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Abstract

Optical phased arrays (OPA) are of growing interest in free space communication systems due to the need
for high speed communication. Generally, design of OPAs using the Silicon On Insulator (SOI) platform
will rely on the thermo-optic (TO) effect to tune the refractive index, thereby controlling the phase in each
channel. However this makes the design sensitive to parasitic heat, and thermal cross-talk at scale. Instead
of using thermal control, thermal tolerance is introduced by reducing the TO effect, and leveraging the
electro-optic (EO) effect in lieu. Metamaterial techniques for the athermal design of optical waveguides and
subwavelength structures are presented for the application of designing an OPA feed network. The design

of compact and athermal grating antennas suitable for OPA configurations is also explored.
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1 Introduction

1.1 Intersatellite Links

Intersatellite Links (ISL)) are used commonly in the space communication infrastructure, traditionally Radio
Frequency (RE) bands are used for free space communication[I]. However, optical links are an established
topic of research [2f] and the advantages of optical links are well known. For example,Sebacher, Lambert,
Pautler, et al. analyzed laser Optical Intersatellite Links (OISL) noting distinct theoretical advantages [J3].
For example increase of data rate, which is expected due to larger bandwidths in the optical spectrum. As
well as jamming immunity due to narrow beam widths and small receiving Field of View (EQV]).
Marshalek, Mecherle, and Jordan note implementation advantages for optical links in the areas of aperture
size, terminal weight and recurring cost [4]]. While Williams, Collins, Boroson, et al. predict the advantage
of lower power consumption [5]. Recently, optical technology has matured and optical links are moving
from research to application to realize the theoretical advantages [6]], [7] such as broad bandwidths,
interference immunity and unregulated spectrum. Similar survey literature shows that missions are trending

towards implementing satellite communication links in the optical spectrum [8[]—[|10]].

leveraging laser communication terminals are currently being used by major space agencies, having
passed the barrier from research to practical application. The European Space Agency (ESA) European
Data Relay System (EDRS) [11]] is active with demonstration of the Sentinel satellites [12]]. The Japan
Aerospace Exploration Agency (JAXAI) Japanese Optical Data Relay System [[13]] is also active
with successful demonstrations of the ALOS satellites [14], [15]. Significant advances have also been made
in the area of space-to-ground links. For example the National Aeronautics and Space

Administration Optical Communications and Sensors Demonstration program
successfully demonstrated optical downlink with a cubesat platform [[16]]. While NASA’s Laser
Communication Relay Demonstration (LCRDJ) program [17] is successfully using optical terminals [18]]
with planned use cases of space-to-space links and space-to-ground links. is being proposed for next
generation Global Navigation Satellite System (GNSS) [19]-[21]]. With the design actively being
demonstrated in laboratory [22]. There are a number of ventures using constellations of [123]], [24] for

applications like internet in space. For example in 2024 the Toronto-based Kepler satellite system [25]] has



moved over a terabyte of data using optical terminals in a system of Low Earth Orbit (LEQ)) satellites[26]],
[27]). While also in 2024, SpaceX’s starlink constellation had nearly 6000 satellites in orbit [28]] using [OISTJ

[29]]. Telesat’s Lightspeed constellation [30] is planned to launch in 2026 [31].

Toyoshima reviewed trends and noted the exhaustion of RE channels as well as increasing data rate
requirements in time [6]. These issues are shown to be addressed by optical links. As[OIST]have higher data
rate capacities, and less channel restrictions due to being in unregulated communication bands. However,
generally require higher pointing accuracy requirements due to the narrower radiation beam widths
and receiving [FOVI [32], [33]]. One method for control of pointing a laser terminal is the use of gimbals, for
example Iwamoto, Nakao, Ito, ef al. propose the use of small gimbals to achieve the pointing requirements
[34]]. Similarly, Carrizo, Knapek, Horwath, et al. have a coarse pointing assembly embedded in their optical
terminal design [24]]. However Optical Phased Array (OPA)s can be used in lieu of Gimbals [35]] as
are an alternate means of addressing control of pointing for optical links and are superior in terms of size

and weight. As phased arrays can be pointed electronically without the need for external mechanics.

1.2 Optical Phased Arrays

Silicon on Insulator (SOI) is a material platform currently being explored for the realization of
[35]—[44]]. These phase sensitive silicon photonic systems require active or passive suppression of
unintended thermal heating because of the large Thermo-Optic (TQ) effect in silicon. In particular, the
capability of an[QPA]to control the emitted beam shape depends on the precision of phase control on each
emitter in its feed network. Since phase control is associated with heating in silicon, thermal management is
often part of design. Both active and passive techniques for mitigation of thermal transients were

reviewed by Yepez et al. [45]], [46].

Yepez et al. compare the the addition of mechanical structures such as air trenches, or vias and heat shunts
into the substrate for thermal management of the photonic circuit, and specifically for[OPAk. Yepez et al. in
studying air trenches and heat shunts [46]] note there is a trade off for air trenches. The reduction in cross
talk distances, and the improvements in heat dissipation compete and are related to the trench depth. Heat
shunts are proposed as a mean to improve heat dissipation. They conclude an order of magnitude reduction

in the distance at which temperature rise is limited to a safe distance using this scheme compared with



non-trenched chips.

Yepez et al. in studying heat shields made of vias [45] concluded that typical modulator-to-modulator
distances of 20 um could be reduced to 3 um by the use of vias for heat distribution without significantly
changing the cross talk. The associated change in the temperature gradient across the waveguides with this
scheme was similarly reduced by an order of magnitude, with the same scale in reduction of the phase error

due to cross talk.

Other realizations of similar enhancements are present in recent literature. For example, Wang, Liang,
Chen, et al. [47] demonstrated the combined use of graphene to improve dispersion of heat in the substrate,
and air trenches to thermally isolate the elements. Wang et al. present a design with negligable cross
talk at 10 um waveguide pitch. At 3 ym with air trenches, the temperature gradient is comparable with the

results from Yepez et al. [45].

Ostensibly, thermal management for[OPAk has been associated strongly to temperature control [45]-[47].
Thermal management is often focused on solving thermal control challenges in the system design [39],
[48], [49]]. However, few literature discusses reducing the thermal sensitivity of an[OPAlby means of
changing the Thermo-Optic Coefficient (TOC) [50]. For example Lee, Jin, Chun, et al. [50] design an[OPA]
using Silicon Nitride (SIN)) for the device layer due to its lower [TOC| compared with silicon. While no
literature to this authors knowledge discusses reducing the thermal sensitivity of an [OPA]using a silicon

device and athermal design methods which leverage the cladding.

Athermal photonic designs with silicon are possible, for example, the [TOleffect in a silicon waveguide can
be countered by a polymer cladding [51]]-[54]. This concept can be extended to more complicated photonic
systems with a network of silicon waveguides. Podmore, Scott, Cheben, et al. passively stabilized a
spectrometer from thermo-optic effects [55]] using the same polymer cladding used by Schmid et al. [52],
[53]] and Ibrahim, Schmid, Aleali, ef al. [54] in their demonstration of athermal subwavelength waveguides.
For a phase modulated device such as an[OPA] athermal waveguides imposes a restriction on the ability to
use the effect for phase modulation, as phase modulation depends on dynamically adjusting the
refractive index. With reduction of the TOC]in a waveguide, care must be taken to design the phase
modulator as the effect may no longer be viable. For example Lee, Jin, Chun, ef al. heterogeneously

integrate polymer waveguides for the heaters to account for the low of their [OPA][50]. While Lee,



Kwon, Kim, et al. are able to use Electro-Optic (EQ) modulators with an platform by heterogeneously
integrating Thin-Film Lithium Niobate (TFLN)) [56]. With athermal waveguides, phase modulation may
still be achieved by use of the effect [[57]] and many designs feature [EQ| phase shifters [58]] [43]].

There is a gap in literature for [OPAl designs. To the best of the authors knowledge, the combined use of
athermal [SOI waveguides with [EQl phase shifters to realize a phase stable[OPAlin the presence of thermal

fluctuations remains undemonstrated.

1.3 Research Objectives

The implementation [OISLlis challenging as satellite communication systems require strict pointing
requirements; while in a vibrating [|32]], [33]], [59]] and thermally changing environment. The thermal range
over an orbit is typically stabilized in a range aligned with industrial and military grade electronic survival
limits [60]. Using an implemented on as an technology in such a temperature range risks
loss of pointing during a temperature slew if temperature is not actively controlled at the silicon device

layer.

The allowable pointing disturbance for a constellation of satellites with [OISLk is not a general value, it
is a specific value determined by the link budget parameters for the constellation. However, it can be
inferred from case studies what order of magnitude modern systems such as SpaceX Starlink or
Telesat Lightspeed require. For example Carrizo, Knapek, Horwath, et al. cite the alignment and tracking
stability of their optical terminals as 1 urad. Which is 1 order of magnitude less than their beam divergence
[24]]. While Iwamoto, Nakao, Ito, et al. designed their link with an acceptable disturbance of 10 urad, which

is also an order of magnitude less than their beam divergence [34].

While control techniques are possible to account for environmental state change [61]. The goal of the
following research is the exploratory design of an capable of operating within a thermally changing
environment without loss of pointing due to disruption of phase in the array channels. This was partially
achieved by making design consideration for the thermal sensitivity of the phased array architecture at the
systems level, i.e. by using optical phase symmetry. Additionally by making considerations for the thermal

sensitivity at the component level, i.e. such as design of waveguides and antennas. See Section 2]



In this work, polymer cladded waveguides were used to reduce the with respect to silicon, thus
reducing the temperature sensitivity when temperature change across the channels is not symmetric. Lateral
IPINl junctions were used for phase modulation via the effect. The Intellectual Property (IP) for the
modulator designs was released by Canadian Microelectronics Corporation (CMC) and the Silicon
Electronic-Photonic Integrated Circuits program. Finally, the optical phase symmetry for linear
arrays was exploited to reduce temperature sensitivity when the temperature change across the channels is

symmetric.

1.4 Research Contributions

This research explored the athermal design of waveguides by means of using a polymer with a positive TOC|
for the cladding of an with open-oxide specification over the waveguides. The use of the cladding
in[SOIl for the purpose of designing athermal waveguides has been thoroughly demonstrated in literature
[51)]—[54]], [62]]-[64]. However, for subwavelength waveguides, no extension of the confinment model from
Ye, Michel, and Kimerling [51] is derived for periodic structures such as Bragg gratings. A semi-analytic
expression inspired by Effective Medium Theory (EMT) was derived for Bragg gratings and was consistent
with Finite Difference Time Domain (EDTD) simulations [65]]. Details of this derivation are repeated in
section This technique was applied to the design of optical antennas based on gratings, demonstrating

increased bandwidth in optical antennas compared with a reference [SOIl design; shown in Section §.3]

An[SOIIOPA| was fabricated with lateral junctions for phase modulation, this has also been thoroughly
demonstrated in literature [41]], [43]], [58]], [66]]. However, to the best of our knowledge, not with the
combined use of athermal waveguides. The addition of such waveguides in this work reduced the
temperature sensitivity of the [QPA]by an order of magnitude with respect to To the best of our
knowledge, passively thermally stabilized were not previously demonstrated in literature. Thermal
tolerance of designs in literature focuses on control of thermal effects through thermal dispersion and

isolation [45]-[47]. The design and test of this device is presented in Sections [3.3]and [5}



2 Theory and Modelling

2.1 Refractive index

The refractive index of a material is a fundamental parameter for optical component design. A full account
of the modelling of the refractive index is available from Ghosh [67]]. Modern database distribution of
refractive index data is also readily available from Polyanskiy [68]]. Fundamentally, the complex refractive

index, by its real and imaginary parts describe the delay and attenuation of the medium respectively [67].

i =n+iK (2.1)
41K
== (2.2)
21
B=nky= T” (2.3)
g, = (n* — k%) +i2nx (2.4)

The extinction coefficient, K, defines the absorption and is related to the absorption coefficient, o, by the
relation in Equation[2.2] The refraction coefficient, n, defines the delay and is related to the phase
coefficient, B, by the relation in equation[2.3] It denotes the wave vector for refractive index of the material.
The real and imaginary parts of the refractive index are directly related with the relative permittivity, €,, of
the material; Equation [2.4] Substitutions of this type are often used to model electromagnetic materials,
such as with Rytov’s formula [69]. Commonly for non-magnetic materials the substitution can be

simplified, n® = €.

The variation of the refractive index with wavelength is referred to as dispersion. The dispersive relation of

the refractive index is often captured by the Sellmeier coefficients [[67]]. The Sellmeier coefficient A



accounts for contributions to the refractive index for energies above the band gap. The coefficients B and C
are associated with Ultraviolet (UV]) absorptions, while the coefficients D and E are associated with
Infrared (IR) absorption. Using Equation [2.5] is applicable between UV and near IR. Alternatively the

Lorentz-Lorenz model [70]], Equation [2.6] may be used consistently between many simulations tools [71]].

A BA* DM

M) =At et g 2.5)
2 8L0rentzm(2)

n*(\) =€+ (2.6)

3 — 2idom — @?

The refractive index is not constant over temperature. The variation of the refractive index with temperature
at constant pressure is called the Thermo-Optic Coefficient (TOC). The change in the refractive index with
temperature may be modelled as constant over a limited temperature range. Generally, the has a
dispersive relationship to wavelength and temperature and is not constant. This is pronounced over
temperature ranges on the order of hundreds of Kelvin. However, it can be assumed to be constant over
small temperature intervals, up to tens of Kelvin. The approximate change in with temperature
interval about a reference temperature of 293K is based on Li[[72], this data was used in this study to

calculate the change in[TOC shown in Table

dn
T) =n(T —AT 2.7
n(T) =n( 0)—|—dT 2.7
dn ) 1 dE, ,
2n— = —1)( -3 R———=R 2.8
nar = (1) < CreR— g ar (282)
dn 5
2n— =GR+ HR (2.8b)

aT

To perform calculations that express the as a function of temperature, Ghosh presents the

dependencies of the through Equation [2.84] It relates the [TOC| with the thermal expansion coefficient,



Crg, and the optical band gap, E,,. Ghosh shows the possibility of the TOClto be negative or positive in
magnitude is the competition of these two physical factors in the material. In Ghosh’s model, Equation
[2.8b] the parameter G is related to the thermal expansion coefficient, H is related to the temperature

coefficient of the optical band gap, and R is the normalized dispersive wavelength.

