as:
;1 dABstraight
2me dXo ’

and the DD of a sinusoidally-bent symmetric DC, Dy, can also be given as:

(Aﬁstr(zight + )\O (232)

]D)straight =

(2.33)

Dbent _ ;]- dAﬁbent) )

AByent + A
27rc< Brent + Ao =73

Hence, substituting Eq. into Eq. I can rewrite Dyene, in terms of

Aﬁstraighta as:

—1

dABs rat
Dbent = 5 [(Aﬂstraight"i')\otght

dXo

— )0 (503 + (K100 St (K )|

(2.34)
where K = W, Ji1 is the Bessel function of the first kind of order 1
(see Fig. , and ng 4,4 is the group index of a straight strip waveguide with
the cross-sectional dimensions (W and H). Then, referring to Egs. and
I can express the absolute value of the ratio between Dyep,y and Diraight

as in Ref. [1]:
2
Dpent _ (K (%Kng,wg>A/85traightJ1 (Kﬂwg) 5 35
D . =70 Ing + dAﬁstraiqht ( ) )
straight Aﬁstraight + )\OTO‘
I will use Eq. |2.35| to calculate the % at A\g and use the result to
stratg

evaluate the wavelength dependency of a sinusoidally-bent symmetric DC
as compared to an equivalent straight symmetric DC, which has the same

W, H, G and L, for either the TE or TM mode.

2.6 Summary

In this chapter, the design and modelling methods for a straight symmet-

ric DC and for a sinusoidally-bent symmetric DC were presented. The
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2.6. Summary

modal dispersion was also derived to study the wavelength dependence of
the sinusoidally-bent symmetric DC and the equivalent straight symmetric

DC.

21



Chapter 3

Simulation and Analysis

In this chapter, I simulate and analyze a single straight waveguide, straight
symmetric DCs, and sinusoidal AC symmetric waveguide pairs. All of my
simulations and analyses are based on the assumption that an SOI platform
is being used for those devices. Using a finite-difference eigemode (FDE)
solver, I simulate a single straight waveguide for both the fundamental TE
and TM modes and simulate straight symmetric waveguide pairs, which are
separated by gaps of different widths, for both the TE and TM supermodes.
Referring to the formulas which have been derived from the previous chap-
ter, I calculate the design parameters of the straight symmetric DCs and
sinusoidal AC waveguide pairs for both TE operation and TM operation.
Using a finite-difference time-domain (FDTD) solver, I optimize the designs
of straight symmetric DCs and sinusoidal AC symmetric waveguide pairs.
Then, I optimize the design of a PBS using a symmetric DC with sinusoidal
bends using the FDTD solver, in which the suppression of optical power
exchange between the waveguides is optimal only for TE operation but not
for TM operation. Subsequently, using the simulation data that have been
collected, I analyze the wavelength dependencies of the sinusoidally-bent

symmetric DC, which is used in the PBS, for both the TE and TM modes.
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3.1. Simulation and Analysis Overview

3.1 Simulation and Analysis Overview

Table 3.1: Simulation parameters.

Parameters || Names

Ao, nm Wavelength in vacuum
Neff Effective refractive index at A\
Nef fg The n.yry of a single straight waveguide
nZﬁw g The nef g for the fundamental TE mode
nZJf\}[ wg The nef g for the fundamental TM mode
Neffe The neyss of a pair of straight symmetric waveguides for

the even supermode

nzf} . The ngys . for the TE supermode

neT;\]/{ . The n.fye for the TM supermode

Neff.o The n.yy of a pair of straight symmetric waveguides for
the odd supermode

neTﬁc 0 The neyy,, for the TE supermode

neT]f\]/c[ o The ngyr, for the TM supermode

Both the FDE and FDTD solvers (MODE Solutions and FDTD Solu-
tions, respectively, from Lumerical Solutions, Inc.) use the finite-difference
method for simulation, the FDE solver simulates optical modes on a cross-
section of a waveguide structure by solving Maxwell’s equations on a 2-D
planar mesh according to Ref. [44], and the FDTD solver simulates the
propagation of optical modes in a waveguide structure by solving Maxwell’s
equations in a 3-D cuboidal mesh with respect to both space and time ac-

cording to Ref. [45]. The ambient temperature in my simulations is assumed
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3.1.

Simulation and Analysis Overview

Table 3.2: Analysis parameters.

Parameters Names
Ng Group index at Ag
Ng wg The ny of a single straight waveguide
nf;;gg The ng 4,4 for the fundamental TE mode
ng% The ng,4¢ for the fundamental TM mode
B, nm™! Propagation constant at \g
Buwg nm~! The S of a single straight waveguide
55 ,nm ™! The Bg for the fundamental TE mode
5;‘4 ,nm ! The B4 for the fundamental TM mode
Be, nm~! The B of a pair of straight symmetric waveg-
uides for the even supermode
BZE, nm~! The S, for the TE supermode
TM nm~! The S, for the TM supermode
B, nm 1 The B of a pair of straight symmetric waveg-
uides for the odd supermode
TE nm~1 The S, for the TE supermode
ﬁOTM , nm ™! The S, for the TM supermode
D, ps-pum ™ tnm ™! Modal dispersion at Ag

. —1
]D)straight, ps-pm

‘nm-—

1

The D of a straight symmetric DC

1

TE — —
Dst'raight’ ps-pm- —-nm

1

The Dgtyqighs for the TE mode

TM 1

]D)straight’ ps-pm - —-nim

1

The Dgtrqignt for the TM mode

1 -1

Dpent, ps-pm™"-nm The D of a sinusoidal symmetric DC
]DZ;%, ps-um ™~ nm ™! The Dy, for the TE mode
]D)IZ;%, ps-um~tnm ™! The Dyey: for the TM mode
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3.1. Simulation and Analysis Overview

Table 3.3: Design parameters.

Parameters || Names
G, nm Gap width
W, nm Waveguide width
H, nm Waveguide height
L, ym Length of a device

Lc,minv pm

The smallest cross-over L of a straight symmetric DC

that is optimized for the operation at Ag

TE
Lc,min ) pan

The L¢min for TE operation

TM
Lc,min’ pm

The L min for TM operation

A, pm Period of a sinusoid
A, nm Amplitude of a sinusoid
Apin, NI The smallest A of a sinusoidal AC symmetric waveguide
pair that is optimized for the operation at Ag
A%ZEn, nm The A,,;n for TE operation
ATM The A,,;n for TM operation

min’
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3.2. Single Straight Waveguide

Figure 3.1: Port configuration in my simulations.

to be at 25 °C, and the central wavelength of operation for each device is
chosen to be at 1550 nm. In Tables (3.1} 3.2, and (3.3}, I list the parameters
that will be used for my simulations, analyses, and designs. In my simula-
tions, Ports 1, 2, 3, and 4 are defined as in Fig. [3.1] to indicate the inputs
and outputs of each device. In my simulations, Port 1 is used as the default

input port, unless another port is specified to be used as an input port.

3.2 Single Straight Waveguide

As shown in Fig.|3.2, the SOI strip waveguides, which are used in my devices,
are surrounded by silicon dioxide, and all of these waveguides have the same
cross-sectional dimensions, W = 500 nm and H = 220 nm, and support
both single-mode TE operation and single-mode TM operation.

Using the FDE solver to simulate the cross-section of the single straight

waveguide, I can obtain the n.fy 4 for the waveguide structure. Hereafter,
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3.2. Single Straight Waveguide

Crystalline Silicon
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Figure 3.2: Perspective and cross-sectional views of a single straight waveg-

uide, which has W = 500 nm and H = 220 nm.
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Figure 3.3: Simulated wavelength-dependent effective refractive indices for

both the fundamental TE and TM modes of the single straight waveguide.
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3.2. Single Straight Waveguide

W =500 nm

H=220nm

Figure 3.4: Simulated 2-D mode profiles for the fundamental TE mode (left)

and the fundamental TM mode (right) at Ay = 1550 nm of the single straight
waveguide, which has W = 500 nm and H = 220 nm.

Table 3.4: Simulated and calculated values of the 1 g8, Tg.wgS, and Bugs

for both mode types at Ay = 1550 nm of the single straight waveguide.

Modes TE ™

Nef favg 2.446 1.773

Ngavg 4.209 3.763
Buwg, nm~t || 0.009916 | 0.007188
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3.3. Coupling and AC Devices for TE Operation

the subscript, wg, is used when I intend to indicate that a particular vari-
able is related to the single straight waveguide. Subsequently, 14,4 can be

calculated, with respect to nefs g, as:

dn,
Ngwg = Nef fwg — )‘Omv (3.1)
dXg
and (3,4 can also be calculated, with respect to s g, as:
27
ng = Tne‘fﬁwg. (32)
0

Figure |3.3| shows the wavelength-dependent effective refractive indices for
both the fundamental TE and TM modes of the single straight waveguide,
and, referring to Egs. and and Fig. the values of the neffugs,
Ng.wgS, and Bygs for both mode types at \g = 1550 nm of the waveguide
structure are obtained and listed in Table As shown in Fig. [3.4, the
fundamental TE mode is better confined to the waveguide core than the fun-
damental TM mode at A\g = 1550 nm. Due to stronger confinement for the
fundamental TE mode than for the fundamental TM mode to the waveguide

core, the ng’ﬁ wg 18 greater than the nzfj\]/{wg at A\g = 1550 nm (see Fig.

and Table .