Ghosh validates the modelling of the [TOC| with references to the canonical literature [67]. For example,
Ghosh cites Li [72], who reviewed measurement data for the refractive index and [TOC of silicon. The
measurements cover, but are not limited to, optical telecom c-band and a temperature range of 100 - 750K.
Ghosh’s model for silicon is applicable to this data and the temperature ranges bound typical environmental
conditions for Low Earth Orbit (LEQ)) satellites. Which is often in the range of electronic survival limits,

-40 to +80C, or better.

Interval (K) Average ’A(%)‘

293.0£5.0  1.392e-06
293.0+10.0 2.784e-06
293.0+£30.0 8.351e-06
293.0+50.0 1.405e-05

Table 2: Average change in thermo-optic coefficient as a function of temperature interval.

2.2 Silicon On Insulator

2.2.1 Waveguides

Silicon photonics is typically implemented using Silicon on Insulator ([SOI). [SOIlis a layered, composite
material. The process for design of devices is accounted by Chrostowski and Hochberg [71]].Two
refractive indices are available through this process and material stack n; = Si, n, = Si0O;,. Oxide open
designs have flexibility to introduce a material with a third refractive index but supplying n3 is not a

standard process from the foundry.



Cladding Oxide (L n,

™ |
Buried Oxide

Subsr S

Y

Standard Open Oxide Non-Standard

Figure 1: Silicon on Insulator material stack. n; is silicon and n, is silicon dioxide

Modifying the cladding by supplying a third material, n3, will affect the properties of the optical waveguide.
A modified cladding is shown in Figure[]] Waveguides will have some part of the electromagnetic field that
propagates within the cladding layer. The material properties of the cladding thus have an effect on the
resultant properties of the material stack. The refractive index may be engineered by either augmenting the
material stack or waveguide geometry. The refractive index in a waveguide will depend on the waveguide
geometry. As well as the material dispersion and operating temperature; due to wavelength and thermal

dependencies of Silicon, respectively. The first order dependence of the materials at 1550 nm is shown in

Table 3]
Z Propagation Axis
& @ —
Cladding Oxide
S01
Buried Oxide
Substrate Y X

Strip Rib Subwavelength
Waveguide Waveguide Waveguide

Figure 2: Waveguide geometries for silicon on insulator



ni  Material nesy d;;{f nm~1 %K‘l
n  Si 347 —T7.6E—5 181E—4
ny SiOp 144 —12E—-5 85E—-6

Table 3: First order material properties for silicon on insulator at A = 1550 nm

2.2.2 Phase Modulation

For waveguides, the capability to control the optical phase is derived from the change in refractive index.
Two conventional methods compatible with the SOI process are Thermo-Optic (TOJ) effect, or
Electro-Optic (EQ)) effect. The primary figure of merit for phase shifting is the modulation efficiency VL.
It describes the voltage length product of the phase shifter to achieve a 7 phase shift. Including the product
of the change of the imaginary component of the refractive index, it also describes the loss efficiency ViLo.
For broadband devices, operation bandwidth and data rate must also be considered as is natural for any

other system component.
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AQ(V) = - Anegs (V)L (2.9a)
n= %Aneﬁ(vﬂ)L (2.9b)
dn,
Anegy(Va) = = ‘ff Vi (2.10)
A
2
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Figure 3: Phase shifter geometries

In Silicon, the effect can be modelled with the first order linear term because of the material dependence
of Silicon, see Table[3] Silicon does not have a linear electro-optic (Pockels) effect due to its
centrosymmetric crystal structure. Instead the implementation of the electro-optic effect in Silicon is hence
done by use of the plasma dispersion effect in a semiconductor, which changes the density of the free
carriers, and thus the real and imaginary parts of the refractive index. Soref and Bennett experimentally
evaluated the absorption curves for the number of electrons (N,) and holes (N,) in the optical
communication band and produced empirical expressions which can be used in lieu of the Lorenz
equations to obtain the change in refractive index and absorption coefficient. Such empirical models for the
electro-refraction and electro-absorption were extended to broader IR ranges for silicon by Nedeljkovic,
Soref, and Mashanovich [74]]. The empirical relations from Soref and Bennett are sufficient at optical

C-band with A = 1.55um.

An = —[8.8x10 AN, +8.5x10 '8 AN} 8] (2.12)

Aa = 8.5x10718AN, + 6.0x107'8AN,, (2.13)

There are three primary ways in which manipulation of the free carriers is achieved for the electro-optic

effect. Carrier accumulation, and carrier depletion are possible by the addition of a PN junction [57]. While

11



carrier injection is achieved by a PIN junction [57]]. PN junctions have tuning speeds in the GHz range due
to being gated by its resistance-capacitance time constant, and lengths in the mm range due to the carrier
depletion being a weak effect. PIN junctions have tuning speeds in the MHz range due to being gated by
carrier recombination life time, and lengths on the order of hundreds of micrometer due to carrier injection

being a strong effect.

The PIN junction is operated in forward bias, or carrier injection mode. The PIN junction has a large
depletion region already overlapping the optical mode at equilibrium and does not exhibit significant phase
shift in reverse bias or carrier depletion mode. Thus, the optical mode will not be affected by additional
carrier extraction with applied voltage. In forward bias, insignificant phase shifts are observed below the a
threshold. A 7 phase shift is observed with relatively small voltages after threshold because of the large

number of injected carriers. The large carrier injection also results in a greater loss.

In contrast[TOl effect can be achieved by either using an N-doped rib waveguide or by placing a conductive
wire above the waveguide. Heaters have speeds in the kHz range due to being gated by its
resistance-capacitance time constant, and short lengths in the range of hundreds micrometer due to joule

heating being a strong effect.

2.3 Waveguide Mode

2.3.1 Maxwell’s Equations

The advantage of for photonics waveguides is the refractive index contrast between the silicon core and
oxide regions. The index contrast confines light within the silicon layer, allowing it to be routed. The
behaviour of light in such a medium is governed by Maxwell’s equations. When assuming time-harmonic
fields, Maxwell’s equations are expressed in their complex form as shown in Equations -
Where J is the current density and p is the charge density. The permittivity and permeability of the
materials are defined as in Equations (2.14). The relationship between the wave number in the material and

its refractive index is given in Equation (2.15).

12



€ =¢€p¢, (2.14a)

1= oy, (2.14b)

k= kon = MW+/Eolo/Erliy (2.15)

V.E= g (2.16a)
V-H=0 (2.16b)
V x E = —iouH (2.16¢)
V xH = iweE +J (2.16d)

Maxwell’s equations provide the framework to determine the electric field distributions for propagating
waves. In the context of a waveguide, the boundary conditions applied to the media are the edges of the
waveguide. The solutions to Maxwell’s equations under these boundary conditions are known as the modes

of the waveguide. As the solution of the waveguide can be expressed as a eigenvalue problem [[75]—[79].

The boundary conditions for electromagnetic waves are expressed in Equations following the
description given by Kawano and Kitoh[77]]. Where E,En and FI,,FI,, are tangential and normal vectors of
the electric and magnetic fields respectively, at the boundary of interfaces 1 and 2. If the material interface
is perpendicular to the direction of propagation then the term tangential can be treated interchangeably with

transverse.

Ey—E; =0 (2.172)
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£2E2n - E':lEln = Oy

H,—H, =0
1 - 1 -
7H2n - 7H1n = Js
H2 H

(2.17b)

(2.17¢)

(2.17d)

For describing the fields, Equations (2.17a)) and Equation (2.17c]) poses the constraints that the electric and

magnetic field must be continuous across the interface, meaning there is no abrupt change in the component

of the electric and magnetic fields that cross the interface. Equations and Equation (2.17d) poses the

constraint that the normal component of the electric and magnetic fields may be described by the difference

in permittivity and permeability of the materials that form the interface. The normal component of the

electric and magnetic fields is not necessarily continuous. However, in the case of a dielectric waveguide,

the surface charge density, G, and surface current density J; are assumed zero. The normal component of

the electric and magnetic field may be continuous in these cases.

Obtaining the solutions to Maxwell’s equations for a waveguide involves solving the wave equation. The

wave equation for the electric field can be expressed by taking the curl of Equation (2.16¢). Afterwards,

applying the identity V x V x E = V(V- E ) — V2E. With the assumption J; = 0 and substituting

Equation (2.16d), the familiar form of the Helmholtz equation is obtained. Often expressed as function of

the refractive index distribution, n(y,z), that defines the waveguide structure; Equation (2.18¢).

VxVxXE=Vx(iouH)

V(V-E)—V?E = iou(ioeE +J)

V2E + o’ueE =0

V2E(y,z) +kgn*(y,2)E (v,2) = 0

14

(2.18a)
(2.18b)
(2.18¢)

(2.18d)

(2.18¢)



Often used in solving problems related to Maxwell’s equations are the following vector identities:
Equation (2.19) and Gauss’ theorem Equation (2.20). These general vector identities will be referred to
later, and in the context of guided wave problems, they will often be applied over the transverse

cross-section of the waveguide.

VA(ExH)=H-(VXE)—E-(VxH) (2.19)

/V-ﬁdV:%K-d§ (2.20)
1% S

2.3.2 Transverse Electric and Transverse Magnetic Modes

Waveguides are typically designed in the Transverse Electric (TE) or Transverse Magnetic (TM]) format.
The [TE] and [TM] conditions are modes where the normal component of the field is suppressed. While pure
Transverse Electromagnetic (TEM) modes are possible for some waveguides, they may not supported by
dielectric waveguides. Furthermore, in dielectric box waveguides, such as[SOIl strip waveguides, pure [TE
and modes may not exist. Although the transverse components of the fields dominate when referred to
as[TEl or[TMl Consider a hypothetical SOI slab waveguide infinite along the y-axis and oriented as in
Figure @ For a TE mode, the condition is required that E, = 0 as described in Table 4| Furthermore, with
the slab there is no variation along the transverse axis, a% = 0 per the boundary conditions. Maxwell’s

equations for the electromagnetic fields decouple in this case, as shown in Table 4]
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Cladding

Buried Oxide n,
> Y
Figure 4: SOI slab waveguide.
Mode Type Waveguide Type E, Ey E. H, ﬁy H, Boundary Condition
TE Slab =0 #0 #0 #0 =0 #0 2=0
TE SOI Strip ~0 #£0 ~0 #0 =0 #0 2#0

Table 4: Field components for TE modes in SOI slab and strip waveguides, assuming x as the propagation direction.

To demonstrate this, consider Maxwells equations. Faraday’s law, Equation (2.21)) can be expanded into its

partial derivative form, Equation (2.22)). This expansion is treated similarly for Ampere’s law,

Equation (2.24). Setting the terms a% = 0 for a slab waveguide decouples the field components. While in the

case of an SOI strip waveguide, there are interfaces in both the y and z directions so the electric field must

be continuous along the interface in both the y and z directions per the boundary conditions. In this case

coupling can occur with each of the field components as the differential quantities are no longer separable.

VXE =

b A 4

% % a% (2.21)
_’x _'y _'z

O0E, OE.\. (OE, OE.\.

(%) (2-5)s e



oF. oF,

Fir —iouH, (2.23a)
%% - aasz — ioud, (2.23b)
aa“iy _ a;zx 1 (2.230)
aa’zz - aazy — ik, (2.242)
o _ agx — ioeE, (2.24b)
%’iy _ agx _ ik, (2.240)

Polarization fractions may be used to quantify the hybridization of the mode in either the plane of the mode,
or in the direction of propagation. Shown in Equations and (2.26), respectively. Continuing to

assume X as the propagation axis, then, in former case it describes the purity of the Ey component. While in
the latter case it describes the purity of the E, component, which is useful for describing the presence of the

TE mode.

. E,|dyd
polarization(E,) = ”[‘”2 i _'yzz (2.25)
JI|Ey? + |E: [Pdydsz

 JJ|Ex[*dydz

polarization E)=1 =
=) JIEPdydz

(2.26)

2.3.3 Mode Expansion

The electric and magnetic fields may be expressed in terms of their transverse field components and a

propagation constant, as shown in Equation (2.27)). We assume a structure where the refractive index
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distribution does not vary along the propagation axis. The fields represent phasor quantities in the

frequency domain with implicit e ’® time dependence. In this formulation & ;, and B; are the eigenfunction
and eigenvalue corresponding to the guided mode propagating along the x-axis. The transverse field profiles
€;(y,z) describe the spatial variation in the transverse plane, while the phase variation along the propagation

axis is described by plane wave factor ePi*.

E =2(y,)e™" (2.272)

H = hj(y,z)eP~ (2.27b)

In a waveguide, the mode expansion conjecture states that the transverse components of any field may be
written as a linear combination of the transverse components of all the waveguide modes at a given
frequency. Thus, any possible solution of Maxwell’s equations may be expressed as a linear combination of
the modes in a constant plane along the propagation axis. The form of mode expansion in Equation (2.28),

assumes an invariant structure along the propagation axis. The coefficient, a, denotes the modal amplitude.