3.3 Coupling and AC Devices for TE Operation

Based on a symmetric two-waveguide structure, a straight symmetric DC
and a sinusoidal AC symmetric waveguide pair can be designed for TE
operation. The TE straight coupling device can be used as a reference to

evaluate the performance of the TE sinusoidal AC device.
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3.3. Coupling and AC Devices for TE Operation

Crystalline Silicon
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Figure 3.5: Perspective and cross-sectional views of a straight symmetric

waveguide pair, which has W = 500 nm, H = 220 nm, and G = 200 nm.
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Figure 3.6: Simulated wavelength-dependent effective refractive indices for
@ the even TE and TM supermodes and @ the odd TE and TM super-

modes of the straight symmetric waveguide pair, which has G = 200 nm.
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3.3. Coupling and AC Devices for TE Operation

TE Odd

- -

G =200 nm

T™M Odd

& =

G =200 nm

Figure 3.7: Simulated 2-D mode profiles for the even and odd TE super-
modes (upper left and right, respectively) and the even and odd TM super-
modes (lower left and right, respectively) at Ao = 1550 nm of the straight

symmetric waveguide pair, which has G = 200 nm.

Table 3.5: Simulated and calculated values of the n.rrs and s for both
the TE and TM supermodes at A\yg = 1550 nm of the straight symmetric

waveguide pair, which has G = 200 nm.

Modes TE T™
Neffe 2.458 1.826
Neff.o 2.437 1.714

Be, nm L[| 0.009963 | 0.007404
By, nm L || 0.009879 | 0.006948
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3.3. Coupling and AC Devices for TE Operation

3.3.1 TE Straight Symmetric DC

The value of G is chosen to be 200 nm for the TE straight symmetric DC.
Using the FDE solver to simulate the cross-section of a straight symmetric
waveguide pair, which has W = 500 nm, H = 220 nm, and G = 200 nm
(see Fig. , I can obtain the n.f. and n.ys, for the waveguide structure.
Subsequently, 8. can be calculated, with respect to n.ys., as:

27
Be = Tneff,ea (3.3)
0

and 3, can be calculated, with respect to neys,, as:

2m
50 = Tneff,o- (34)
0

Figures and show the wavelength-dependent effective refractive
indices for both the TE and TM supermodes of the straight symmetric
waveguide pair. Referring to Egs. and [3.4] and Figs. and the
values of the ngyyres, nefr oS, Bes, and Bys for both the TE and TM super-
modes at A\g = 1550 nm of the waveguide structure are obtained and listed in
Table (3.5l As shown in Fig. the even and odd TE supermodes are better
confined to the waveguide cores than the TM even and odd supermodes at
Ao = 1550 nm. Due to stronger confinement for the TE supermodes than for
the TM supermodes to the waveguide cores, the "Zf} . and ngfb} , are greater
than the neT;\f . and neij\}[ ., respectively, at Ao = 1550 nm (see Figs. and
and Table .

Referring to Eq. (Lemin = ALB)’ I can calculate the L to allow
the maximum optical power transfer to the cross port of a straight symmetric
DC for either TE or TM operation. Thus, referring to Eq. and Table[3.5]
I calculate the LTE . = 37.40 ym for the operation at A9 = 1550 nm of the

c,min

DC, which has G = 200 nm. Since the circularly-bent branches are used
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3.3. Coupling and AC Devices for TE Operation
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Figure 3.8: Simulated optical transmissions of the cross and through ports
as functions with respect to L for TE operation at Ay = 1550 nm of straight
symmetric DCs, which have G = 200 nm.

in my devices either to bring the waveguides closer or to separate them,
from now on, my simulations include the coupling and insertion losses that
are caused by the bifurcating branches. Then, using the FDTD solver, 1
simulate straight symmetric DCs, which have G = 200 nm, for TE operation
and obtain an optimized value of the LZﬂEﬂn to be 32.88 um (see Fig.
and Ref. [2]). Figure shows the 2-D power distribution profile for the
operation at A\g = 1550 nm of the TE straight symmetric DC, which has
G =200 nm and L = LZELM = 32.88 um, and TE optical power crosses over

to the adjacent waveguide in the TE coupling device, when a fundamental

TE mode is launched into Port 1 of the device.
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3.3. Coupling and AC Devices for TE Operation
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Figure 3.9: Simulated 2-D power distribution profile for the operation at
Ao = 1550 nm of the straight symmetric DC, which has G = 200 nm and
L = 32.88 ym, when a fundamental TE mode is launched into Port 1 of the

device.

3.3.2 TE Sinusoidal AC Symmetric Waveguide Pair

Referring to Eq. [2.25| (Apin & %), I can calculate the A, to

suppress the optical power exchange between the waveguides of a sinusoidal
AC device for either TE or TM operation. I choose a value of the A to
be 16.44 pm (by default, I choose A = # for my sinusoidal AC de-
vices) and, referring to Eq. [2.25{and Table 3.4, calculate the Aﬁ;En = 906 nm
for the operation at Ay = 1550 nm of the sinusoidal AC device, which has
G = 200 nm and A = 16.44 pm. Then, using the FDTD solver, I sim-

ulate sinusoidal symmetric waveguide pairs, which have G = 200 nm and

ATE

min

A = 16.44 pm, for TE operation and obtain an optimized value of the
to be 932 nm (see Fig. |3.10| and Ref. [2]). Figures 3.11a and 3.11b| show

the 2-D power distribution profiles for the operation at Ay = 1550 nm of
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3.3. Coupling and AC Devices for TE Operation
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Figure 3.10: Simulated optical transmissions of the cross and through
ports as functions with respect to A for TE operation at A\g = 1550 nm

of sinusoidal symmetric waveguide pairs, which have the G = 200 nm and

A =16.44 pm.
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Figure 3.11: Simulated 2-D power distribution profiles for the operation at
Ao = 1550 nm of the sinusoidal AC symmetric waveguide pair, which has
G = 200 nm, L = 32.88 um, and A = 932 nm, when a fundamental TE
mode is launched into each of (a)) Port 1 and (b)) Port 3 of the same device.

Adapted with permission from Ref. [2], ©2015 Optical Society of America.
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3.3. Coupling and AC Devices for TE Operation

—
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Figure 3.12: Perspective view of the TE sinusoidal AC device. Adapted
with permission from Ref. [2], ©2015 Optical Society of America.

the TE sinusoidal AC symmetric waveguide pair, which has G = 200 nm,
L=2A= LcT,an = 32.88 um, and A = ATE = 932 nm, when a fundamen-
tal TE mode are launched into each of Ports 1 and 3 of the same device. In
comparison with the equivalent TE straight symmetric DC (see Figs. ,
Fig. illustrates that TE optical power exchange between the waveg-
uides is suppressed and that TE optical power transfers from an input port
to an output port along the same waveguide in the TE AC device, when a
fundamental TE mode is launched into Port 1 of each device. As shown in
Fig. the device is symmetric with respect to the x axis, the injection
of an optical signal into Port 1 is equivalent to that into Port 2, and the

injection of an optical signal into Port 3 is equivalent to that into Port 4.

Thus, the TE sinusoidal AC device can work as a four-port device.
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3.3. Coupling and AC Devices for TE Operation

3.3.3 Study for TM Operation
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Figure 3.13: Simulated optical transmissions of the cross and through ports
as functions with respect to L for TM operation at A\g = 1550 nm of straight

symmetric DCs, which have G = 200 nm.

Here, I study the TE coupling and AC devices, which were studied above,
for TM operation. Referring to Eq. and Table I calculate the value
of LCT%m for the operation at A\g = 1550 nm of a straight symmetric DC,
which has G = 200 nm (see Table . Then, using the FDTD solver, I sim-
ulate straight symmetric DCs, which have G = 200 nm, for TM operation

and obtain an optimized value of the LTM.  (see Fig. and Table .

¢,min
The calculated and optimized values of the Lgfnms are also listed in Ta-
ble Due to weaker confinement for the TM supermodes than for the TE
supermodes to the waveguide cores, TM optical power can transfer to the
adjacent waveguide in a shorter length, the L. i, than TE optical power.

As shown in Fig. when a fundamental TM mode is launched into Port 1
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Figure 3.14: Simulated 2-D power distribution profile for the operation at
Ao = 1550 nm of the TE straight symmetric DC, which has G = 200 nm
and L = 32.88 um, when a fundamental TM mode is launched into Port 1

of the device.

Table 3.6: Calculated and optimized values of the L mnns for both TE
operation and TM operation at Ay = 1550 nm of the straight symmetric

DCs, which have the same G = 200 nm (see Ref. [2]).

Operation TE | TM

Calculated || 37.40 | 6.89

Lc,miru pm ..
Optimized || 32.88 4
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3.3. Coupling and AC Devices for TE Operation

of the TE straight symmetric DC (G = 200 nm and L = 32.88 pm), which

was studied above, the optical power crosses over between the waveguides

in a much shorter length than when a fundamental TE mode is launched

into Port 1 of the same device (see Fig.[3.9).
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Figure 3.15: Simulated optical transmissions of the cross and through ports

as functions with respect to A for TM operation at Ag = 1550 nm of si-

nusoidal symmetric waveguide pairs, which have G = 200 nm and have @)

A:2um,@/\:4um,AzSpm,and@AzlG@lpm.

Thus, I choose the values of the As to be 2 um, 4 pym, 8 um, and
16.44 pm. Referring to Eq. and Table I calculate the values of the
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3.3. Coupling and AC Devices for TE Operation

Table 3.7: Calculated values of the AZMs and optimized ATM s for the

min cross,min

operation at A\g = 1550 nm of the sinusoidal symmetric waveguide pairs,

which have G = 200 nm and different As.