E= ZajEj(y, z)e_iﬁfx (2.28a)
J

H=Y ajhj(y2)e " (2.280)
j

2.3.4 Mode Orthogonality

The orthogonality condition relates pairs of guided mode with the transverse components of the modes. It is
useful when expressing pairs of modes since it allows the treatment of the total energy associated with each
mode as independent and not coupled with the other modes. The derivation here follows the derivation
provided by Westerveld and Urbach[79]. The derivation starts with the identity of Equation (2.19). Suppose
that identity is expressed for a mode pair, with indices 1 and 2 denoting the modes as in Equation (2.29a)).

Expanding the results using the laws of Faraday and Ampere, Equation and Equation (2.16d) gives
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Equation (2.29b).

V-(E\ xH;)=H; - (VX E;)—E - (V x Hj) (2.29a)
Hj - (VX E))—E\(V x H}) = io(uH;H| — eE;E)) (2.29b)

Adding the complex conjugate reveals that the right hand side simplifies. This step removes the imaginary
components that arise from the cross products of the fields, resulting in an expression that reflects the real
energy exchange between the modes. In this case it can be intuited that the time average power exchange

between modes do not couple in a way that leads to energy transfer between the modes.

V.- (Ey x H}) = —io(uH; - Hy — €Ej - E}) (2.30a)
V- (E| x H; +E; x Hy) = io(uH; - H) — €E; - E) — io(uH, - Hf —€E, - E7) (2.30b)
V.-(E| xHj +E; xH) =0 (2.30c)

Gauss’ theorem, Equation (2.20)), can be used to express a form of the mode orthogonality condition. The
surface integral of E X H;‘ + Ei‘ x H, can be related to the volume integral of Equation (2.30c). Shown in
Equation (2.31a). Knowing that the divergence of the term is equal to zero, the mode orthogonality

condition is expressed as in Equation (2.3Tb). Meaning there is no energy exchange between the modes.

/(El xﬁ;+E;xF11)-d§:/v.<El w H +E5 x Hy) av (2.31a)
S \%4
/(E“l x Hj — 3 x Hly) -d5 =0 2.31b)
S

If the pair of modes is taken to be identical, then it relates the time average power carried in the mode.
Assuming the electric and magnetic fields are in phase, which is true for guided modes. The expression for

the power carried in the mode is known as the Poynting vector; Equation (2.32).
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(2.32)

The energy density can be found by taking the real part of the Poynting vector, and assuming the time

interval is long compared to the mode.

S =R[E] x R[H] (2.33a)
RE] = %(E +E%) (2.33b)
Savg = % (ExB +E xH) (2.33¢)

Then with the orthogonality of the modes, E x H* + E* x H = 2R[E x H*] the expression reduces to

Equation (2.34). Which is the time averaged Poynting vector.

Savg = 59%[1? x H*] (2.34)

2.3.5 Mode Confinement

The resultant properties of the composite material on a waveguide will depend on a mode’s distribution of
the electromagnetic energy. The distribution of energy will occupy some part of the core, and some part of
the cladding. Waveguides can be classified as high or low confinement. In a highly confined waveguide, the
field amplitude of the mode is mostly contained within the core of the waveguide. While in low confinement

waveguide, the majority of the field amplitude of the mode is contained within the cladding material.

High-confinement waveguide cores are advantageous for achieving very small bending radii, enabling high
density layouts. However, as the core confinement increases, the propagation loss can also rise due to
scattering at the rough waveguide sidewalls. This is particularly significant when a sharp discontinuity in
the field amplitude of the mode at the waveguide edges results in a greater scattering at the sidewalls. The

mismatch in field amplitude at the boundary between the core and cladding is a direct consequence of the
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boundary conditions imposed by Maxwell’s equations. By contrast, low-confinement waveguides
experience less disruption at the core-cladding interface, as a greater portion of the mode intensity
propagates through the cladding material. This results in reduced scattering losses and potentially low
propagation losses. However, low confinement comes at the cost of weaker confinement of the mode within
the core, increasing the likelihood of mode leakage, especially in bent waveguides. Additionally,
low-confinement waveguides offer the benefit of supporting single-mode operation over a broader range of

wavelengths, which allows for devices with larger optical bandwidths.

The mode confinement I'" defines the ratio of energy which is confined in the core. Related to the
confinement is the effective mode area, Ay, it describes an area which is representative of the mode size.
The mode confinement is the fraction of the mode area in the core over the total mode area. Generally, the
mode confinement is expressed for the j’th mode, per Equations The mode confinement is expressed
through the Poynting vector, Equation (2.32)), which describes the power flow. In waveguide confinement,
the interest is to express the energy density along the propagation axis. Throughout this work, x is used as
the propagation axis. Furthermore, in this work the mode confinement refers to the fundamental mode,

j =1, and may be calculated as in Equation [2.39] using the Poynting vector; Equation (2.32). Since only the
fundamental mode is considered, meaning only a single frequency is considered, the time averaged
Poynting vector may be used; Equation (2.34). Only the real component of the complex Poynting vector is

considered since it describes the propagating energy.

‘mmm@x%ymm

— _ 2.35
[fy K@ xI7) - % dA (2:3)

To derive Equation first substitute Maxwells equations, Equations and Equation in to
the identity for the divergence of a cross product; Equation (2.19). The surface current is assumed zero. The
energy density term, Equation can be obtained by integrating both sides of the Equation over
a volume. Which can be related through Guass’ theorem, Equations (2.20). Which may be related to the
flux through the waveguide cross section in the direction of propagation as in Equation (2.36b). Then
adding the dispersion term, % in Equation (2.36¢). Where A represents the transverse cross section. This

yields the expression for the real energy density in Equation (2.37)). Finally quantities such as the mode

confinement Equation [2.39]and effective mode area Equation [2.38]can be expressed in terms of the energy
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density.

V-(ExH) = —iw (s|1§|2+y|ﬁ\2) vE T,

v.(E xH*)dV:/S(E xﬁ*) -dS

L d B} B}
V‘ * — . 2 2
/V (ExH)dv = (zw/A (s|E| + 0| )dA)

W)= L2200

! [ 1ER -+l

_ JIW(y.2) dydz

A
e/ max(W)

P— ffAL’()V{,‘ W(y7 Z)dydz
[Is. W (y,z)dydz

r

z (microns)

0.1 0.1
y (microns)

—0.7

(2.36a)

(2.36b)

(2.36¢)

(2.37)
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(2.39)

Figure 5: Energy density of mode in cross section of waveguide, arb units. Waveguide dimensions shown as bounding

rectangle.

The mode confinement definition, is field confinement For example, Figures [5|show the energy density in a

500x220 nm strip waveguide, where in the core section the mode confinement is approximately 78 %.
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2.3.6 Mode Overlap

Mode overlap quantifies the degree of similarity between the spatial distributions of the electromagnetic
fields of two modes. It determines the efficiency of power transfer between these modes, both in forward
and backward propagation. This is quantified by calculating the overlap integral, which considers both the
electric and magnetic field profiles, on a plane defined by the propagation axis. The normalized fraction is
related to the amount of power that can propagate between the modes for both forward and backward

propagating fields.

(JyE1 x Bs -dS)(Jy B> x Ay -dS)

Mode overlap = R s
(fSEl XHide)(fSEz XHZ*dS)

(2.40)

Mode overlap, Equation (2.40), or the degree to which the optical modes of two waveguides or sections of a
waveguide match, is critically related to bending loss. When a waveguide bends, the guided mode shifts and
changes shape. If the mode in the bent section does not efficiently overlap with the mode in the straight

section of the waveguide, light can be scattered, radiated, or reflected.

2.3.7 Mode Loss

The losses in single mode waveguides at optical c-band was reviewed by Vlasov and McNab [80].
Vlasov and McNab cites Tien [[81]] and show a model for propagation loss based on the concepts in Tien’s
work. For straight waveguides, the loss mechanisms are scattering and absorption loss. While in sharply

bent waveguides radiation loss can occur [80], [[82]. Sakai, Go, and Baba

Vlasov and McNab’s relations are shown in Equations and [2.4Tb] Where o is the propagation loss, z,
is the interface roughness between material layers, z,,, is the waveguide thickness, ko is the free space wave

is the normalized field intensity at the core and cladding interface. Vlasov and McNab’s

E;
vector, and TEd

model provides insights about the scattering loss.

Equation [2.41a]shows the scattering component of the propagation loss will be proportional to the square of

the interface roughness. This means strongly confined cores, or modes where the field intensity is
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maximum at the sidewalls, may experience greater loss in due to interaction with sidewall roughness. As is
the case for [TE cores [80]. While scattering losses will be inversely proportional to the waveguide
thickness. For example, a thin core may have a more strongly confined mode. However, generally speaking
it depends on the mode distribution throughout the interface. Equation [2.41b]indicates that the waveguide
thickness is treated as related to how strongly confined the mode is at the core cladding interface. The mode
confinement will not only be influenced by the geometry of the waveguide but the index contrast of the
waveguide. The Vlasov and McNab model states that propagation loss is proportional to An®> where An is
the difference between the refractive indices of the core and cladding. High index contrast between the core
and cladding enables smaller waveguide dimensions but also results in higher propagation losses due to

increased interaction of the mode with sidewall surface roughness.

4Z%BCUV€
o= (2.41a)
B(ng + Z/Bcludding)
2k2 , E2
o= ZKoPeore By ) o (2.41b)

Beff szdx

In a bent waveguide, light can radiate out of the waveguide due to the bend. The bend distorts the
waveguide geometry, and the mode can change due to the distortion. The mode can shift towards the edge
of the bend leading to increased interaction with the sidewall, radiation, and poor mode overlap. These are
three primary contributions for the bend loss, scattering, radiation and mode-mismatch. The radius of the
bend is a key geometric parameter affecting light radiation. Sharper bends have more pronounced mode
shifts, thus leading to greater radiation losses. Sakai, Go, and Baba studied bending for [SOT at optical
c-band and concluded the importance of the index contrast in determining the [82]. Bending losses are
lower in waveguides with high mode confinement, such as waveguides as the index contrast in SOI

waveguides allows for much smaller bending radii compared to silica waveguides [80], [82].

2.3.8 Bloch Modes

Bloch modes describe the propagation for a plane wave in a periodic media. Bloch theory demonstrated that

the solution to the wave equation in a periodic medium can be expressed as Equation (2.42)). A derivation is
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available from Ashcroft [83]].

g, (x) = e Ber, ug, (x) (2.42)

up, (x+A) = ug (x) (2.43)

The wavefunction as written, is not an explicit solution, however, it confines the solution to a set of
solutions that can be described by a plane wave modulated by a periodic function for the lattice, meaning
the Bloch mode can be calculated for one period of the lattice. For any given wavelength if there are only
Bloch modes with R, # 0 then the wavelength belongs to the band-gap. In a band-gap, no propagative
modes exist and any field incident on the structure will be completely reflected as it cannot be coupled with
a mode for that structure. This is a useful property for designing mirrors based on periodic media with
alternating refractive indices, such as Bragg mirrors [[84]]. Details of calculating band structures for photonic

crystals are given by Bienstman and Baets [76].

One of the practical consequences of Bloch modes is that the band structure for a photonic crystal may be
calculated on a unit cell with periodic boundary conditions. Referred to as Bloch boundary conditions. This
is a fundamental aspect of Bloch’s theorem, as it is based on an infinite media, in which periodic boundary
conditions are essential. What are often called Bloch boundary conditions in the study of photonic crystals
are related to Born-Von Karman boundary conditions used by Bloch. The approach of a periodic boundary

condition permits the study of a whole lattice by considering its unit cell only.

2.4 Effective Medium Theory

Effective Medium Theory (EMT) is modelling technique that is used to study materials, particularly
composite materials [85]]. The premise is that a composite material property can be calculated by functions
defining averages that are representative of the system. [EMT] provides a way to understand and predict the
effective properties of composite materials by averaging known properties of the component materials. For
some electromagnetic materials, the effective medium may be expressed by volumetric or electromagnetic

field averaging. In the electromagnetic sense, medium is the macroscopic permeability and permittivity
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tensors. Examples of anisotropic, crystalline, and uniaxial mediums are shown in Equations to

respectively [78]).

€11 €12 €13 M1l Hi2  Mi13
(Anisotropic) €= |ey) € €3| U= |un g w3 (2.44)
€31 €32 €33 M31  U32  U33
€11 €12 €13 w 0 0
(Crystal) e = |g5; € €| u= |0 u O (2.45)
€31 €3 €33 0 0 w
en 0 O uw 0 0
(Uniaxial)e= | 0 €, 0| H=[0 uy O (2.46)
0 0 €33 0 O Mo

Of practical relevance is the work of Rytov [69]]. Rytov’s work demonstrates that a layered structure can act
as a homogeneous, but anisotropic medium. Meaning that the effective medium is a singly degenerate and
has the properties of a uniaxial crystal. This is only applicable in the long-wavelength limit. The
long-wavelength condition requires that the wavelength of the electromagnetic radiation be much larger
than the size of the material’s inhomogeneities, such as the period of a grating. Quantitatively, this means
that the structure size should be at the subwavelength scale with respect to the propagating electromagnetic
wave. When this condition is met, a complex material can be treated as an equivalent effective medium with

spatially averaged properties. The long-wavelength condition is expressed in Equation (2.47).

2nA
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Figure 6: Planar crystal

Consider propagation parallel to the layers, as in Figure[6|for a planar crystal. For this case Rytov gives the
expression in Equation @ Where €1, & are the dielectric constants of the stacked layers and €, is the
effective dielectric. While a, b, are the lengths of the layers respectively. The more common form for
subwavelength optical gratings expresses this formula with the refractive index, and grating period. This is
done by substitution. and shown in Equation recalling the relationship between refractive index and

permittivity; Equation 2.4]

agy + be
Ceff = 7; b z (2.48)
g, = n’ (2.49a)
a a

_4 2.49b
at+b A ( )

a a
nepp= Xn% +(1 - K)n% (2.49¢)

Rytov’s approach is a form of EMTas it directly averages material properties to derive effective parameters,
thus simplifying the analysis of complex, layered materials. This means that [EMTlis a viable approach for
defining layered media such as when the feature sizes are at the subwavelength scale. Such as with the
modelling of subwavelength gratings. Metamaterials can be invented without augmenting the [SOI material

stack by using subwavelength gratings. Structuring the core material at the subwavelength scale can be used
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to tailor dispersion and other material properties. The special case of a periodic structure at the
subwavelength scale defines a uniaxial photonic crystal. Such a device, depending on its period can behave
as either a waveguide or an antenna. The subwavelength waveguide case is advantageous since large modal

fractions in the cladding can be achieved at low loss compared with strip or rib waveguides [86].

n ]
ncu:-: N 0 n

&
<

X

Figure 7: Effective index in core of a uniaxial photonic crystal.

The refractive index tensor shown in Figure[7]can be described by using Rytov’s formula. Rytov’s formula

is expressed for a periodic grating in Equations (2.50) and (2.31).

a a
nj = Xn% +(1- X)ng (2.50)
1 al a. 1l
S =t (-2 2.51
ni An%—'_( A)n% ( )

2.5 Coupled Mode Theory

Coupled Mode Theory (CMT) is a mathematical technique which uses solutions to a simpler problem and
treats the problem of interest as a perturbation of that soluble problem. The theory expresses the perturbed
transverse field in terms of a basis set of modes of the unperturbed waveguide [[87]]. This technique can be

used to model Bragg gratings, and waveguide crosstalk [[71].

The derivation of the coupled mode equations here follows the derivation of Jaeger[88]]. To derive the
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coupled mode equations, first assume the permittivity distribution along the waveguide with perturbations is
expressed as in Equation[2.52] The allowed solutions for the unperturbed system are represented as in

Equations [2.16] Then the allowed solutions for the perturbed system are represented with E’, and H’ as in

Equation

M= Ho (2.52a)

g =¢(y,2) (2.52b)

V xE' = —iouH’ (2.53a)
Vx H =iwe'E’ (2.53b)

To express the relationship between the unperturbed and perturbed systems, the subtraction of the two
solutions, Equation [2.54] is used to isolate the perturbation terms, which describe how power is transferred
between the modes. The Lorentz reciprocity plays a key role in since it provides the symmetry
between the unperturbed and perturbed modes in the system. Using the identity, Equation [2.19]and
integrating Equation [2.54] over a volume of V leads to the intermediary Equation Which can be
simplified by Guass’ Theorem, Equation [2.20|to Equation [2.55b| which is known as the Lorentz Reciprocity
Theorem. This explains that power exchange is conserved within the volume, neglecting leakage or

radiation, and that the modes are coupled through the change in permittivity.

(E*-V ¥ H —H' -V xﬁ*) . (ﬁ VxE —E.V xﬁ*) — io(e—€)E* - E' (2.54)
/ V-(E*xH' +E'x H*) dV = —im/ (¢ —e)E*-E'dV (2.55a)
Vv \%
f (E* x H'+E' x H*)-dS = —io / (¢ —e)E*-E'dV (2.55b)
S Vv

To solve the relation in Equation [2.55ba waveguide geometry must be assumed. Assume the surface
encloses a section of waveguide with faces perpendicular to the propagation axis, with thickness dx and

infinite width. This reduces the integral to the form in Equation[2.56] Assuming the perturbation is small,
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the perturbed transverse fields of the basis set of modes of the unperturbed waveguide may be expressed as
in Equation (2.57), where é;t and h ;t are the normalized transverse field distributions of the j’th mode. a; is
the slowly varying mode amplitudes in each mode. Then using Maxwell’s equations the full field expansion
becomes Equation (2.60) as shown in Equation (2.59). Critically, the perturbation is assumed to be small

g/€' ~ 1. Then the full field expansion may be substituted into Equation 2.56, giving Equation (2.6T).

a g e g — — —
/S S (Ef X H{+ E{ < Fy) -3 dS = /S (—io(€ —e)E*-E") dS (2.56)
'(x,y,2) ZaJ x)€jr(v,2) e Birx (2.57a)
'(x,y,2) Za 1) (y,z)e P (2.57b)
V, x &j = —iouoh;y (2.58a)
V, X hj; = i€, (2.58b)
— / 1 — /
E' = (VixHy) (2.592)
_, 1 .
H' =-—(V,xE) (2.59b)
1o
=/ VI X h_"[ —iBix
E = Xj: a;j(x) o i (2.59¢)
A= ¥ () S s (2.59d)
' J ! — 1o .
) € —ifx
Ei(x,3.2) = L) a0 2)e ™ (2.59)
J
H(x,y,2) = Y aj(0)hj(y,2)e P (2.59f)
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"(x,y,2) Zal x)é;(y,z) e B (2.60a)

"(x,,2) Za, e B (2.60b)

/a
s OX

E x Zaj(x)efiﬁfxil’j, —I—Zaj(x)efiﬁfxé’j, X FI,*] -XdS = —iOJ/ [(8’ —S)Zaj(x)efiﬁfxé’j, x E*| dS
J J $ J
2.61)

Recalling the time average Poynting vector, Equation (2.34), the solutions to Equation (2 can be taken
for each mode of the unperturbed system, by applying Equations Where the eigenfunctions are
normalized with respect to the complex Poynting vector as in Equations (2.62)). Finally, if each mode in the
unperturbed waveguide satisfies the orthogonality condition, then it can be used to simplify the analysis.
The orthogonality condition is now expressed such that the normalized eigenfunction relates to the Dirac
delta function as given in Equation (2.63). Where 8 is the Dirac delta function. Applying the normalized

eigenfunction and the orthogonality condition, the coupled equations can be written as in Equation (2.64).

Se(k) =R / tds= | [Z*k, x ?lk,} %dS (2.62a)
S (k) =R / 2 h* £dS = /S {é’kt x f?*k,} -£dS (2.62b)
/Eje" ds =3;, (2.63)

S

(x) ! (Be—=Bj)x =
Zan()axk/ [e ke X Rjp+ & x * kt} 2dS 8 = —iw ) a;(x)e! PP /[(8/_8>5j'e*k] ds
s s

J J
(2.64)

After taking the derivative on the left hand side of Equation (2.64) and applying the Dirac delta. Then the

mode expansion can be written as coupled equations, Equation (2.63)). Where the coupling coefficient is Cj.
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%i’c" =—i) a;(x)e"PrPorcy, (2.65)
J

Sec®) [1) . -
(”45’() /S (¢ —€)é;-&%] dS. (2.66)

C k=
If there are only two modes, and the coupling is periodic, this can lead to strong interaction between
forward and backward travelling modes such as with Bragg gratings. With Bragg gratings, it is assumed
that there are simultaneous forward and backward travelling modes. The gratings introduce small
perturbations that couple the forward and backward going modes. The perturbed transverse field can be
expressed in terms of the modes of the unperturbed waveguide. While [CMT]is a useful approximation, it is
not always accurate, particularly for structures with high index contrasts or strong coupling as deriving the
coupled mode equations often assumes a small perturbation. In these cases methods such as Transfer
Matrix Method (TMM)), Eigenmode Expansion (EME]) or Finite Difference Time Domain (EDTD)) may be

required to first estimate the coupling coefficient before applying coupled mode equations [71].

The consideration of two fundamental modes is used in designing waveguide devices such as directional
couplers or describing waveguide crosstalk. However, the simplifications in the derivation above may not
be suitable for fully describing the coupling in parallel waveguides and more complete models have been
derived [89]. As an alternative to perturbation methods for describing waveguide crosstalk of parallel
waveguides, the coupling coefficient can be found by supermode analysis. In supermode analysis, the
effective indices of the first two eigenmodes of adjacent waveguides may be used to calculate the coupling
coefficient for fixed distances between the waveguides. The theory is that crosstalk occurs when the
evanescent mode of one waveguide overlaps the evanescent mode of the second waveguide which results in
the excitation of a super mode. That is, fundamental modes which propagate in the cladding can overlap
and excite a higher order mode. The higher order mode will have a different propagation constant and as the
modes travel the field intensity oscillates between the waveguides. The excitation of the higher order mode
results in equal suppression of the first mode, leading to transfer of the fundamental mode from the first
waveguide to the second waveguide as the modes travel. For two adjacent waveguides with co-directional
coupling, the coupling coefficient may be calculated as in Equation [71]]. However the

contra-directional case is more complicated [87]]. The coupling length is the length at which this complete
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transfer happens. With the two modes co-directional and in phase, the power is localized in the fundamental
mode of the first waveguide, after a T phase shift between the modes, the power is fully transferred to the
second waveguide. The coupling length may be calculated as in Equation [2.68] and is often referred to as

the beat length or crossover length.

_Bi-B

C
2

(2.67)

T

“Bi-P2

For waveguide crosstalk, it is practical to determine the fraction of power that is transferred from one

Ly

(2.68)

waveguide to another, based on the coupling coefficient, length of the coupler and the spacing between the
waveguides. The transferred power can also be considered as the crosstalk of the waveguides. The fraction
of power coupled from one waveguide to the other can be expressed as in Equation [2.69] Where P, is the

input optical power, P, is the power coupled across the waveguide. L is the length of the coupler, and C

is the coupling coefficient.

2
I crosstalk . L
— il 2.
) sin (2 n) (2.69)

2.6 Transfer Matrix Method

MMM lis a technique used to analyze wave propagation in layered and periodic media. It is particularly
useful for structures where the refractive index varies along one dimension, such as uniaxial crystals, or
waveguide Bragg gratings. calculates the transmission and reflection of light through a structure by
representing each layer and interface as a matrix, which may then multiplied together to obtain an overall

transfer matrix for the entire structure.

The fundamental relationship of [MM]is the transfer matrix, that describes the relationship between the
forward and backward propagating waves at the input and output. Equation[2.70]shows the transfer matrix
T, for interface between two media shown in Figure @ Where n; and n; are the refractive indices of the
material, L; and L, are the lengths of the materials. Assuming normal incidence, the transmission and
reflection coefficients can be estimated with the plane wave approximation as the Fresnel coefficients,

Equation If each material is a uniform section of waveguide with length L, the propagation matrix, P
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may be expressed as in Equation While for the index step change between two waveguides, 715, the

transfer matrix is expressed as in Equation [2.73]

Figure 8: Transmission and reflection at an interface of two dielectric materials.

E, E;
=T (2.70)
El E2
ny—np
rip = 2.71a
2= T ( )
ny —nj
P 2.71b
2= T ( )
27’11
tp = 2.71
2= (2.71¢)
= 212 2.71d)
2 ny+np '
ePL 0
pP= (2.72)
0 e*iBL
1 1 1o ni+np ny—np
le _ _ 2\ /mny  2\/niny (273)
50) ri2 1 ni—ny ni+ny

2\/niny 2\/niny

To analyze a structure composed of multiple layers and interfaces, the transfer matrices of each layer may be

cascaded. Here, assume a third media and second interface is introduced. The expressions for the additional
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media and interface can be introduced as before and expressed in transfer matrix form as in Equation [2.74]

Eq Es

g T (2.74a)
E, E3

eiPala 0

py— (2.74b)
0 e Bl
[ np+n3 np—ns3

Ty — 2\mn3  2\/mn3 (2.74¢)
m—ny  mptns
| 2y/man3 2\/myn3

The scattering matrix, S, for the network can be generalized for any number of interfaces as in

Equation [2.75] In the case of a periodic structure of two media, such as a Bragg grating with N periods, we
can express the generalized form with powers as in Equation[2.76] Where the indices 1, and 2, represent the
high and low index regions of the grating respectively. The transmission and reflection coefficients for the

Bragg grating may then be expressed as in Equation

_g (2.75a)

S =P TP, Tr3...PyTy

B NTED) (2.75b)
St S22
Sbragg = (P TioPy T )Y (2.76)
1
Tbragg = <— (2.77a)
S11
S
Tbragg = 21 (2.77b)
St



2.7 Finite Difference Eigenmode

The Finite Difference Eigenmode (FDE) formulation solves the eigenvalue matrix equations for electric and
magnetic fields. The finite difference equations are approximations for the wave equations. The
approximations are formed by taking the difference in field amplitudes over a discrete grid of points to
construct the first and second order field derivatives at each grid point. The mode solver then must find a
distribution of field amplitudes that satisfy the Helmholtz wave equation. The solution is expressed for a
single wavelength, thus numerous simulations are required for studying dispersion. However, mode
solutions are useful in the study of waveguide propagation, waveguide bending, reflection coefficients in

Bragg gratings (with support of [MM]), and even phase modulation [71].

For finite difference methods, there are two important considerations, the size of the mesh, and the extent of
the mesh in the solver region. The grid size should be small enough that the refractive index is constant in
each cell and the field amplitude at the edge of the grid is negligible. Schemes for construction of the mesh
when the geometry is irregular may vary [90]. The field condition may be enforced by Perfectly Matched
Layer (PML) boundary conditions [91]] or the solver extent can be placed where evanescent modes become

negligible.

2.8 Eigenmode Expansion

The [EME] method is a technique used to analyze the propagation of light by decomposing the field into the
modes in discrete positions along the propagation axis. Each discrete slice is a cell, and each cell of the
structure may have its mode calculated by However, the mode solution in the cell calculated by FDE
is invariant along the propagation axis. To represents structures which vary along the propagation axis,
recall that fields in a cell may represented with their modes, as in Equations (2.27)). Furthermore, such
modes may be represented with modal decomposition, as in Equation (2.28). However, in this case it is
more convenient to represent the expansion with coefficients, a, and b, for the forward and backward

propagating modal amplitudes. As in Equation (2.78)). The mode expansion may contains coefficients for
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both the forward and backward travelling wave, indicating the bidirectional nature of the solution.