A, pm 2 4 8 | 16.44

Calculated || 152 | 304 | 608 | 1250
Optimized - 270 | 670 | 1240

ATM iy

min’?

Apins of the sinusoidal symmetric waveguide pairs, which have G = 200 nm
and different As (see Table . Then, using the FDTD solver, I simulate
the sinusoidal symmetric waveguide pairs, which have G = 200 nm and
different As, and obtain the optimized values of the A,,ins (see Figs. ,
3.15D}, [3.15¢, and [3.15d, and Table [3.7).

As shown in Figs. [3.154, the bending amplitudes that are near the calcu-

lated ATM for A = 2 ym yield larger optical transmissions to the cross ports

than the optical transmissions to the through ports. Thus, there is no practi-

cal ATM for the sinusoidal AC device, which has G = 200 nm and A = 2 pm.

min

Figures |3.16a} |3.16bl, and |3.16¢| show the 2-D power distribution profiles for

the operation at A\g = 1550 nm of the TM sinusoidal symmetric waveguide

pairs, which have G = 200 nm, different As, and L = 2A = LTM  when a

c,min’

fundamental TM mode is launched into Port 1 of each device. As shown in

Figs. [3.15b} [3.15d), [3.15d, [3.16al [3.16b, and those sinusoidal devices

suffer from significant insertion losses and inter-waveguide crosstalk. The
crosstalk is also becoming more intensive as the bending periods increase in
those devices. As a result, there is no practical A;;Fl% for those sinusoidal
devices, which have G = 200 nm and various As.

Therefore, the sinusoidal bends need to have a A that is smaller than
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Figure 3.16: Simulated 2-D power distribution profiles for the operation
at A\p = 1550 nm of the sinusoidal symmetric waveguide pairs, which have
G = 200 nm and have (&) A =4 pm, (b) A = 8 um, and (c) A = 16.44 pm,

when a fundamental TM mode is launched into Port 1 of each device.
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3.3. Coupling and AC Devices for TE Operation

or equal to the L., to allow for the suppression of optical power ex-
change between the waveguides. Meanwhile, due to weak confinement to
the waveguide cores, the TM modes are much more susceptible to bend-
ing losses than the TE modes. Bending losses is proportional to bending
curvature according to Ref. [46], and the bending curvature of a sinusoid
is inversely proportional to the A (when the A remains the same). Thus, I
need to choose an appropriate G for the TM sinusoidal AC device, which
allows for sufficiently large LZ%M and A, so that the sinusoidal AC bends

can be designed to have low insertion loss.

Figure 3.17: Simulated 2-D power distribution profile for the operation at
Ao = 1550 nm of the TE sinusoidal AC symmetric waveguide pair, which
has G = 200 nm, A = 16.44 ym, A = 932 nm, and L = 32.88 um, when a

fundamental TM mode is launched into Port 1 of the device.

As shown in Fig. [3.17, when a fundamental TM mode is launched into
Port 1 of the TE sinusoidal AC symmetric waveguide pair (G = 200 nm,
A = 1644 pm, A = 932 nm, and L = 32.88 um), which was also studied
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3.4. Coupling and AC Devices for TM Operation

above, TM optical power exchange still takes place between the waveguides
of the device. Hence, the AC effect of sinusoidal bends is sensitive to the

polarization.

3.4 Coupling and AC Devices for TM Operation

Also based on a symmetric two-waveguide structure, a straight symmetric
DC and a sinusoidal AC symmetric waveguide pair can be designed for TM
operation. The TM straight coupling device can be used as a reference to
evaluate the performance of the TM sinusoidal AC device. According to the
study above, the selection of gap width for the TM sinusoidal AC device

requires further investigation.

3.4.1 Selection of Gap Width

Table 3.8: Simulated and calculated values of the n.sss and 3s for both the
even and odd TM supermodes at A\g = 1550 nm of the straight symmetric

waveguide pairs, which have different Gs.

G, nm 300 400 500 600
niM. 1.806 1.794 1.786 1.781
ni, 1.736 1.750 1.759 1.764

TM nm~! || 0.007320 | 0.007270 | 0.007240 | 0.007221
BIM nm~1! || 0.007039 | 0.007096 | 0.007131 | 0.007153

Using the FDE solver to simulate the cross-sections of straight symmetric
waveguide pairs, which have different Gs of 300 nm, 400 nm, 500 nm, and

600 nm, I can obtain the n.ss. and n.rf, for each of them. Figures 3.18a,
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Figure 3.18: Simulated wavelength-dependent effective refractive indices for
both the even TE and TM supermodes of the straight symmetric waveguide
pairs, which have @ G = 300 nm, (]E[) G = 400 nm, G = 500 nm, and
@ G = 600 nm.

44



3.4. Coupling and AC Devices for TM Operation

28 . . . - 28 - - - -
n'E =2442 n'E =2444

2 eff,o ) eff,o

o 26 « 26

g S

£ 24f £ 24

[ [

> >

g 22 Q22

© ©

= &

& 2 & 2

[ ()

> >

7 18f F18

(2] QL

i i
o e o =175

11‘}170 1480 1490 1500 1510 1520 1530 1540 1550 1560 1570

o M

11‘2170 1480 1490 1500 1510 1520 1530 1540 1550 1560 1570

o M

(b)

N
©

n
o

INg
kN

N
N

N

[y
©

‘nTE =2446 L
L effo
« 26
(5]
o
£ 24f
[
2
G 2.2f
©
&
& 2
2
g 1.8f
b=
w ek
n™ =1759
effo

Effective Refractive Index

[y
=)

TE _

Netio = 2.446
™ _

Netto = 1.764

11%70 1480 1490 1500 1510 1520 1530 1540 1550 1560 1570

o M

(©)

11‘2170 1480 1490 1500 1510 1520 1530 1540 1550 1560 1570

o M

(d)

Figure 3.19: Simulated wavelength-dependent effective refractive indices for

both the odd TE and TM supermodes of the straight symmetric waveguide
pairs, which have @ G = 300 nm, (]E[) G = 400 nm, G = 500 nm, and

@ G = 600 nm.
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3.4. Coupling and AC Devices for TM Operation

[3.18b] [3.18c, [3.18d], [3.194), [3.19bl [3.19¢, and [3.19d| show the wavelength-

dependent effective refractive indices for both the TE and TM supermodes
of those straight symmetric waveguide pairs. Referring to Egs. and

and Figs. [3.18a), [3.18b], [3.18cl, 3.18d} [3.19al, [3.19bl 3.19¢, and the
values of the ncsyeS, neffr oS, Bes, and f,s for both the even and odd TM

supermodes at A\g = 1550 nm of the waveguide structures are obtained and

listed in Table [3.8.

Table 3.9: Calculated and optimized values of the LT s for the operation

c,min

at Ap = 1550 nm of the straight symmetric DCs, which have different Gs.

G, nm 300 400 500 600

Calculated || 11.18 | 18.06 | 28.82 | 46.20
Optimized 8 14 24 39.72

TM
Lc,min’ pm

Referring to Eq. and Table I calculate the values of the LTM. g

¢,min
for the operation at A\g = 1550 nm of the straight symmetric DCs, which
have different G's (see Table . Then, using the FDTD solver, I simulate
straight symmetric DCs, which have different Gs, for TM operation and
obtain the optimized values of the LTM. s (see Figs. |3.20a|, |3.20b|, |3.2OC|, and

c,min
3.20d and Table [3.9).

The chosen values of the As and the calculated values of the ATMg

(referring to Eq. and Table are listed in Table Then, using the

FDTD solver, I simulate the sinusoidal symmetric waveguide pairs, which

have different G's, for TM operation and obtain the optimized values of the

ATMs (see Table[3.10). Figures|3.22al [3.22b} [3.22c, and [3.22d|show the 2-D

power distribution profiles for the operation at Ay = 1550 nm of the TM

sinusoidal AC symmetric waveguide pairs, which have different Gs, As, and
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Figure 3.20: Simulated optical transmissions of the cross and through
ports as functions with respect to L for TM operation at Ao = 1550 nm
of straight symmetric DCs, which have @ G = 300 nm, @ G = 400 nm,
G = 500 nm, and @ G = 600 nm.
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Figure 3.22: Simulated 2-D power distribution profiles for the operation at
Ao = 1550 nm of the sinusoidal AC symmetric waveguide pairs, which have
(a) G = 300 nm, (b) G = 400 nm, (c) G = 500 nm, and (d) G = 600 nm,

when a fundamental TM mode is launched into Port 1 of each device.
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Table 3.10: Calculated and optimized values of the AT s for the operation

min
at Ap = 1550 nm of the sinusoidal AC symmetric waveguide pairs, which

have different Gs.

G, nm 300 | 400 | 500 | 600

A, pm 4 7 12 1 19.86

- Calculated || 266 | 414 | 639 | 961
A, nm -

Optimized || 230 | 430 | 680 | 1025

L=2A= LZ%W when a fundamental TM mode is launched into Port 1 of

each device. As shown in Figs.[3.21a,[3.21b] [3.21¢} [3.21d} [3.22al, [3.22b], [3.22¢,
and the insertion losses are getting closer to 0 dB and the crosstalk

suppressions are getting larger as the values of Gs increase from 300 nm to

600 nm for those devices.