B Z(aj +b)E;(y, 2)e P (2.78a)

T
Il
=

Y (aj+b))hj(y,z)e P (2.78b)

E(v.2) E,(y.2)

Figure 9: Scattering at material interface with incident modal amplitude a;, transmitted modal amplitude a; and re-
flected modal amplitude by.

The differing propagation constants in the modes of each cell set the behaviour along the propagation axis,
and the modal amplitudes may be used to describe coupling between cells. The amplitudes of the forward,
backward, and transmitted propagating waves are related to the mode overlap between cells. Derivation of

this relationship can be found in the sources [[76], [79].

= Djk (2.79)

Scattering matrices are generated for each interface in the waveguide structure, and the overall propagation
of light through the structure may be determined by progressive multiplication of these scattering matrices.
Since an interface need only be defined where there is a change in the index of a slice, individual slices may

be very large without affecting accuracy.
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2.9 Finite Difference Time Domain

Similar to in[EDTD|Maxwell’s equations are solved by finite difference equations. However, unlike
[FDEl the electromagnetic field amplitudes at each grid point is solved with a discrete time dimension. As
with [EDE] the mesh size must be small enough to accurately approximate the differential equations.
However, with[FDTDIthe time dimension must also be discretized so that errors cannot propagate easily
within the mesh. At each time point in FDTD the electric and magnetic field amplitudes are determined by
the field amplitude at the current time step and then propagated forward. Having a time dimension makes
FDTD suitable for studying photonic crystals, such as subwavelength gratings, which exhibit wavelength
dependent properties. A frequency transform of the time-dependent electromagnetic fields of such devices

can be used to express the band structure.

2.10 Interconnect

Interconnect is a photonic integrated circuit analysis platform [92]]. Interconnect elements are known as
compact models. The compact models may be thought of as a scattering matrix, as with[EMEL Where the
matrix describes relationship between input and output ports and modes of the device. Thus the propagation
properties of the device in a bidirectional sense. To determine the coupling between multiple devices, For
example, coupling coefficients between waveguides. Interconnect can perform overlap integration between
two waveguides devices before scattering analysis. Scattering analysis can then be performed by cascading,
scattering matrices such as for[TMM]or EMEl However this requires that all the component scattering
matrices are known. For devices such as modulators whose scattering matrix depends on external
parameter, interconnect may also perform preliminary simulations to determine a scattering matrix based on

electrical signal input.
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3 Athermal Optical Phased Array

3.1 Constraints

Multi Project Wafer (MPW)) runs are a means of distributing costs of a wafer across many project. An
advantage with using foundry fabrication for prototyping is access to mature parts through the foundries
Process Design Kit (PDK]). Allowing monolithic integration for custom devices with other devices whose
performance post fabrication is well documented. For designing custom devices, the designer must account
that the fabrication process will involve systematic, process drift, and random errors. Loosely this can be
thought of as lithography effects, for example variation in the silicon thickness will often be random and
due to roughness and material defects while variation in the width of the silicon will also tend be to be
systematic as perfectly vertical sidewalls are not often achieved. Specifically, the Advanced Micro
Foundry (AME) process comes with fixed constraints, such as the device thickness, and minimum feature
resolution, as well as variations to the specification of the design that occur as part of the lithography
process; Table[6] The[AMH process constraints design choices. The constraints allow for open oxide
regions, and implantation; Table[5] Open oxide regions are necessary for doing athermal design, and
implantation is required for using the plasma dispersion effect to get electro-optic phase shifting.

Table 5: Process Constraints - AMF MPW.

Constraint Design Spec

SOI - Device Layer 220 nm Si

SOI - Buried Oxide 3000 nm SiO2
Minimum Spacing 120 nm

Partial Etching 90 nm, 150 nm
Implants P++, P+, P, N++, N+, N
Open Oxide Si feature > 400 nm
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Table 6: Process Variation - AMF MPW.

Device Layer Variation

Width + 25 nm
Thick 4 10 nm
Gaps 4 25 nm
Etch + 15 nm
Overlay 4 60 nm

All Optical Phased Array (OPAJ)’s share a common set of features. (1) a splitting tree which is composed of
waveguides and power splitters to form channels. The power splitters can be y-branches, Multi-Mode
Interferometer (MMI) or directional couplers. (2) A set of phase modulators which control the refractive
index in one or more channels of the array. (3) An antenna array which radiates the input signal in each of
the channels. Custom waveguides were designed with the constraints of the[AMEMPWI process. A
P-doped, Intrinsic, N-doped semiconductor (PIN)) modulator Intellectual Property (IP) was released by
Silicon Electronic-Photonic Integrated Circuits (SIEPIC). The MMTF's for the splitting tree were selected
from the[AME[PDKI The grating couplers for the antenna array were also selected from the AME[PDKI

3.2 Waveguides

3.2.1 Athermal Design Process

With the confinement factor and an estimate for the first order thermal dependence of each material, the
composite can be calculated for varying waveguide geometries. For strip and rib waveguides, the
mode shape is constant along propagation axis, so the material property can be estimated using the mode its
cross section as shown in Equation [3.1] While for subwavelength waveguides the process is more

complicated.

dn;
dT

dn,
el _yry 3.1)

dT
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Cladding Material ~ n d(m=1) dm(K~1) Ref

d\
SiO; - 1.44 -1.2E-5 8.5E-6 (67]
SU8 Epoxy 1.57 -3.56E-6  -1.3E-4  [68], [93]
OC-431A Silicone 14378 -5.69E-6  -3.5E-4 (94]

Table 7: Material properties of claddings at A = 1550nm.

The process for designing an athermal waveguide involves bringing together foundry parameters and free
design parameters. Foundry parameters are geometric or material properties which are fixed by the foundry,
such as the AMF MPW constraints. While free parameters are material or geometric properties which are
open to the designer to choose. The dispersion and [TOC of commercial materials are presented in Table
The material data for SUS is available from Polyanski and Mikhail [68]] with book definition Microchem
SU-8 3000. The material data for OC-431A is available from its data sheet [94]. As shown in Table[3] the
AMF MPW has the constraint that silicon structure beneath the open-oxide region is larger than 400 nm. In
this case it is advantageous to use materials with a[TOC which is both opposite and larger in magnitude than
silicon. To weakly confine the mode, that is to have a larger percentage of the mode in the cladding, the
core structure size must be decreased. The percentage of the mode required in the cladding will depend on
the magnitude of the cladding. The core structure size for athermal waveguides will be larger for
materials with a larger and opposite magnitude of The material OC-431A was selected for its

commercial availability, and large magnitude of

The process for a strip waveguide involves varying the waveguide width to adjust the percentage of the
mode in the cladding, for a given cladding material with an opposite thermal dependence with respect to

Silicon. Materials with opposite thermal dependence are shown in Table[7]
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Figure 10: Process for designing athermal strip waveguide.

There is a constraint of fixed parameters from the foundry and free parameters available to the designer,
shown in Figure [I0] For example, n; and n; are fixed by the SOI design process; shown in Figure[I} The
wafer thickness, z,, .- may be limited by the wafer supplier, and process biases, O igewar, are fixed by the
foundry. The design process then has the freedom to substitute the cladding, n3, and adjust the waveguide
width, yyaveguide, for the design wavelength Ag. The design cycle can be repeated to estimate the effects of
different cladding materials on the composite materials thermal dependence. Shown in Figure [T8]for

OC-431A.

The process for a rib waveguide is similar to that of a strip waveguide, but contains an extra free parameter,
vrip and ygqp, Which describes the geometry of the etched and partially etched layers respectively. This is an

additional optimization parameter for the designer, due to increased complexity of the geometry.
Foundry Parameters Design Parameters
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Figure 11: Process for designing athermal rib waveguide.
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Estimating the of a subwavelength waveguide is a more tedious process since the Bloch modes cannot
be solved directly by [FDEl Estimating the Bloch mode requires simultaneously solving the forward and
backward propagating modes. It has been shown by the author of this thesis that the of a
subwavelength grating may estimated with a similar formulation to Equation but with the addition of
effective medium theory terms which are specific to the grating [[65]]. While may also be used with

Bloch boundary conditions to first estimate the band structure.

Y
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Figure 12: Geometric definition of Bragg grating.
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In this particular closed form of the series, the contribution of the buried oxide is assumed to be negligible,

which is the case for Si0O; at 1550 nm.
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Figure 13: Comparison of methods for predicting the thermo-optic coefficient of a Bragg grating.
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Figure 14: Subwavelength waveguide on 260 nm SOI stack with varying width for cladding SUS. Pitch of 250 nm.
Wavelength of 1550 nm.

The process for the discussed techniques of estimating the of a subwavelength waveguide are shown
graphically in Figure[I3] Each of the methods are used in Figures [I4a)and [I4b] For the EMT approach, the
mode solutions of a strip waveguide are first stored in a lookup table then used to solve Equation (3.4). For

the FDTD] approach, the simulation is solved using Bloch boundary conditions (Section [2.3.8)) for each set

of geometric and material parameters to study; then repeated for a small perturbation of temperature. In this
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study the temperature perturbation was 10 degrees Celsius. [EMT] directly obtains the unlike
which was used to first obtain the band structures for a set of temperatures. Both the [EMT and EDTDI
methods produce experimental results which are agreeable with each other, although it is expected that
FDTDI should be more accurate since the EMT| method does not consider perturbation of the modes in the
lookup table that occur due to coupling between the high and low index region of the grating. To the best of
the authors knowledge, the EMT] approach for the athermal design of Bragg gratings was not previously

available in literature.

3.2.2 Waveguide Design

simulations were used to vary the waveguide width. Study of the waveguide width was used for
determining the points at which the waveguide will support single mode [TE operation. Single mode
waveguides are preferred as they better preserve coherence due to the relation of the mode with a single
propagation constant. The simulation was performed using Lumerical and the waveguide models were
constructed in the software as waveguides with cladding replaced by the material OC-431A; See Table
[7]for the material properties of OC-431A. The convergence of the mesh size and extent were studied for the
custom waveguide structures; Figure It was found that with a sufficiently small mesh, less than 10 nm,
the refractive index converged to 4 significant figures. While the required mesh extent was 3 uym to be

sufficiently far that the evanescent electric field is approximately zero.
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Figure 15: Analysis of FDE convergence.

Figures[18|and[19|show the effective against width and the thermal dependence of the waveguides in

Table[9] The strip waveguide design was specified as for 410 nm width as the device layer has to be greater

than 400 nm under an open oxide region. Although not perfectly athermal at 410 nm, the design exhibits an

order of magnitude reduction in[TOC compared with the natural state of silicon. The same constraint is

respected for the rib waveguide where a 410 nm slab, and 250 nm rib is selected and a similar improvement
of an order of magnitude is exhibited. Narrow waveguides have the advantage that they are single mode.

Figures[I6|and [I7]show the effective index of the waveguide against width and that the waveguides in Table

9] will be single mode. This is desirable since higher order modes will have different propagation constants

within the waveguide. Single mode waveguides will better preserve coherence due to the single optical

propagation path.
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Figure 16: Effective index of strip waveguide on 220 nm SOI stack with varying waveguide thickness for cladding
OC-431A. Wavelength of 1550 nm.
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Figure 17: Effective index of rib waveguide on 220 nm SOI stack with varying waveguide thickness for cladding OC-
431A. Wavelength of 1550 nm.
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Figure 18: Thermo-optic coefficient of strip waveguide on 220 nm SOI stack with varying waveguide thickness for
cladding OC-431A. Wavelength of 1550 nm.
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Figure 19: Thermo-optic coefficient of rib waveguide on 220 nm SOI stack with varying waveguide slab and rib
thickness for cladding OC-431A. Wavelength of 1550 nm.

The corner cases of the manufacturing variation were simulated for each of the waveguide designs and are
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shown in Figures[20a]- 2Tb] The uncertainty in the TOC| due to the corner cases of the process variation is

at the same order of magnitude as the expected design value. However, at the corner cases for both the strip

and rib waveguides, the designs are an improvement over the [TOC| of silicon.
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Figure 20: AMF manufacturing tolerances for strip waveguide.
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Figure 21: AMF manufacturing tolerances for rib waveguide.

To go from design to layout, the design of a custom waveguide core requires investigating the distance at
which crosstalk is negligible. The confinement of the fundamental waveguide mode sets a lower bound on
the minimum separation, with lower-confinement cores experiencing greater crosstalk than
higher-confinement cores. A common mitigation strategy is to implement a design rule that separates all
waveguides on a chip by a minimum distance to minimize crosstalk. To quantify such a distance, the
coupling length between adjacent waveguides was determined by of the custom core for adjacent and
identical waveguide structures. With the coupling length relationship Figures[22aJand 23a] and the relations

derived through [CMT] the gap distance between waveguides required to achieve levels crosstalk was

estimated; Figures 22b] and 23b]

Finally, in addition to waveguide separation, the layout rules governing minimum bend radius must be

established before proceeding to optical layout. of the custom core was used to identify the loss of the
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waveguide as a function of the bend radius. Shown in Figures and [23¢] is the loss contributions as a
function of bend radius for strip and rib waveguides respectively. The loss for the waveguide was simulated
in FDE by displacing the mode to represent a bent waveguide and calculating the mode overlap, refer to
Section[2.3.6] The mode mismatch is the square of the mode overlap. Negligible radiation loss was found in
the strip waveguide case, and the mode mismatch term dominates. For the rib waveguide, mode mismatch
is greater than the radiation loss, although the radiation loss is still significant for small bend radii. The

propagation losses such as scattering and substrate leakage dominate for large bends in both waveguide

designs.
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Figure 22: Analysis of coupled mode and bending losses for 410x220 nm strip waveguide.
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Figure 23: Analysis of coupled mode and bending losses for 410x250x220 nm rib waveguide.
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3.2.3 Mode Tapers

If connecting waveguides of different widths, the mismatch in effective area of the mode will lead to poor
coupling efficiency at the interface of the structures. This may be understood through the mode overlap
[2.3.6l Alternatively, allowing the mode shape to slowly evolve over a fixed length, by means of slowly
expanding or contracting the width of the waveguide, allows the transition between structures to be
adiabatic for a sufficiently long length. The simplest function to connect two different waveguide widths is
a linear taper. The linear taper can be imposed on both the rib and slab layers if connecting a strip

waveguide to a rib waveguide as in Figure [24]

] RIB
SLAB

Figure 24: Linear strip waveguide to rib waveguide mode taper.

Commonly, linear tapers are featured where space is not constrained. Otherwise adiabatic horn shaped
tapers proposed by Milton and Burns [95]] can be made more compact. The adiabatic horn taper, based on
the first order mode spreading is compared against linear taper in Figure Fu, Ye, Tang, et al. |96 also
compare tapers based on different functional shapes. Other forms of compact mode converting include

sinusoidal tapers [97]], [98]], and lens focusing [99].
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Figure 25: Transmission after coupling loss when tapering from a 0.5 to 2 ym waveguide.

Simulation of mode converters are possible by EME] techniques [[76], [100]. The standard waveguide size
for the AMF and SiEPIC PDK at optical c-band is 500 nm. To connect the custom waveguides devices in
the AMF PDK, mode tapers are required. The designed mode tapers in some cases need to have the dual
function of adapting a rib waveguide geometry to a strip waveguide geometry; as for design 3 in Table[9]
The required input and output dimensions for the mode converters are described in Table [§].Lumerical EME
simulations were used to estimate the transmission characteristics of the mode converts using linear tapers.
The [EME] simulations are used to determine the length required to transition from a 500 nm waveguide to
the design waveguide sizes in Table[9] In Figures [27)and 28] the results of these simulations show that 20
um long tapers are sufficient to have adiabatic transitions between the waveguide geometries for the linear

tapers. In the layout shown in Figure 31} the tapers between the waveguides and PDK cells are 20 um.
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Table 8: Mode taper requirements for coupling custom waveguides to AMF PDK.

Input Waveguide Output Waveguide Input (nm) Output (nm)

Strip Strip 500 410
Strip Rib 500 250 rib, 410 slab

Figure 26: EME simulation of linear taper for a strip waveguide.
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Figure 27: Transmission and reflection as a function of length for linear strip waveguide taper. Input is 500 nm strip
waveguide, output is 410 nm strip waveguide.
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Figure 28: Transmission and reflection as a function of length for linear strip to rib waveguide taper. Input is 500 nm
strip waveguide, output is rib waveguide with 410 nm slab and 250 nm rib.

3.3 Feed Network

Phased arrays are often implemented as linear or dense arrays [41]], [66]], The array factor equation for a
linear array is given in Equation The array factor has a notable condition %. Grating lobes appear in
the case where the pitch, d > % Grating lobes limit the steering range and in routing of an OPA, care must
be taken to select the pitch. i.e. care must be given to grating lobe suppression. sparse array variants of the
dense array configuration can help with suppression of grating lobes [|66]. While Circular and conformal
array configuration are possible [[I01]], the subject here was limited to the implementation of a linear array.

Examples of linear, dense, and sparse array layouts are shown in Figure [29]

Linear Dense Sparse

Figure 29: Antenna array configurations.
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Linear arrays are often used in photonics [[102], [[103]. A modern account of implementation of OPA’s in
literature is given by Guo, Guo, Li, et al. [[102]. However linear arrays often depend on wavelength control
to obtain 2D steering. While wavelength steering possible for Optical Intersatellite Links (OISL), this
conflicts if the communication system uses Wavelength Division Multiplexing (WDM)) for splitting
communication channels. In such cases, dense arrays are preferred as the wavelength dimension cannot be
used for steering. However, a linear array of channels may still be used to drive a dense array of antennas.
Ashtiani and Aflatouni demonstrated the ability to drive dense array of antennas with only a linear array of
phase modulators and without need for wavelength tuning [66]. The array factor for an N element linear

array is shown in Equation (3.5)).

_ sin(N[% sin(6) —
Nsin([%sin(0) —

~—

AF (0,AD)

(3.5)

S[E[[Z

~—

3.3.1 Thermal Management

The thermal sensitivity of a length of waveguide, L, may be calculated by the change in phase velocity. The
phase velocity, v, is related to the propagation constant. Substituting Equations and into Equation
3.6l Equation [3.7]is obtained. Equation [3.7]is the phase shift for a change in reference temperature. An

analytical means to calculate the thermal sensitivity of the waveguides.

(O]
=3 (3.6)
. 2nL dneff
Ad = AT AT 3.7)

A novel scheme for thermal management of optical phased arrays was addressed in three parts. First by
introducing optical phase symmetry, second by reducing the effect in the silicon waveguides of the

array, and finally by using [EQ| phase modulators.
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AT AT (3-8)

Here optical phase symmetry is defined as equal wrapped phase angle and equal rate of change phase angle
due to temperature. The desire for optical phase symmetry comes from the consideration for how
temperature of an[OPAlcan change. This condition is important since temperature sensitivity can be defined
in two ways. The case where temperature of the wafer changes uniformly and the case where temperature
does not change uniformly, for example in the presence of a non-uniform heat distribution on the surface;
hot spot. That’s adjacent to saying when temperature of all the waveguides changes by the same amount in
the uniform case, and when temperature of the waveguides changes by different amounts in the hotspot
case. The optical phase symmetry condition eliminates the thermal sensitivity in the uniform temperature
change case since relative phase between channels is preserved. Relative phase of the channels is the
parameter that determines steering in the the array factor equation. By the array factor, Equation itis
understood that the relative phase shift between the emitters A® determines the steering angle of the phase
0. Thus, a linear array feed network whose temperature drifts uniformly will not experience a change in
steering angle due to temperature sensitivity of the individual waveguides phase angle. In the case of
non-uniform temperature change, such as a hotspot, which produced non-uniform distribution of
temperature on the chip, it is advantageous to reduce the effect. The case where temperature does not
change uniformly is handled by the athermal design of the waveguides. With reduced or eliminated
effect in the waveguides, the use of [EQ|effect for phase modulation becomes necessary as phase modulation
through the Joule heating becomes weakened or impossible. Extending the concept of optical phase
symmetry to dense arrays is possible by maintaining an integer multiple of the wavelength between
columns in the array. This preserves the wrapped phase between antennas when the routing lengths are not

the same. However, care must be taken to also adjust the phase change rate.

The first optical phase symmetry condition occurs when routing lengths are the same, this is expanded from
Equation in Equations (3.9). It is clear that the phase symmetry condition can be satisfied when all
routing lengths are the same. In some cases, preserving the routing length may not be possible. The second
optical phase symmetry may be expanded as in Equation (3.10)) for cases of unequal routing length. The

term N%‘ is the additional length required for a 27 phase shift so relative phase can be preserved. In this case
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differing the may be used to preserve the phase symmetry. Although, there is a degenerate solution if
the [TOCTs are zero. In the degenerate case, phase symmetry is preserved as there is no change of phase due

to temperature.

2nL 1 d ny 27[L2 dnz

MT dT ~ 3T dT (3-92)
dl’l] dnz
Li—=L— .
Yar L dT (3.9)
dny _ dny
L "="1, (3.9¢)
275L1 dn1 27'5L2 dl’lz
am an 1
MT dT AT dT (3.102)
onLy dm 2050+ dm (3.10)
AT dT AT dT ’
dl’l] Liny NA dl’l2
Li—="—+—)== 3.10
Yar < ny n2) dT (3.10c)
w_, ) )
Ly =" Lo, 2 4 N2 (3.10d)
ny ny

Consider the hypothetical phased array layout in Figure[30} Then, with models for the refractive index and
as a function of the waveguide width, the conditions that lead to optical phase symmetry for the array
may be calculated using Equation (3.10). Assume the layout is routed using the custom strip waveguides
described in Figure and In such a case we have both n and j—; as a function of the waveguide
width. Thus it is possible to express the symmetry conditions as function which can be solved by inversion
for the width of the waveguide. With respect to a given a reference waveguide Ly, ny, % and length

multiple N. The derived result is shown in Equation (3.1Ta). The solution of problem may be vectorized,

and is shown in tensor form in Equation (3.11b).

f:ZQ(x) L .
wo 2W g (1”1) 3.11a)



wip=f"! <L1m ) (3.11b)
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Figure 30: 4x4 OPA layout.

To calculate the width required for optical phase symmetry to each of the antennas. The tensor N
represent the length multiples of the routing requirement in the layout of the in Figure The
reference length L; is 35 um. The solution then depends on the assumed starting width. Here the calculation
is seeded with an initial width of 0.5um. The waveguide widths required to achieve phase symmetry were

solved with (3.11D). The resulting width tensor, w j for optical phase symmetry is shown below.
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3.3.2 Layout and Limitations

The layout submitted to the AMEIMPW] features three design variations of a 4 element linear array. A
reference SOI design, and less temperature sensitive designs using the strip and rib waveguides discussed in

Section

Design waveguide dimensions (nm)  cladding

1 strip 500x220 SiO,
2 strip 410x220 OC-431A
3 rib 410x250x220  OC-431A

Table 9: OPA design variations

All the design variations shown in Figure [31] are optically phase symmetric; Section[3.3.1] Each design can
be coupled to using a 1x8 fibre array with 127 um pitch on the right hand side of the chip. Each design
variations uses the the first and last grating coupler in the layout for loop-back alignment of the fibre array.
The first and second are for an embedded Mach-Zehnder Interferometer (MZI). The remaining fibres are
for the input and output of the [OPAL There are arrays of bond pads to drive the phase modulators which can
be coupled to with a 1x8 electrical probe array with 150 um pitch. This gives simultaneous control of all the
phase modulators on one design variation. The waveguides in the second and third design variations feature

open-oxide regions where the cladding can be substituted with OC-431A. The first embedded [MZIlis for
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characterizing the Vpi of the phase modulator. The second and third embedded [MZI have open-oxide

regions and are for characterizing the [TOC| of the custom waveguides.

Design 1 Design 2 Design 3
MZI . Mz o MZI
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Figure 31: Layout of OPA with three design variations.

Finally the routed OPA has limitations. As the pitch of the gratings were selected to be compatible with a
standard fibre array, the layout is considered as an OPA feed network. Furthermore, no attempt was made in
this iteration of producing athermal phase modulators or athermal power splitters. As those components in

the OPA are either from the SiEPIC or AMF PDK respectively.

3.3.3 Thermal Sensitivity

Assuming the routing length between the phase modulators and the emitters, the thermal sensitivity of the
waveguides in each design variation is calculated using Equation (3.7), shown in Table[I0} The uniform

temperature sensitivity is negated since the linear arrays satisfy the phase symmetry conditions.

61



Design dresr (K1) uniform Ad(degK~1) hotspot

daT
Ad(degK™1)
1 1.8e-4 - 7.2
2 9.5e-5 - 3.6
3 1.2E-5 - 0.5

Table 10: Thermal sensitivity of the optical phased array design variations.

The change in temperature gradient supporting the thermal management an OPA in literature, Section (1.2
was an order of magnitude. This is equivalent with reducing the thermal dependence by the same scale.
Which is shown to be possible by athermal design with the constraints. Furthermore the

inclusion of optical phase symmetry eliminates uniform temperature change sensitivity.
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4 Athermal Antenna

4.1 Constraints

In SOI design, the capability of emitting light out of the chip orthogonal to the propagation axis is limited
by planar design constraints. Silicon devices are produced by etching. The ability to design structures that
vary along the etched dimension is constrained by the partial etch capability available from the foundry.
The etched dimension is invariant in a single etch only process. However, diffracting light out of the optical

waveguide is possible by means of a grating.
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Figure 32: Fully and partially etched grating on SOL.

Design of grating couplers was extensively analyzed by Tamir and Peng [104]. However, review on the
modern approaches to design of grating couplers is given by Cheng, Mao, Li, et al. [105]. Modern grating
design often features partial etching, or material hybridization. However, the design constraints selected for
this study were uniform etching, minimum features of 70 nm, and a silicon layer thickness of 220 nm.

These constraints are representative of fabrication available from Advanced Nano Tools (ANT)).

4.2 Grating Couplers

Gratings despite their advantage in being able to couple light out of a chip with a planar structure, can
exhibit significant temperature dependence, back reflections, substrate penetration, and mode mismatch

with fibres.
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Figure 33: Diffraction, reflection, and penetration effects in grating coupler.

The phase match or Bragg condition, Equation 4.3} of the grating may be used to design for the emission

angle of the grating. The general form of the Bragg condition is Equation (@.I]), where ZX“ is the periodicity

2n

of the grating, f = . Y

and [, is the wave vector of the diffracted wave in the direction of propagation, M
is the diffraction order. The diffraction angle can be related through Snell’s law as in Equation (#.2)). Then

with substitution of Equation (4.1) into Equation (4.2)) form of Equation (4.3) is derived.

2r
B—Bo=M- 4.1)
sin(0) = B (4.2)

B

nerr(A) _ Nelaasin(0) n M
A A A

4.3)

When the wavelength inside the grating, nt% matches its period, then the first order, M=1, diffraction is
vertical. While the second order diffraction is a back reflection, which can be as high as 30% in a full etch
process [[71]. Often gratings are designed to output at an off-vertical angle. In this case the wavelength is
smaller than the grating period and there is no significant back reflection. Note that a grating will also
diffract light into the substrate due to symmetry and in a full etch process the penetration in to the substrate

can be a loss of more than 50% [/71]].
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Furthermore, Doerr, Chen, Chen, et al. [106] relate the bandwidth of the grating and the refractive index
through the phase matching condition and showed that the bandwidth of the grating may be increased by
decreasing the effective index of the waveguide. Chen, Xu, Cheng, et al. [[107] extended this relationship to
show the contribution of the dispersion to the bandwidth, Equation From which it can be understood
that increasing the pitch and dispersion will lead to larger bandwidths for the grating coupler [[107]]. The
grating can be divided in to apodized and uniform sections to support suppression of back reflections [[107]]

within the operating bandwidth.