TM

c,min’

footprint. As shown in Figs. [3.21d], [3.21d [3.22c], and [3.22d], there is little

A larger G results in a larger L a larger A, and a larger device

improvement in either the insertion loss or the crosstalk suppression for the
TM sinusoidal AC devices when the Gs increase from 500 nm to 600 nm.
Hence, I choose G = 600 nm, which allows the TM sinusoidal AC device to
have a compact device footprint, a large crosstalk suppression, and a low

insertion loss.

3.4.2 TM Straight Symmetric DC

As shown in Fig. the even and odd TM supermodes of a straight
symmetric waveguide pair, which has W = 500 nm, H = 220 nm, and
G = 600 nm (see Fig. , are less confined to the waveguide cores than

the even and odd TE supermodes at A\g = 1550 nm. Due to weaker confine-
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Figure 3.23: Simulated 2-D mode profiles for the even and odd TE super-
modes (upper left and right, respectively) and the even and odd TM super-
modes (lower left and right, respectively) at Ag = 1550 nm of the straight

symmetric waveguide pair, which has G = 600 nm.

Crystalline Silicon

Figure 3.24: Perspective and cross-sectional views of a straight symmetric

waveguide pair, which has W = 500 nm, H = 220 nm, and G = 600 nm.
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Figure 3.25: Simulated 2-D power distribution profile for the operation at
Ao = 1550 nm of the straight symmetric DC, which has G = 600 nm and
L = 39.72 pm, when a fundamental TM mode is launched into Port 1 of the

device.

ment for the TM supermodes than for the TE supermodes to the waveg-
uide cores, the neT]f\]/{ . and neTj{?[ , are smaller than the neTb} . and neTﬁ o
respectively, at Ao = 1550 nm (see Figs. [3.18d| and [3.19d| and Table 3.8).
Figure [3.25| shows the 2-D power distribution profile for the operation at
Ao = 1550 nm of the TM straight symmetric DC, which has G = 600 nm
and L = LZ%n = 39.72 um (see Table 3.9)), and TM optical power crosses

over to the adjacent waveguide in the TM coupling device, when a funda-

mental TM mode is launched into Port 1 of the device.

3.4.3 TM Sinusoidal AC Symmetric Waveguide Pair

Figures|3.26al and |3.26b| show the 2-D power distribution profiles for the op-

eration at Ag = 1550 nm of the TM sinusoidal AC symmetric waveguide pair,
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Figure 3.26: Simulated 2-D power distribution profiles for the operation at
Ao = 1550 nm of the sinusoidal AC symmetric waveguide pair, which has ,
A = 19.86 pm, AT = 1025 nm, and L = 39.72 ym, when a fundamental
TM mode is launched into each of (&) Port 1 and (b) Port 3 of the same

device.

Figure 3.27: Perspective view of the TM sinusoidal AC device.
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3.5. PBS using a Symmetric DC with Sinusoidal Bends

which has G' = 600 nm, L = LT}, = 39.72 ym, and A = AT}] = 1025 nm
(see Tables and [3.7), when a fundamental TM modes is launched into
each of Ports 1 and 3 of the same device. In comparison with the equivalent
TM straight symmetric DC (see Fig. , Fig. illustrates that TM
optical power exchange between the waveguides is suppressed and that TM
optical power transfers from an input port to an output port along the same
waveguide in the TM AC device, when a fundamental TM mode is launched
into Port 1 of the device. Asshown in Fig. the device is symmetric with

respect to the x axis. Thus, the TM sinusoidal AC symmetric waveguide

pair can work as a four-port device.

3.5 PBS using a Symmetric DC with Sinusoidal
Bends

The polarization sensitivity of the sinusoidal AC bends can be used to design
polarization selective devices (eg. a PBS). In the TE sinusoidal AC device,
TE optical power propagates along the same waveguide (Fig. , and TM
optical power can transfer to the adjacent waveguide in a relatively short
length (see Fig. . Therefore, I can design a compact PBS using the TE
sinusoidal AC symmetric waveguide structure (G = 200 nm, A = 16.44 pm,

and A = 932 nm), which was studied above.

3.5.1 Optimization

Using the FDTD solver, I simulate symmetric DCs with sinusoidal bends
and the optimize the L of the devices, so that the maximum TM optical

power transfer to the adjacent waveguide is allowed and TE optical power
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Figure 3.28: Perspective view of the PBS. Adapted with permission from
Ref. [1], ©2017 Optical Society of America.
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Figure 3.29: Simulated optical transmissions (on a linear scale) of the cross
and through ports as functions with respect to L for @) TE operation and
@ TM operation at Ag = 1550 nm of symmetric DCs with sinusoidal bends,
which have G = 200 nm, A = 16.44 pym, and A = 932 nm. Adapted with
permission from Ref. [1], ©2017 Optical Society of America.
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Figure 3.30: Simulated optical transmissions (on a logarithmic scale) of the
cross and through ports as functions with respect to L for (a) TE operation
and (b) TM operation at A\g = 1550 nm of symmetric DCs with sinusoidal
bends, which have G = 200 nm, A = 16.44 um, and A = 932 nm. Adapted

with permission from Ref. [1], ©2017 Optical Society of America.
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Figure 3.31: Simulated 2-D power distribution profiles for the operation
at A\g = 1550 nm of the PBS, when (a) a fundamental TE mode and (bf) a
fundamental TM mode are launched into Port 1 of the same device. Adapted

with permission from Ref. [1], ©2017 Optical Society of America.
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3.5. PBS using a Symmetric DC with Sinusoidal Bends

exchange between the waveguides is suppressed in the device (see Fig.|3.28).
Referring to Figs. [3.29al [3.29b] [3.30al and [3.30b], I choose L = 8.55 pym
for my PBS (see Ref. [1]). Figures [3.31a and |3.31b show the 2-D power
distribution profiles for the operation at Ay = 1550 nm of the PBS, and the
TE and TM modes diverge into two different waveguides in the device, when
both the fundamental TE and TM modes are launched into Port 1 of the

same device.
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Figure 3.32: Simulated 2-D power distribution profiles for the operation at
Ao = 1550 nm of the PBS, when (ja) a fundamental TE mode and (b) a

fundamental TM mode are launched into Port 2 of the same device.

In addition, Figs. 3.32al, [3.32b)], |3.33al 3.33b}, |3.34al, and [3.34b| also il-
lustrate that the fundamental TE and TM are separated into two different
ports of the device, when both of the fundamental modes are launched into
each of Ports 2, 3, and 4 of the same device. Hence, the PBS using a sym-
metric DC with sinusoidal bends can work as a four-port device and can

also work as a polarization beam combiner.
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Figure 3.33: Simulated 2-D power distribution profiles for the operation at
Ao = 1550 nm of the PBS, when (ja) a fundamental TE mode and (b) a

fundamental TM mode are launched into Port 3 of the same device.
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Figure 3.34: Simulated 2-D power distribution profiles for TM operation at
Ao = 1550 nm of the PBS, when (a) a fundamental TE mode and (b)) a

fundamental TM mode are launched into Port 4 of the same device.
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Figure 3.35: Calculated wavelength-dependent propagation constant differ-

ences for both the TE and TM modes of the sinusoidally-bent and straight

symmetric DCs, which have G = 200 nm.

Table 3.11: Calculated values of the ABpe,s and ABgyrqaignes and absolute
values of their ratios for both mode types at Ag = 1550 nm of the bent and
straight DCs.

Modes TE TM
ABpent, nm ! —2.879 x 1076 | 1.571 x 1074
ABstraight, nm ™t || 8.321 x 1075 | 4.559 x 1074
ABpen
Fcm 0.03460 0.3446
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3.5.2 Modal Dispersion

Referring to Egs. and [3.4) and Figs. [3.3] and [3.6b, the wavelength-
dependent propagation constant differences for both the TE and TM modes

of a straight symmetric DC, which has G = 200 nm, are calculated and
shown in Fig. Then, referring to Eq. (ABpent = ABstraightJo [W

ng]) and and Figs. , and the wavelength-dependent propa-

gation constant differences for both the TE and TM modes of the sinusoidally-
bent symmetric DC, which is used in my PBS, are calculated and shown in
Fig. Therefore, referring to Fig. the values of the AQSpenss and
ABstraightss and the absolute values of their ratios for both mode types at
Ao = 1550 nm of the bent and straight DCs are obtained and listed in Ta-
ble [3.11. Referring to Fig. and Table [3.11], the sinusoidal bends reduce
TE coupling between the waveguides by approximately 96.5 % and reduce
TM coupling between the waveguides by approximately 65.5 % for the bent
DC as compared to the equivalent straight DC, thus, the sinusoidally-bent
symmetric DC in my PBS only allows TM optical power to cross over to
the adjacent waveguide and has a cross-over length that is greater than the

equivalent straight DC for TM operation (see Ref. [1]).

Table 3.12: Calculated values of the Dyey,ss and Dg4rqignes and absolute values
of their ratios for both mode types at A\g = 1550 nm of the bent and straight
DCs.

Modes TE T™M

Dpent, ps-pm~tnm~! || —8.257 x 1078 | —9.321 x 1077

Dstraight, ps-um~tnm™! || —3.491 x 1077 | —1.153 x 1076

| Dbent_| 0.2365 0.8084

straight
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Figure 3.36: Calculated wavelength-dependent modal dispersions for both
the TE and TM modes of the sinusoidally-bent and straight symmetric DCs,
which have G = 200 nm.