_ncladcos(e)

nf.f.f(x)7’1clacl~Yi"(e) _ dnesy
Ao d\

Aap > 4.4)

For single polarization grating design, Mekis, Gloeckner, Masini, ef al. suggest three primary design
considerations, emission angle, grating apodization, and lateral layout [[108|]. The emission angle has been
treated above. Although the grating apodization is typically for dealing with mode mismatch, it can also be
used to improve radiation efficiency [[109], as it is a means to control the distribution of the scattered light.
Finally, lateral expansion involves expanding the mode from the waveguide to the lateral size of the
diffraction grating. Broadband grating couplers which follow the conditions from Mekis, Gloeckner,
Masini, et al. are common. Wang, Shi, Wang, et al. [48]], additionally fill the low index region of the grating

with a subwavelength grating structure to achieve finer control refractive index in the low index region.

Of particular interest for phased arrays is the miniaturization of grating couplers, as the pitch of the gratings
is directly related with the steering capability of the phased array [[66]]. However, grating couplers, even
those proposed for optical phased arrays can be orders of magnitude larger than the operating wavelength
[110], without consideration for the size of the taper. Miniaturization of the antenna comes with the
advantage of increased field of view (FOV), however, with increase in the FOV of the antenna comes a
decrease in the effective aperture [44)]. Fundamentally, the challenge in designing a small planar grating is

the loss of efficiency.

Modern grating design is complex on SOI even before allowing augmentation of the material stack, and
may not necessarily be based on the Bragg condition; demonstrated by Cheben, Xu, Janz, et al. [111]]. For

example, Melati, Dezfouli, Grinberg, et al. [[112]] approach the design of small gratings by means of
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dimensionality reduction, starting from a grating definitions with a large number of parameters. Melati,
Dezfouli, Grinberg, et al. use parameterized cells that include partial etch and secondary subwavelength
structures in a cell, where the cell can also be apodized along the periodic dimension. Khajavi, Melati,
Cheben, et al. [113]] follow a similar scheme and also considers apodization along the lateral expansion
dimensions. Additionally Khajavi, Melati, Cheben, et al. [114]] demonstrate the use of near field phase
engineering to enhance the efficiency for small gratings by including a Bragg mirror. A Bragg mirror is a
grating which has its band gap at the device operating wavelength, resulting in total reflection of incident
fields. The mirror is useful for recovering non-upward diffraction. Notably, the results from [[112]] and [[113]]
produce gratings which are integer orders of the resonant length without considering the length of the taper,

on the order of 2A.

Table 11: Comparison of small grating couplers for OPA.

Source Grating Length ym  S11 (dB) Bandwidth (nm) Radiation Efficiency (%)

[112] 3.6 < =20 160 92
(113] 7.6 < =10 230 89
[114]] 3.1 < =10 - 82
[42] 3.55% - - 51
(40] 3.55 - - 50
(66] 3 - - 30

[41]] 3.55 - - 202

2 Estimated where direct statement not available.

The design of gratings with dimensions of approximately 2A was explored in simulation. Techniques from
the design of modern gratings were applied. The definition of the grating used is shown in Figure 34| and
features cells with secondary subwavelength structures and allowed apodization. A parameter sweep was
performed for the grating definition before apodization. The designs were simulated for coupling at 0
degrees emission angle. A collection of design results for the uniform gratings are shown in Figure
Each data point in Figure [35|represents a unique design, where each of the unique designs has return loss
better than -10 dB. All of these designs satisfy the representative foundry constraints. However, the upward

diffraction efficiency is limited. This is expected as the total length for each design is less than 2A at A =
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1550 nm and no mirror layers or structures are involved in recovering the non-upward diffraction. There is
a design in the set which both maximizes the bandwidth and minimizes the return loss. The design
parameters are [L; = 813.75,L, = 90.42,L; = 501.54, L4 = 116.79] However this must also be traded off

against the upward diffraction efficiency.
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Figure 34: Grating definition inspired by modern literature of grating design
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Figure 35: Results of 2D FDTD for uniform gratings with grating length less than 2A and A=1550nm. SOI thickness
220 nm, minimum feature size 70 nm and single etch.

The maximum theoretical efficiency of such a grating couplers is around 35% when increasing the number
of periods, for example [44] discuss uniform gratings with this theoretical efficiency. Fatemi, Khachaturian,
and Hajimiri [42] got around 50% efficiency at the same size scale by adding mirrors in the plane of the
grating. While efficiencies of up to 90% are possible with the larger sizes and the inclusion of mirror
structures [[115]]. However, compact designs with 90% efficiency are also possible, but require access to

partial etching [112]f], transverse apodization [[113]], [[114] and larger slab thickness.
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Figure 36: (left) Layout of apodized design. (right) Far field emission, arbitrary units. Grating length ~ 2.8 x 2 um.

Figure [36] shows an apodized design variant with a Gaussian far field distribution. The design features a

radiation efficiency of 20%, bandwidth of 100 nm. The design is competitive in bandwidth compared with
literature Table However the efficiency is at the low end of whats currently being achieved in research
for similar scales of designs. It could be improved by the addition of mirrors or partial etching as with the

other design which are achieving larger efficiencies.

4.3 Athermal Grating Couplers

One of the applications for the developed semi-analytic approach for athermal design of Bragg gratings [65]]
is in constraining the design and optimization of an athermal optical antenna. This is because the primary
difference between a subwavelength waveguide and grating coupler is the pitch. As the pitch becomes
greater than half the effective wavelength, the structure will radiate by means of diffraction of light.
However, it is important to note that as the pitch increases, the approximation of the grating as an effective
medium may not be valid if it exceeds the long-wavelength condition; Equation (2.47). The effective

medium approximation is useful to constrain or seed an optimization in a numerical solver such as[EDTD

The first step is to find the approximate dimensions at which the subwavelength structure has net zero
effective [TOC] then using the Bragg condition find the pitch at which that structure will diffract light at the
desired emission angle. Those parameters then can be used to seed an FDTD simulation where further

optimization can be performed.
To demonstrate how this is done. The effective dispersion was first obtained by solving the band-structure
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in FDTD. The geometric parameters for an approximately athermal grating were used in the simulation,
Table[12] For SU8, Geometry 1 was applied. For OC-431A, Geometry 2 was applied. The geometry for

both cases was estimated using Equation [3.4]

Geometry DC (%) W) (nm) W, (nm)

1 42 200 490
2 42 310 490

Table 12: Geometric parameters of Bragg grating used for simulation of band structure.

Geometry Cladding  nyy d%{f (nm~1) % (K1)
1 SiO; 1.66 7.7TE-4 1.8E-4
1 SUS 1.77 8.19E-4 0
2 Si0; 1.95 1.12E-3 1.8E-4
2 OC-431A 1.95 1.12E-3 0

Table 13: Material properties of material stack for applied cladding at A = 1550nm.

Geometry Cladding 6 A(nm) Ajgp(nm)
1 SiO, 0 929.1 93.67
1 SU8 0 8754 96.2
2 Si0, 0 7935 79.9
2 OC-431A 0 7919 79.8

Table 14: Bandwidth and pitch of grating coupler with 0 degree emission for applied cladding at A = 1550nm.

After obtaining the parameters that promote an athermal structure, the first order diffraction (M=1), pitch
and bandwidth for the required emission angle may be calculated. Summarized in Table The equivalent
geometric structure with an SiO; cladding is compared to the athermal structure with alternative cladding.
In specific cases, for example with SUS, the bandwidth of the grating coupler appears improved by being
made athermal despite having a larger refractive index compared with SiO;; shown in Table While in
the case of OC-431A, the parameters of the grating with an SiO, oxide may be maintained while improving

the thermal dependence of the grating. Both cases may be advantageous.
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Figure 37: Athermal Antenna ~ 5x2 um

An FDTD simulation was initialized with the parameters for Geometry 2 from Table[I2] The pitch was
adjusted to obtain 1550 nm center wavelength, and the design was simulated with thermal dependence of
both SiO, and OC-431A, shown in Figure 37} From which it can be seen that with OC-431A, the bandwidth
shifts less due to temperature compared with the reference SiO, design. However, the simulated efficiency

was poor, and such a design may still require optimization depending on the efficiency requirements.
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S Experiments

5.1 Interferometers

Embedded in the layout are test structures to characterize the modulator, and the TOCTs of the
augmented waveguides. These structures can be seen in Figure [31] The test structures are The
generalized form for the transfer function for an[MZIlis defined in Equation The derivation for this

equation can be found in [71].

e (5.

lo=1

Specific variations of the MZIl transfer function, Equation [5.1]intensity can be derived for either lossless,
balanced, or imbalanced cases as this simply refers to the attenuation and propagation constants. In the
lossless case o0 = 0, in the balanced case L1B; = L,,. Which may be used to simplify the generalization in
Equation[5.1] Coherent measurements benefit from the use of these structures as the amplitude response can
be used to infer phase. For an interferometer, the phase can be inferred by measuring the amplitude with a
single photo-detector since the intensity response contains the phase information through the propagation

constants. As shown in Equation (5.1).

The phase for the feed network of the phased array was tested with a coherent receiver, constructed from a
balanced photo-detector. In this specific case the interferometer is constructed with a balanced detector. A
balanced detector electronically mixes the amplitude response of two photo-diodes with equal responsivity.
Internally the paths to the photo-diodes have balanced propagation paths, similar to the balanced case for
the MZI. Balanced detectors ar commonly featured in coherent receivers as they suppress laser Relative
Intensity Noise (RIN) and Amplified Spontaneous Emission (ASE) noise sources; typically described by
their common mode rejection [[116]]. The principle of coherent detection in coherent receiver architectures
is fundamentally related to the concept of interferometric analysis as the received signal is mixed with local
oscillator to infer phase [[117]]. The transfer function of a balanced receiver is reproduced from Tang, Yi,
and Shieh [117]]. The received electric fields for a single polarization are represented as a complex

amplitude modulated by a plane wave with the phase (¢) of the signal (S) and local oscillator (LO) in
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Equations and respectively. The intermediate frequency (IF) of the detector is given in
Equation (5.2¢). The interference produced by the mixing in a balanced detector is the difference between
the intensity of the signal and local oscillator. The difference is derived in Equation [5.2d| and explicitly

depends on the phase of the signal and local oscillator.

ES = deiwsl+i¢s (5.2a)

ELO == KLoeimL0t+i¢L0 (52b)

WF = s — W10 (5.2¢)

I(l) =Ig—I10p= 2R\/ Ps([)PLocOS((Difl‘ + (])S(l‘) — (I)Lo(l‘)) (52d)

1(1) "= 2R\/Ps (1) PLocos(0s(t) — dro(t))) (5.3)

In the homodyne configuration, the local oscillator and signal arm are mixed at the same frequency;
Equation[5.3] In this condition the intermediate frequency is zero. However, in the homodyne condition
This means that the phase information retrieved from the measurement has an inherent 7T ambiguity.
Meaning the measurement is insensitive to whether the phase shift is positive or negative, since the phase is
the argument of a cosine. For this reason the design of homodyne receiver considers two conditions. First
05 — 0o = 0 the in-phase (I) component. Second, ¢; —¢.o = 7, the quadrature (Q) component. Two
balanced receivers are often used to construct an IQ receiver to resolve the phase ambiguity. Two balanced
detectors form I and Q channels by separating the phase by 7. However this requires twice the hardware. In

this thesis, a homodyne receiver was constructed with only one balanced detector.
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5.2 Measurement Equipment

The measurement equipment is listed in Table[T5] The equipment was arranged in either of two test
configuration; Figures [38]and [39|respectively. These two test configurations represent if the interferometer
was constructed off the wafer containing the or embedded in the chip containing the In either
case Polarization Maintaining (PM]) parts were used throughout the optical paths, and all components,
including the splitter preserve the polarization. Polarization maintenance is required for the use of Equation

[5.3]as it was derived explicitly for a single polarization.

Equipment Manufacturer Model
Analyzer Keysight InfiniiVision 3034A
Balanced Detector Thorlabs PDB470C
Cavity Laser Thorlabs SFL1550P
DAC National Instruments 9264
DC Probe Array Picoprobe 8 probe x 150 um pitch
Fiber Array Precision Micro-Optics  Lidless 8 PM probe x 127 um pitch
Fiber Coupler Thorlabs PNH1550R5F2
Laser Controller Thorlabs CLD1015
Photodetector Thorlabs DETOICFC
PM Fiber Thorlabs PM1550-XP

Table 15: Measurement equipment.
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Laser 5050 Balanced Analyzer

PM PM i;e;ctor
PM ( PM
Fiber Array
fannnng annnng
OPA

Figure 38: Homodyne test configuration of measurement equipment.

Laser 50:50 Detector Analyzer
PM
Light Trap D :]
Fiber Array
JRILY jannniy
OPA

Figure 39: Embedded[MZIltest configuration of measurement equipment. The interferometer is embedded on the OPA.