Referring to Eq. @ (D= 2;730 (Aﬂqt)\(]%)) and Fig. the wavelength-
dependent modal dispersions for both the TE and TM modes of the bent
and straight DCs are calculated and shown in Fig. The values of the
Dpents and Dgyrqignes and the absolute values of their ratios for both mode
types at Ag = 1550 nm of the bent and straight devices are obtained and
listed in Table Referring to Fig. and Table the sinusoidally-
bent symmetric DC in my PBS has lower wavelength dependencies and
better broadband performances than the equivalent straight symmetric DC

for both the TE and TM modes (see Ref. [1]).
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3.6 Summary

In this chapter, a single straight waveguide, straight symmetric DCs, sinu-
soidal AC symmetric waveguide pairs, and a PBS using a symmetric DC
with sinusoidal bends were simulated for TE and/or TM operation on an
SOI platform. The design parameters for the sinusoidal AC devices and the
PBS were optimized using the simulation data. The wavelength dependen-
cies of the sinusoidally-bent symmetric DC, which was used in the PBS,
were also compared with the equivalent straight symmetric DC for the TE

and TM modes.
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Chapter 4

Fabrication, Measurement,

and Demonstration

In this Chapter, I present the fabrication, measurement, and demonstration
of the TE and TM sinusoidal AC symmetric waveguide pairs and a PBS
using a symmetric DC with sinusoidal bends. Using the optimized design
parameters that I obtained from the previous chapter, I created the mask
layouts for the fabrication of those devices. I also added the straight sym-
metric DCs and straight AC asymmetric waveguides to the mask layouts
in order to evaluate the performances of the sinusoidal AC devices. All of
the devices were fabricated using electron-beam (E-Beam) lithography on
an SOI platform. Using an automated optical fibre probe station in our lab,
I measured the fabricated test devices. Then, using the measurement data,
I demonstrate a sinusoidal AC waveguide pair for TE operation, a sinusoidal
AC waveguide pair for TM operation, and a PBS using a symmetric DC with
sinusoidal bends for both TE operation and TM operation. I also evaluate

their performances accordingly/'

!Sections [4.1} |4.2l and |4.3.3) are based on the work in the published paper [1], and
Sections 4.1}, 4.2 and |4.3.1| are based on the work in the published paper [2].
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4.1. Fabrication

4.1 Fabrication

.......................................................................................
. .

I: Input Port, :
T: Through Port, | i &
C:Cross Port. |

10um

Figure 4.1: Design layout (left) of the TE sinusoidal AC symmetric waveg-
uide pair with an SEM image (right) of the sinusoidal symmetric waveguide

structure in the device.

The mask layouts of my test devices (see Figs. and were
drawn using Pyxis layout editor (from Mentor Graphics, Inc.). The test
devices were fabricated on a 220-nm-thick crystalline silicon layer of an SOI
wafer (see Fig. using E-Beam lithography, and a layer of 2-pm-thick
silicon dioxide were deposited over the devices at the University of Wash-
ington. As shown in Fig. the wafer also consists of a 3-pm-thick silicon
dioxide layer and a 675-pum-thick silicon layer. The fabrication processes are
compatible with CMOS technologies. Scanning-electron-microscope (SEM)
images in Figs. and show the sinusoidal symmetric waveguide
structures of the fabricated test devices (the TE sinusoidal AC device in

Ref. [2] and the PBS in Ref. [1]).
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4.2. Measurement

I: Input Port,
T: Through Port,
C: Cross Port.

Figure 4.2: Design layout (left) of the TM sinusoidal AC symmetric waveg-
uide pair with an SEM image (right) of the sinusoidal symmetric waveguide

structure in the device.

4.2 Measurement

As shown in Figs. and|[4.3, sub-wavelength grating couplers (SWGCs)
in Refs. [47, 48] were used to couple light in and out of each of the test de-
vices. A reference device is a pair of SWGCs, which are directly connected
to each other by a waveguide, for either TE or TM operation. There is one
reference device, near each of the test devices, and its spectral response can
be used to normalize the measurement data of the test device for the cor-
responding mode type (see Refs. [1, 2]). Figure shows the TE reference
device for the TE sinusoidal AC device, as well as one of the TE SWGCs
that were used in these devices. Figure shows the reference device for
the PBS for TE operation, as well as one of the TE SWGCs that were used

in these devices. Figure|4.7 shows the reference device for the TM sinusoidal
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4.2. Measurement

\ SWGCs

I: Input Port, T: Through Port, C: Cross Port.

Figure 4.3: Design layouts of the PBSs for TE operation (upper left) and TM
operation (lower left) with an SEM image (right) of the sinusoidal symmetric
waveguide structure in one of the devices. Adapted with permission from

Ref. [1], ©2017 Optical Society of America.

Silicon Dioxide: 2 um

Crystalline Silicon: 220 nm f‘

Silicon Dioxide: 3 pm Wafer

Figure 4.4: Schematic of an SOI Platform.
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4.2. Measurement

RALTT B .
LI

Figure 4.5: Design layout (left) of the TE reference device with a close-up
view (right) of one of the TE SWGCs that were used in the TE reference

device and the TE sinusoidal AC device.

Figure 4.6: Design layout (left) of the TE reference device with a close-up
view (right) of one of the TE SWGCs that were used in the TE reference
device and the PBS for TE operation.
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......

Figure 4.7: Design layout (left) of the TM reference device with a close-up
view (right) of one of the TM SWGCs that were used in the TM reference
device, the TM sinusoidal AC device, and the PBS for TM operation.

AC device and the PBS for TM operation, as well as one of the TM SWGCs
that were used in these devices.

The fabricated test devices were measured using an automated optical
fibre probe station in our lab (see Ref. [49]). As shown in Fig. the
probe station consists of a laser and detector mainframe (Agilent 8164A), a
tunable laser source module (Agilent 81682A), a dual optical power sensor
module (Agilent 81635A), polarization-maintaining fibres (from PLC Con-
nections, LLC. and OZ Optics, Ltd.), an optical fibre array (from PLC
Connections, LLC.), a motor controller (Thorlabs BBD203), a temperature
controller (Standford Research Systems LDC501), a metallic stage, a micro-
scope camera (from Tucsen Photonics Co., Ltd.), a microscope lamp (from
AmScope/United Scope, LLC.), a desktop computer, and an optical table
(Newport RS4000). Since thermal stability is essential for consistent opti-
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Figure 4.8: Automated optical fibre probe station: 1. Agilent 8164A mea-
surement system; 2. Agilent 81635A dual optical power sensors; 3. Ag-
ilent 81682A tunable laser source; 4. PLC Connections and OZ Optics
polarization-maintaining fibres; 5. PLC Connections optical fibre array; 6.
Thorlabs BBD203 motor controller; 7. Standford Research Systems LDC501
temperature controller; 8. metallic stage; 9. Tucsen microscope camera; 10.
AmScope microscope lamp; 11. desktop computer; 12. Newport RS4000
optical table.
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cal measurement, a room temperature of 25 °C was maintained during my

measurement using the temperature controller.

4.3 Demonstration

Table 4.1: Design parameters of the TE and TM sinusoidal AC symmetric
waveguide pairs and a PBS using a symmetric DC with sinuosidal bends

(see Refs. [1, 2]).

Parameters
Devices
W,nm | H nm | G,nm | A, pm | L, yum | A, nm
TE sinusoidal AC [2] 500 220 200 16.44 | 32.88 932
TM sinusoidal AC 500 220 600 19.86 | 39.72 1025
PBS [1] 500 220 200 16.44 8.55 932

The TE and TM sinusoidal AC symmetric waveguide pairs and a PBS
using a symmetric DC with sinusoidal bends are demonstrated using the
measurement data. The design parameters of those devices are listed in

Table 4.1l

4.3.1 Sinusoidal AC Symmetric Waveguide Pair for TE

Operation

I measured my TE sinusoidal AC test device (see Fig. 4.1) for TE operation
over the C-band (a wavelength range from 1530 nm to 1565 nm) and normal-
ized the measurement data using the TE reference device (see Fig. 4.5)). A
straight AC asymmetric waveguide pair, which consisted of a 450-nm-wide

waveguide and a 550-nm-wide waveguide, was also fabricated and measured.
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Figure 4.9: Simulated and normalized measured optical transmission spectra
for the through and cross ports of the TE sinusoidal AC symmetric waveg-
uide pair as well as normalized measured optical transmission spectrum for
the cross port of the equivalent TE straight symmetric DC. Adapted with
permission from Ref. [2], ©2015 Optical Society of America.

Table 4.2: Minimum, average, and maximum values of the SRs of both the
TE sinusoidal and straight AC devices for TE operation over the C-band
(see Ref. [2]).

Devices Sinusoidal Symmetric AC Straight Asymmetric AC

Minimum | Average | Maximum | Minimum | Average | Maximum

SR, dB

26.8 38.2 56.5 16.9 17.8 18.6
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Figure 4.12: Relative SR spectrum of the TE sinusoidal AC device as com-
pared to the equivalent TE straight AC device. Adapted with permission
from Ref. [2], ©2015 Optical Society of America.

Each of the two TE AC devices has the same G = 200 nm and has the same
L = 32.88 um that was chosen to allow for the maximum TE optical power
transfer to the cross port of the equivalent TE straight symmetric DC. Fig-
ure shows the normalized measured optical transmission spectra for both
the through and cross ports of the TE sinusoidal AC symmetric waveguide
pair as compared to the results from FDTD simulations, and Fig. shows
the normalized measured optical transmission spectra for both the through
and cross ports of the TE straight AC asymmetric waveguide pair. Both of
the figures also show the normalized measured optical transmission spectrum
for the cross port of the equivalent TE straight symmetric DC.

Each of the AC devices was designed to suppress the optical transmission

TAC

to the cross port, T/.5,,, while the equivalent DC was designed to maximize
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the optical transmission to the cross port, TP¢ . Therefore, the T2  can be

Cross- Cross
used as a reference to evaluate the suppression of inter-waveguide crosstalk
that is achieved by each of the AC devices, and I define the suppression ratio
(SR) for each of the AC devices as:
TDC’
SR = 10log, <TCAT‘OC?S> . (4.1)

Cross

Figure shows the SR spectra of both the TE sinusoidal and straight
AC devices for TE operation over the C-band. The minimum, average, and
maximum values of the SRs of the two TE AC devices within the C-band
are listed in Table In order to compare the crosstalk suppression of the
sinusoidal AC device with the straight AC device, I also define the relative
SR as the ratio (difference in dB) of the SR of the TE sinusoidal AC device
to the SR of the TE straight AC device at each Ag. As shown in Fig. 4.12]
the TE sinusoidal AC device has higher relative SR than the TE straight
AC device over the C-band. A minimum value of the relative SR is 8.9 dB,
an average value of the relative SR is 20.4 dB, and a maximum value of the
relative SR is 38.6 dB (see Ref. [2]). Hence, the TE sinusoidal AC symmetric

waveguides provide excellent crosstalk suppression over the entire C-band.

4.3.2 Sinusoidal AC Symmetric Waveguide Pair for TM

Operation

I measured my TM sinusoidal AC test device (see Fig. for TM opera-
tion over the C-band and normalized the measurement data using the TM
reference device (see Fig. [4.7). A straight AC asymmetric waveguide pair,
which consisted of a 450-nm-wide waveguide and a 550-nm-wide waveguide,
was also fabricated and measured. Each of the two AC devices has the same

G = 600 nm and has the same L = 39.72 um that was chosen to allow for
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trum for the cross port of the equivalent TM straight symmetric DC.

Table 4.3: Minimum, average, and maximum values of the SRs of both the

TM sinusoidal and straight AC devices for TM operation over the C-band.

Devices Sinusoidal Symmetric Straight Asymmetric
Minimum | Average | Maximum | Minimum | Average | Maximum
SR, dB
23.1 34.9 44.4 28.3 41.1 52.8
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Figure 4.16: Relative SR spectrum of the TM sinusoidal AC device as com-
pared to the equivalent TM straight AC device.

the maximum TM optical power transfer to the cross port of the equivalent
TM straight symmetric DC. Figure shows the normalized measured
optical transmission spectra for both the through and cross ports of the TM
sinusoidal AC symmetric waveguide pair as compared to the results from
FDTD simulations, and Fig. shows the normalized measured optical
transmission spectra for the through and cross ports of the TM straight AC
asymmetric waveguide pair. Both of the figures also show the normalized
measured optical transmission spectrum for the cross port of the equivalent
TM straight symmetric DC.

Referring to Eq. the SR for each of the TM AC devices can be
calculated. Figure shows the SR spectra of both the TM sinusoidal
and straight AC devices for TM operation over the C-band. The minimum,

average, and maximum values of the SRs of the two TM AC devices within
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the C-band are listed in Table 4.3l Even though the TM sinusoidal AC
device has lower relative SR than the TM straight AC device over the C-
band, the TM sinusoidal AC symmetric waveguides still provide a large

crosstalk suppression over the C-band (see Fig. |4.16]).

4.3.3 PBS Using a Symmetric DC with Sinusoidal Bends
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Figure 4.17: Normalized measured optical transmission spectra of the
through and cross ports of the PBS for TE operation. Adapted with per-
mission from Ref. [1], ©2017 Optical Society of America.

I measured the test devices of my PBSs (see Fig. for both TE oper-
ation and TM operation over a wavelength range from 1470 nm to 1570 nm

and normalized the measurement data using the TE and TM reference de-

vices (see Figs. and [4.7)), respectively. Figures and show the

normalized measured optical transmission spectra for the through and cross

ports for both TE operation and TM operation. The average excess losses
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Figure 4.18: Normalized measured optical transmission spectra of the
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Figure 4.19: ER spectra for both the TE and TM modes. Adapted with
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Table 4.4: Minimum, average, and maximum values of the ERs and PIs of

the PBS for both TE operation and TM operation over a wavelength range

from 1470 nm to 1570 nm. Adapted with permission from Ref. [1], ©2017

Optical Society of America.

Modes TE ™

Minimum | Average | Maximum | Minimum | Average | Maximum
o, 4B 10.5 12.0 17.0 16.4 20.1 26.1
Ports Through Cross

Minimum | Average | Maximum | Minimum | Average | Maximum
Pl dB 16.6 20.6 26.5 9.9 11.5 16.5
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of the PBS are 0.84 dB for TE operation and 1.33 dB for TM operation (see
Ref. [1]).
In my PBS, the 712 p and T, TE are TE optical transmissions to the

throug cross

through and cross ports, respectively, and the J?I;%ugh and TCTT%S are TM

optical transmissions to the through and cross ports, also respectively. As

shown in Figs. and the TLE gh 18 high as compared to the T, e

and Iﬂ%ugh, while the TLM is high as compared to the Ttﬁ%u gh and TIE .
Hence, the extinction ratios (ERs) between the through and cross ports for
the TE and TM modes, ERT? and ERTM | respectively, are defined as in

Ref. [40]:

TE
Tcross

TTE
ER”E = 101og,, (“‘“gh> (4.2a)
and

TTM

TM Tg;%s
through

which indicate how much TE optical power is transmitted to the through
port as compared to the cross port and how much TM optical power is
transmitted to the cross port as compared to the through port, respectively.
The polarization isolations (PIs) between the TE and TM modes for the

through and cross ports, Pliprougn and Plerss, respectively, are defined as

in Ref. [40]:
_ thi;,ﬁmgh
PIthrough = 1010g10 ,TTT 5 (43&)
through
and
ot (T L
PIcross =10 Ogl() TTE ) ( 3 )
cross

which indicate how well the TE mode is isolated from the TM mode at the
through port and how well the TM mode is isolated from the TE mode
at the cross port, respectively. Figures. and show the ER and

81



4.4. Summary

PI spectra of the PBS over a wavelength range from 1470 nm to 1570 nm.
The minimum, average, and maximum values of the ERs and Pls within
the demonstrated wavelength range are listed in Table 4.4, As shown in

Figs. and and Table the PBS has broadband performance for
both TE operation and TM operation.

4.4 Summary

In this chapter, the sinusoidal AC symmetric waveguide pairs and a PBS
using a symmetric DC with sinusoidal bends were demonstrated for TE
and/or TM operation on an SOI platform. The fabrication and measurement
of the test devices were also described. Each of the sinusoidal AC devices
was compared with the straight coupling and AC devices, which had the
same gap width and coupler length. The performance of the PBS was also

evaluated for both the TE and TM modes.
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Chapter 5

Summary, Conclusions, and

Suggestions for Future Work

5.1 Summary

I have designed, simulated, analyzed, and demonstrated the TE and TM
sinusoidal AC symmetric waveguide pairs and a PBS using a symmetric DC
with sinusoidal bends in this thesis. Using the supermodes of a symmetric
two-waveguide structure, I derived the optical transmission of a symmetric
DC. Using the coupled modes of individual waveguides in the DC, I derived
the optical transmission of each waveguide in the device. Based on the
analyses for the supermodes and local normal modes of the symmetric DC,
I derived the design parameters of sinusoidal bends that suppressed the
optical power exchange between a pair of symmetric waveguides.

Using the FDE solver, I simulated the optical modes of single-waveguide
and two-waveguide structures and obtained their characterization data for
both the TE and TM modes. Then, using the characterization data, I de-
signed the coupling and AC devices, each for TE or TM operation. The TM
modes were more sensitive to the bending losses than the TE modes. There-
fore, using the FDTD solver, I simulated straight and sinusoidal symmetric

devices that had different gap widths and chose an appropriate gap width
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for the TM sinusoidal AC device. Using the FDTD solver, I optimized the
design parameters of the coupling and AC devices and simulated the devices,
each for TE or TM operation.

I also designed a PBS using a symmetric DC with sinusoidal bends. The
sinusoidal bends suppressed the optical power exchange between the waveg-
uides for TE operation and can still allowed for the maximum optical power
transfer to an adjacent waveguide for TM operation. While a sinusoidal AC
device was designed to suppress either TE or TM optical power exchange be-
tween the waveguides, the PBS was designed to split the TE and TM modes
into two output waveguides. I also derived and calculated the modal disper-
sions of the sinusoidally-bent symmetric DC, which was used in the PBS,
and the modal dispersions of the equivalent straight symmetric DC. Then, I
compared the wavelength dependencies of the sinusoidally-bent symmetric
DC and the wavelength dependencies of the equivalent straight symmetric
DC for both the TE and TM modes according to their modal dispersions.
Using the FDTD solver, I optimized the design parameters of the PBS and
simulated the device for both TE operation and TM operation.