To align the fibre array on the OPA, a probe station was constructed from translational stages. To heat the
wafer, the author designed a custom PCB and heater controller. On the wafer heater there is an array of
NTC thermistors for measuring the wafer temperature. The accuracy of the sensors is =0.5C. The sensor
closest to the design variant can be selected and a PID algorithm sets the target temperature based on
feedback from the target sensor. Testing the device required aligning both a DC probe array on the bond
pads for the phase modulator, and aligning a fibre array on the grating couplers for input and output. After
alignment, coordination of the measurement equipment was achieved by a custom probe station software

designed by the author Figure 1]
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(a) Wafer Heater (b) Controller

The probe station software was designed to manage the measurement equipment for three kinds of tests.
Each test has a unique sequence where raw measurements from the equipment are recorded to a database.
Analysis of the tests queries the measured data and fits a transfer function derived for the interferometer.
The transfer function is fit by least squares for the parameters of interest. In the V&t test, the change in the
refractive index is estimated. In the [TOC] test the thermo-optic coefficient is estimated Finally in homodyne

test, the relative phase is estimated.
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5.3 V=nL

For characterizing the phase modulator, the requirement was measuring the refractive index; as the real and
imaginary components describe the time delay and attenuation for an applied voltage. The primary figure of
merit is the V7, the voltage at which a 7 phase shift is achieved; Section [2.2.2] This test results in a
calibration table by which known phase shifts can be actively introduced in each of the phased array
channels. Which may be achieved by a bias voltage applied to the phase modulator. The test structure for
characterizing the [PINl modulator is an[MZIl where one of the arms contains the waveguide with a[PIN]
junction. The test structure was modelled in Lumerical interconnect using the SiEPIC and AMF PDK. It
represents the routing length and elements used in the layout; Section The simulation also reflects the
experiment configuration, Figure [39] where the laser block contains the power and linewidth of the cavity

laser.

The transfer function for this device was derived by the author. It can be seen that there are passive
waveguides preceding and following the active waveguide which need to be included in the model for the
MZI in Equation ﬂ Here the terms ¢~ P1Lve= 7 Lue g =BoLpin=F Lpi represent the arm of the MZI containing
the passive waveguides and [PINlmodulator. While the term e~P1L1~3L! represents the arm with only a

passive waveguide. The addition of the terms were included in the transfer function model, Equation

. . . 2
IO . 1 671B1L17%L1 +eleIngfQTILWgeflﬁsz,'n*%szm (54)

L 4
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Figure 42: Lumerical Interconnect model of the[MZIl with [PIN]junction in arm.
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The simulation of the [PINlmodulator was used to estimate the change in the real and imaginary coefficients
of the waveguide with voltage. The output of the MZI| was measured with a photo-diode for a range forward
bias voltages applied to the PINl modulator. The obtained curve was fitted against the derived transfer
function model to obtain the experimental change of the real and imaginary components of the refractive
index. The raw data and the fit model are shown in Figure 43| The uncertainty in the measured power is

from the Analyzer, 2% of the full scale voltage which was set to 200 mV. The uncertainty in the applied

bias is from the DAC, 1% of the range which was fixed at 10.5 V.

....... chipO fitted

--12
1004 === e~ —---+ chipl fitted
‘\\ 4 chip0 measured
» chipl measured --14
0.95

MaX(Pmeasurea)
Preasured
o
0
]
|
Psimulatea (BM)

0.80 A

0.75

0704 — Simulated

0.0 0.5 1.0

Figure 43: Transfer function fitted to experiment data.
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Figure 44: Transfer function estimates of the change in refractive index as a function of voltage.

Voltage (V)  Simulated @ Measured @

1.1 0.30 0.30+0.002
1.2 0.45 0.45+0.005
1.3 0.60 0.59+0.008
1.4 0.75 0.73+0.012
1.5 0.90 0.89+0.017
1.6 1.07 1.06+0.022
1.7 1.28 1.25+0.028
1.8 1.50 1.45+0.035
1.9 1.71 1.69+0.042
2 1.93 1.96+0.051

Table 16: [PINImodulator change in phase as a function of voltage. Normalized by %

As aresult of the experiment, the change in refractive index was obtained, shown in Figure [44] The fitted
coefficients were used to calculate the phase change as a function of voltage by applying Equation[2.9a]
The V1 was then obtained per the relation in Equation [2.11] The [PIN]junction modulator has a 7 phase shift

at approximately 1.55 V corresponding to a VL of 0.048 V-cm. The deviation between measurements of
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the test structure on different wafer copies was small using the analysis method described above, less than
1%. The V=L obtained is comparable with the efficiency for similar modulators in literature. Patel, Ghosh,
Chagnon, et al. fabricated a lateral junction modulator on SOI obtaining 0.058 V-cm [118]]. The

measurement.

5.4 Thermo-Optic Coefficient

For characterizing the of the custom waveguides, the was directly obtained by fitting the
interferometer output. The test structure is an imbalanced MZI| L, # L, with identical waveguides,

B=pB; =P and oo = o,; = ay. The transfer function was derived by the author by substitution of a
temperature dependence term into Equation[5.1] The thermal dependence of the refractive index, Equation
was included in Equation [2.3to represent the temperature dependence. Equation (3.5) was substituted
into Equation (5.1) to obtain Equation (5.6). Which provides an explicit means to fit the

2n(n+ 92AT
B(AT) = 2nin+ grAT) }:’T ) (5.5)
Iy 1 —iB(AT)ALZ\2
L=l z)} (5.6)
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Figure 45: Lumerical Interconnect model of the MZIl with OC-431A cladding on balanced 410 nm strip waveguides.
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The waveguides have an open oxide region where the cladding layer was replaced. The cladding was
replaced with Nye Lubricants OC-431A. Which is available as a commercial off the shelf part, from
Thorlabs as G608N3. The properties are shown in Table[T7] The material was applied to the surface with a
doctor blade. the position of the doctor blade was adjusted for a 2 um coating thickness. The coating
applied was not uniform of the entire surface of the chip, shown in Figure 7} however the primary function

of the coating is to fill the open oxide regions and uniformity over the surface of the chip was not required.

1.3 mm

3 mm
Figure 47: (Top) Microscope image of chip before coating. (Bottom) Microscope image of chip after coating.

material n W(K-1) Cre(K 1)

OC-431A 14378 -3.5E-4 6E-4

Table 17: Material properties of cladding polymer at 25C and A = 1550nm.

The output of the MZIl was measured with a photo-diode for a range temperatures applied to the wafer. A
temperature perturbation of 10C was applied, as the [TOC| non-linearity is small, approximately 3E-6 in this
range, per Table 2] The obtained curve was fitted against the derived transfer function to obtain the
experimental change of the of the refractive index. The results are shown in Table[I8] The measured results
on average agreed with the process-biased simulation, Section [3.2.1] and generally was within the bounds

of the manufacturing variation, Figure 20b] and [2Tb] The strip waveguide case had a much larger deviation

84



than the rib waveguide. This is likely due to the core confinement being stronger in the strip waveguide
case. In practice roughness at the material interface will cause scattering, Section[2.3.7)and this effect is
pronounced for strongly confined cores, whereas in lower confinement core the field propagates more freely
in the cladding. There is also some contribution from the temperature uncertainty on the variance. As the

thermo-optic coefficient is not strictly linear Section[2.1] and the temperature sensor accuracy is 0.5C.

Design  Simulated % (K~1) Measured % (K1)

2 9.328E-5H00E 9 9.39E-5 4 4.55E-5

3 1.139E-573 02 1.12E-5 + 1.11E-5

Table 18: Measured and simulated thermo-optic coefficent at A = 1550nm

5.5 Optical Phased Array Feed Network

The feed network was measured with a balanced detector in the homodyne configuration. The author
derives a case of the homodyne detector that can be fit for a temperature perturbation of the [OPAl feed
network. To begin, recall Equation (5.3). Suppose that the phase of the local oscillator and signal are a
function of both time and temperature, then represent the mixed phase term with ® as in Equation (5.73).
Substitution of the term back in to Equation (5.3)) obtains the transfer function, Equation with a
temperature and time dependence. Ps and Pro are measured by the analyzer and the phase with respect to

the local oscillator may be fit by least squares.

D(T,t) = 0s(T,1) — 0r0(T,1) (5.72)

P(t) = \/Ps(t)Procos(®(,T))) (5.7b)

The phase change of the signal arm due to temperature may be extracted from the fit by use of a time series

differencing. To derive this, the phase of the local oscillator is approximated as constant with respect to
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time, and temperature, 0;0(¢,7) = ¢10. The local oscillator arm of the interferometer is independent of
temperature because with the arm is independent of the wafer and not subject to the same temperature
perturbation. Then the difference in phase over time and temperature is taken with respect to the time and
temperature and initialization of the measurement. That is, t = ty, T = T as in Equations which
represents the simulation, and Equation (5.9a)) which represents the measurement. In the case of

Equation (5.94), it represents the phase observed at the balanced detector. The equation can be expanded as
in Equation (5.9b), in this case, taking the difference in phase over time and temperature eliminates the

local oscillator term. This is true provided the local oscillator is approximated as constant.

AQsim = |§sim(T = To,t = 10) — Gsim (T, 1)] (5.8)
ADeasured = |P(T = To,t =19) — D(T,1)| (5.9a)
ADyeasured = |ro — Os(t =10, T = To) — dro — 0s(2,T)| (5.9b)
AD,oasurea = |0s(t =10, T = Tpy) — ¢s(t,T)| (5.9c)

Furthermore, when comparing the phase change, the time series between adjacent channels was used. This
is because the initialization phases can also be dropped out, simplifying the comparison between the
measured and simulated cases. As the initialization phases for the measured and simulated data are not
necessarily equal, Oy, (7b,%0) # 0s(To,%0). To obtain the simulated change in phase over temperature, the
OPA feed networks were modelled in Lumerical Interconnect using the SIEPIC and AMF PDKGs.
Waveguide models with the simulated temperature dependence were applied. The Interconnect model is
shown in Figure 48] Compact models of the custom waveguides were used to connect the PDK elements,

the compact models of the waveguides contain the simulated thermal dependence of the waveguides.
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Figure 49: Phase drift between reference channel and adjacent channels as a function of temperature for uniform
temperature change.

The measured phase was obtained during heating the wafer. The measured and simulated results for the
design variants are shown in Figure #9a) for Design 2, and A9b] for Design 3. In this figure the temperature
time series and phase time series were binned and averaged within the nearest temperature, time is an
implicit dimension but not explicitly shown. The phase diverges before settling at the end of the heating
period. This is believed to be due to non-uniform temperature change of the wafer during the heating cycle.
However, it can be seen in Figure that when looking at the maximum phase drift over the temperature

range that the design with the lowest thermal dependence experience the smallest phase divergence.
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6 Conclusion

6.1 Concluding Remarks

To the best of the authors knowledge, this work represents the first demonstration of an Optical Phased
Array (OPAl) implemented on Silicon on Insulator (SOI) which is temperature stable by means of the

combined use of athermal design, phase symmetry, and Electro-Optic (EQ) phase modulation.

The post-foundry procedures for the athermal design were applicable to Multi Project Wafer (MPW)) runs,
as the requirement for an open-oxide region was supported by Advanced Micro Foundry (AME). The
materials required to replace the cladding were commercially available as off-the-shelf optical parts; such
as OC-431A. The Thermo-Optic Coefficient (TOC) of the [SOI waveguides were reduced by an order of

magnitude with respect to silicon in both simulation and test in Section

The optical phase symmetry conditions were derived by the author and are shown to be scalable between
linear and dense arrays in Section[3.3.1] An optically phase symmetric linear[OPAllayout was manufactured
through[AME's The relative phase between emitters was maintained in a temperature sweep
experiment in Section[5.5] Where a phase separation of less than 2 degrees was observed for the designs

with custom waveguides.

Previous work in the area of thermal management deals with modulator-to-modulator distance. Both Wang,
Liang, Chen, et al. [47] and Yepez, Scholz, Caspers, et al.[45] claimed modulator-to-modulator distances
could be reduced to 3 wm without significantly changing the cross talk. The change in temperature gradient
supporting this claim was an order of magnitude, which is equivalent with reducing the thermal dependence
by the same scale. Such a demonstration was given in simulation and test given typical constraints;
Section[3.2] Furthermore at 3 um the waveguides still have better than 50 dB of cross talk isolation for

parallel traces with lengths at a scale of 100 um.

Furthermore, the author derived a semi-analytic approach for the athermal design of subwavelength
waveguides based on Bragg gratings in Section The approach was used to show how the optimization

of an athermal antenna could be constrained in Section [4.3]
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6.2 Limitations of Thesis and Future Work

In this study, the use of athermal design was limited to waveguides and antennas. Although small athermal
antennas were explored in simulation, the optimization and fabrication of these devices is outstanding.
Since feature other integral components such as phase modulators and power splitters, the athermal
design of those components should also be considered. As the temperature sensitivity in optical wave
guiding devices depends explicitly on the length, the next largest components of the [OPAlshould also be
treated with athermal design. That is the phase shifter and power splitters should also be made athermal. An
athermal directional coupler could be made using the custom waveguide cores as an alternate to the
Multi-Mode Interferometer (MMI]) used in the feed network designed for this study. Regarding athermal
phase modulators, future considerations include removing the thermal sensitivity of the phase shifters by
athermal design [[119]], [120]]. Alternative to plasma dispersion techniques, obtaining a linear [EQ|by use of
polymers on slot waveguides has been demonstrated by Steglich, Mai, Villringer, ef al. [121]]. Slot
waveguides may also be made athermal, demonstrated by Lee, Kim, Kim, et al.[62]. It is possible to
consider making the polymer for obtaining an effect function as the thermal compensation layer. In the
work of Steglich, Mai, Villringer, et al., PMMA was used. PMMA has a[TOC| of approximately -1.3E-4
[51]].

In this study layout of the [OPA] was limited to linear arrays and the design of a feed network. Future designs
should pitch the antennas closer together using small antennas designed for vertical and free space emission
rather than the large PDK grating couplers which were designed for fibre coupling. Then the feed network
to those antenna designs could be routed for free space testing of the beam control. Furthermore, dense

architectures should be demonstrated by following the optical symmetry conditions in Section[3.3.1]
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