I created the mask layouts of the test devices for fabrication. I also added
straight symmetric DCs and straight AC asymmetric waveguide pairs that
had the same gap widths and coupler lengths as the sinusoidal AC devices,
each for TE or TM operation, to the mask layouts. The test devices were
fabricated using E-Beam lithography at the University of Washington and
measured using an automatic probe station in our lab. The TE sinusoidal
AC symmetric waveguide pair, which had a gap width of 200 nm, had an
average crosstalk SR of 38.2 dB and an average improvement in crosstalk
SR of 20.4 dB, as compared to the equivalent TE straight AC asymmetric

waveguide pair, over the entire C-band. The TM sinusoidal AC symmetric
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waveguide pair, which had a gap width of 600 nm, had an average crosstalk
SR of 34.9 dB over the entire C-band. The PBS, which had a small coupler
length of 8.55 um, had an average ER of 12.0 dB for the TE mode and an
average ER of 20.1 dB for the TM mode and had an average PI of 20.6 dB
for the through port and an average PI of 11.5 dB for the cross port over
a wavelength range from 1470 nm to 1570 nm, which covered the entire

C-band.

5.2 Conclusions

In conclusion, I have demonstrated the TE and TM sinusoidal AC waveg-
uide pairs and a PBS using a symmetric DC with sinusoidal bends an SOI
platform. My sinusoidal AC symmetric waveguides have large suppression
of optical power exchange between the waveguides over the entire C-band.
Hence, the sinusoidal waveguides can be used to design compact AC routing
waveguides and dense waveguide buses. My PBS has a small coupler length
and shows a broad operational bandwidth for both TE operation and TM
operation. Hence, the device can be used to separate/combine the TE and
TM modes in polarization diversity systems. All of my devices were easy to

fabricate and compatible with CMOS technologies.

5.3 Suggestions for Future Works

As shown in Figs.[3.11al,[3.11b|,[3.22d], and [3.26b|in Chapter [3| small amounts

of crosstalk still occurs between the waveguides over half of the bending pe-
riod. Since the cross-over length is proportional to the gap width of a straight

symmetric DC, larger gap widths can be used to design sinusoidal AC sym-

85



5.3. Suggestions for Future Works

metric waveguides to achieve larger crosstalk suppression. The bifurcating
branches that were used in the AC devices can be further optimized to elim-
inate the crosstalk that occurs within the branches. Asymmetric waveguides
can also be used with sinusoidal bends to enhance crosstalk suppression.

As shown in Fig. my PBS has a relatively low PI for the cross port.
However, the device is sufficiently compact to allow for several devices to be
connected in series in order to obtain better broadband performance than
other published broadband PBSs that were based on DCs (see Ref. [1]).
Since the PBS is based on the TE sinusoidal AC symmetric waveguide pair,
the suggestions for improvements of the sinusoidal AC waveguides above also
apply to the improvements of the PBS. Moreover, the operational bandwidth
of my PBS is limited by the operational bandwidth of the SWGCs that were
used in the test device, and, thus, edge couplers can be used for the PBS to
achieve a wider measurable wavelength range than the SWGCs.

There are many potential applications of my sinusoidal AC symmetric
waveguides. The sinusoidally-bent AC symmetric waveguide pair can be
used to design polarization rotators and splitters, which have been demon-
strated using straight and circularly-bent asymmetric waveguides on an
SOI platform in Refs. [50, 51]. It has been shown in Chapter 3| that the
sinusoidal bends reduced the wavelength dependence of a symmetric DC
with sinusoidal bends as compared to an equivalent straight symmetric DC.
Therefore, the sinusoidally-bent waveguide pair can also be used to de-
sign broadband DCs, which have been proposed and demonstrated using
sinusoidally-bent symmetric waveguides on a titanium lithium-niobate plat-
form in Ref. [52] and using circularly-bent symmetric waveguides on an SOI
platform in Ref. [53]. Moreover, the optical propagation in a symmetric DC

with sinusoidal bends can also be analyzed using a conformal transformation
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technique as in Refs. [54, 55].

Figure 5.1: Top view of a TE sinusoidal AC symmetric SOI waveguide array,

which has G = 200 nm.

In addition, multiple sinusoidally-bent symmetric waveguides (see Figs.
and can be used for various applications, such as dense AC waveguide
buses and mode-division and polarization-division demultiplexer /multiplexer,
which have been demonstrated using straight asymmetric and circularly-
bent symmetric waveguides on an SOI platform in Refs. [25, 56, 57]. The
sinusoidally-bent symmetric waveguide array can also be used to control the
optical propagation in photonic lattices on an SOI platform as suggested in
Refs. [58-60]. The sinusoidal AC symmetric waveguides can also be used to
design active and thermal optical switches, which have been demonstrated
using sinusoidal symmetric waveguides on a titanium lithium-niobate plat-
form as in Ref. [23] and using straight asymmetric waveguides an SOI plat-

form in Ref. [61].
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Figure 5.2: Simulated 2-D power distribution profile for the operation
at Ag = 1550 nm of the TE sinusoidal AC waveguide array, which has
G = 200 nm, when a fundamental TE mode is launched into the waveguide

in the middle of the array.
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Appendix A

Derivation of the
Propagation Constant
Difference of a

Sinusoidally-bent Symmetric

DC

As discussed in Chapter |2, a symmetric DC consists of a pair of parallel
strip waveguides that are separated by a gap of width, G, and have the
same width, W, and height, H (see Fig.|A.1). In a straight symmetric DC
(see Fig. |A.2), the 2-D electric field distribution for local normal mode of

waveguide core a, Y, straight (€, 2), can be given as:

\Ija,straight<$7 Z) = Aa,straight(Z)¢a(x)€_jﬁwgz7 (Al)

and the 2-D electric field distribution for local normal mode of waveguide

core b, \I/bﬁtmight(x, z), can also be given as:

lI’b,str(ugm%(377 Z) = Ab,straight(Z)q/)b(x)eijﬁwgza (Az)
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Top Oxide Cladding Layer

Figure A.1: Cross-sectional view of a symmetric DC on an SOI platform
(also Fig. in Chapter 2). Adapted with permission from Ref. [1], ©2017
Optical Society of America.

e
Isolation (x =0,z=0) é—»z Cross
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>

Figure A.2: Top view of a straight symmetric DC (also Fig. [2.3|in Chapter.

100
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TE TE
+W+G/2
+HW+G)/2 b
£ E  on
c 0 c 0
N3 -G/2| 1 %
-(W+G)/2 a
-W-G/2f 4
-1 05 0 05 1 -1 05 0 05
q/Ia(X)/ q/Ia, max Wb(x)/ Wb,max

Figure A.3: 1-D normalized transverse field distributions for the TE local
normal modes of waveguide cores a (left) and waveguide core b (right),

e(x) and ¢p(x), over their respective maximum values, ¥g mae and ¥y max

(also Fig. in Chapter .

where Ag straight(2) and Ap straight(2) are their respective z-dependent trans-
verse field amplitudes, 1, (x) and ) (x) are their respective 1-D normalized
transverse field distributions (see Figs. and , and B, is the prop-
agation constant of a straight strip waveguide core with cross-sectional di-

mensions (W and H). Since Ag straight(2) can be given as:

A stras
Aa,straight(z) = Ay cos (WZ), (A3)
and Ay straight(2) can also be given as:
. . A strasg
Ab,straight(z) = —j Ay sin (B;gluf:z), (A4)

where Ajy is the maximum magnitude of both A, straight(2) and Ap straight(2)
along the z-axis, and AfBsraignt is the difference in the propagation con-

stants for the even (symmetric) and odd (anti-symmetric) supermodes of
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™ ™
+W+G/2 b +W+G/2
+(W+G)/2F 1 +W+G)/2 b
g izt 1 g 1612 -~
I
- -GI2| - -G/I2r
X X
-(W+G)/2 a -(W+G)/2
-W-G/2f . -W-G/2
-1 -0i5 0 OCS 1 -1 -0.5 0 0.5
X
q/Ia(X)/ q/Ia, max Wb( ) Wb,max

Figure A.4: 1-D normalized transverse field distributions for the TM local
normal modes of waveguide core a (left) and waveguide core b (right), ¥, (x)

and p(x), over their respective maximum values, ¥qmaz and ¥pmaez (also

Fig. in Chapter .

the straight DC. Then, referring to Egs. and the first derivative of

Amstmight(z) with respect to z can be solved and represented, in terms of
Ab,straight(z)7 as:

6Aa,straight(z) . _j Aﬁstraight |:_]AM sin <A/35traight Z):| _ _j Aﬁstraight

- 2 2

0z 2 Ab,straight (Z),

(A.5)
and, also referring to Egs. and , the first derivative of Ay sraignt(2)
with respect to z can be solved and represented, in terms of Ag sraight(2),

as:

8Ab75t'faight (Z) - _.j AﬂStrLght |:AM COS <Aﬁst'raight Z>:| = _j AlBSt?Light Aa,straight(z)a

(A.6)

0z N 2 2 2

where both of them show the relations between individual local normal

modes of the DC.
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ie S

Figure A.5: Top view of a full period of a sinusoidally-bent symmetric DC
(also Fig. in Chapter [2). Adapted with permission from Ref. [1], ©2017

Optical Society of America.

TE TE
Even Odd
FRVYEN Y] ENERSRRR N A — FWHG/2]wveeeeens
+(W+G)/2 +W+G)/2
STRYCY7  SUTS—— I————— €  :anp
c 0 c 0
N ] ] A S & -G/2
-(W+G)/2 -(W+G)/2
RV cY ] SERITRRTTSTRISTRIN W <SR- B 2 ] - 4
-1 05 0 05 1 -1 05 0 0.5 1
v )/ Ve max v (X! Yo max

Figure A.6: 1-D normalized transverse field distributions for the even TE su-
permode (right) and odd TE supermode (right), ¥ (z) and ¢, (), over their
respective maximum values, Y maz and ¥ maez (also Fig. in Chapter .
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™ ™
Even
+W+G/2 \ +W+G/2
+W+G)/2 ) +W+G)/2
£ +G/2 7 £ +G/2
< b S S o9
< -GI2 & -

-(W+G)/2 -(W+G)/2
-W-G/2 -W-G/2

-1 05 0 05 1 -1 05 0 05 1

X)/
AL VoY max

Figure A.7: 1-D normalized transverse field distributions for the even TM
supermode (left) and odd TM supermode (right), 1. (z) and v, (), over their
respective maximum values, e maz and Yo maz (also Fig. in Chapter .

Again, as discussed in Chapter [2 a sinusoidally-bent symmetric DC has
the same cross-sectional dimensions, W, H, and G, (see Fig. |A.1) and has
the same device length as an equivalent straight symmetric DC. Each of the

bends is defined as a function of z, fz(z) (see Fig.[A.5), as in Ref. [1]:

ful(2) = Acos <2A”z> (A7)

where A and A are the amplitude and period of a sinusoid. According
to Refs. [54, 55, 62], the refractive index profiles and electromagnetic field
distributions of a bent waveguide are skewed as compared to the ones of a
straight waveguide, and, according to Refs. [20, 21, 43], in a symmetric DC
with sinusoidal bends, the effects of the sinusoidal bends on the local normal

mode of waveguide core a can be approximated using an envelope function,
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Fu(z):

Fo(z) = et ™5, (A8)

and the effects of the sinusoidal bends on the local normal mode of waveguide
core b can also be approximated using an envelope function, Fj(z):

Fy(z) = e a5 (A.9)

JEZ e (@) ipo(z)da 9fx(2)
VIS w2 e)de [ 03 @)dn 02
1o(x) are the 1-D normalized transverse field distributions for the even and

odd supermodes (see Figs. and |A.7).

where u = = —ZL Asin (E2), e(z) and

Wi2

X w2

0 0.5 1
N(x|0, 0)/N

max

Figure A.8: Probability density function of the 1-D normal distribution,

N(x|0,0), which is centered at x = 0, over its maximum value, Npqz.

Here, I will use the 1-D normal distributions to approximate ¢, (x) and
Yp(x), and each of the distributions is defined by a probability density func-

tion, N(ﬂcmmm, U):
(A.10)
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+W+G/2
+(W+G)/2 b
1S E e
c 0 — c 0 o
S -G/2 -
X X
-(W+G)/2 a
-W-G/2
-1 05 0 05 1 -1 -0.5 0 0.5 1
Wa(x)/ '//a, max Wb(x)/ Wb, max

Figure A.9: 1-D normalized transverse field distributions for the approx-

imated 1,(z) and t;(z), which are centered at z = p, = —%F¢ and at
T == +W;G, over their ¥ maz and ¥ mae, respectively.
Even
+W+G/2 +W+G/2
+(W+G)/2 +HW+G)/2
S £
c +G/§ { c +G/g
-G/2 5 -Gl2
(WH+G)/2 (WG)/2
-W-G/2 -W-G/2
-1 -0t5 0 0’5 1 -1 -0i5 0 0’.5 1
v,e(x)/we,max '/IO(X)/V/O,maX

Figure A.10: 1-D normalized transverse field distributions for the approxi-

mated () and ,(x), over their Ve maez and VYo maz, respetively.
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where its mean, p,m,, determines the location of its center in the z-axis,
w

24/21n(2)

such that N (z|tynm,o) has a maximum value, Npq., and N(—%|O,0) =

N(+%10,0) = Nmez (see Fig. . Thus, 1, () can be approximated as:

and its standard deviation, o, determines its shape. I can set ¢ =

(z—pa)®
e o2
Ya(®) = /N (2|pa, 0) = sk (A11)
2ro
and ¥p(z) can also be approximated as:
<m—;§b>2
e o
y(x) = /N (x|, 0) = =, (A.12)
2702
where 9,(z) is centered at x = p, = —F G and ty(z) is centered at

T = up = —|—WT+G (see Fig. . Since pg, = —pp = —WTJFG = —p, Ye(x) can

be approximated, in terms of ¥,(x) and ¥(x), as:

(@—p)* (@tm)?
- Ap B Ay le o2 +e o2
¢e(x) ~ 214@ Wa(x) + wb(x)] - 2Ae |: W ’ (A13)
1o(x) can also be approximated, in terms of 1, (z) and ¥p(z), as:
(@=pm)?® (@+p)?
Ay Ay e 7 —e o2
o) % 3l = )] = [T s

where both of them are shown in Fig. [A.10l Subsequently, I can estimate
U~ —% = —u.

Therefore, in the sinusoidally-bent symmetric DC, referring to Eqgs. [A.1]
and [A.8, the 2-D electric field distribution for local normal mode of

waveguide core @, ¥, pent(, 2), can be obtained as:

A ; , ofz(2) ;
‘;[ja,bent(xy Z) = \Ija,straight(xy Z)Fa(z> = |:AM Ccos </Bst£azghtz> e_Jngu 0z :|wa($)€_]ﬁwgz,

(A.15]
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and, referring to Eqgs.[A.2| [A.4] and[A.9] the 2-D electric field distribution for

local normal mode of waveguide core b, ¥y peni(, 2), can also be obtained

as:

fac(z)

. . ( ABstraigh
‘ljb,bent(xv Z) = \Ijb,straight(xa Z)Fb(z) = |:_.]AM s (St;mgt ) Fibugh
(A.16)
Then, referring to Eq. the z-dependent transverse field amplitude for

oo

local normal mode of waveguide core a of the bent DC, A, pent(2), can be
given, in terms of Ag straignt(2), as:

A strai — z (2
Agpent(2) = [AM Cos (Wz)} L = Aq,straight(z)e vt =5
(A.17)

sz( )

and, referring to Eq. the z-dependent transverse field amplitude for
local normal mode of waveguide core b of the bent DC, A peni(2), can be

given, in terms of Ay straight(2), as:

Aﬂt iaht sz(z) sz(z)
Ap pent (7) = [ j A sin (‘“';"‘”gz eTiPugn = Ab straight(z)eiBuor
(A.18)
Alternatively, referring to Eq. Aq straight(2), can be expressed, in terms

of Ag pent(2), as:

afac(z)
Aa,straight(z) = Aa,bent( ) FiPugn =5 ) (A19)

and, referring to Eq. Ap straight(2) can be expressed, in terms of

Ab,bent (Z) , as:

_ sz(z)
Ab,straight(z) = Ab,bent( ) 3Buwgn =5z . (A20)

Thus, referring to Eq. the first derivative of Ag pent(2) with respect to

z can be solved and represented, in terms of A, straight(2), as:

aAa,bent(Z) aAa,stTai ht(Z) . p _
aZ = azg - ]M'ngC(Z)Aa,St’r'aight (z) e Jﬂﬁwg 52
(A.21)
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and, referring to Eq. |A.18| the first derivative of Ap pent(2) with respect to

z can be solved and represented, in terms of Ab,stmight(z), as:

0A ent\Z 0A strai z . : Ofx(2)
b7gz t( ) — b, tazght( ) 4 ]M,ngC(Z)Ab,stT(light(z) 6+]/"6wg 52
(A.22)

where C'(z) = 825”;2@) = 4AL22A cos (2% 2) is the curvature of f,(z).

12 T T T T

SN

0.6 ; ; ;

var

Figure A.11: Bessel function of the first kind of order 0 with respect to a

variable, x4, ranging from 0 to 10.

Since C'(z) =~ 0 over a A that is much larger than the A of the sinusoidal
bends, referring to Eq. %ZM(Z) can be approximated as:

8Aa bent(z) 8Aa straight(z) —jup QM
’ = : w9 oz A.23
0z 0z c ’ ( )

and, referring to Eq. %ﬁ;dz) can also be approximated as:

aAb,bent (z) o~ aAb,straight(Z) e*]ﬂﬁwg 3fgz(z) ' (A.24)
0z 0z
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Then, substituting Egs. and into Eq. %@mﬁ(z) becomes:
Ofa(2)

[Aﬁstraighte_2j HPwg =5

2
(A.25)

and, substituting Eqs. and into Eq. %ﬁ;t(z) becomes:
Afax(2)

Bfa(s) [A/BstraighteJrszﬁwg 9z :|
+' w o J— y
Aa,straight(z)e g =5 = —J 9 A

(A.26)
Hence, referring to Eqs.[A.25and[A.206] I can find the complex z-dependent
Ap of the bent DC, Afibem(z), as:

Ofx(z)

aAa,bent(z) ~ —j Aﬁstrm’ght e—j.uﬁwg 9z = —j

0z - 2

Ab,straight(z) Ab,bent(z)7

aA’élb,bent(z) ~ .Aﬁstr(u’ght
0z -/ 2

a,bent (Z) .

P ; Ofz(z) 2r A(W4G) . om
_i9 2
Aﬁbent(z) = Aﬁstraighte P2Pug =57 = Aﬁstrm’ghtej A Bug sin( K Z)

(A.27)
Subsequently, calculating a running average of ABbem(z) over one A along
the z-axis according to Ref. [63], the effective AS of the bent DC, ABpent,

can be estimated as:

2rA(W + G)

A Buwg |, (A.28)

1A
A/Bbent = A/ Aﬂbent(z)dz = ABstrm’ghtJO
0

where Jy is the Bessel function of the first kind of order 0 (see Fig. A.11)).
I will use Eq. to design and analyze sinusoidal AC symmetric strip

waveguide pairs and a PBS using a symmetric DC with sinusoidal bends.

110



Appendix B

Additional Publications
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