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Abstract

In the last decade, silicon photonics has become a strategic technology for
the development of telecommunications and sensors. Due to its compatibil-
ity with well-developed complementary metal oxide semiconductor (CMOS)
fabrication processes, silicon on insulator (SOI) wafers can be processed
to create thousands of devices per die in a fast and inexpensive way. Be-
ing solid state devices with no movable parts, optical gyroscopes have longer
life expectancies and shock resistance compared to micro-electro-mechanical
gyroscopes. Thus, the implementation of SOI-based gyroscopes is desirable
for large-scale, low-cost production.

This thesis presents a study of the feasibility of implementing optical
gyroscopes in SOI technology. A comprehensive theoretical study has been
carried out to develop a device-level optimization and robustness analysis,
showing that the most crucial resonator parameter is the propagation loss,
followed by length and coupling. For a given propagation loss, there is
an optimal resonator size, beyond which the angular speed resolution is
severely degraded. On the system level, the impact of signal-to-noise ratio
and insertion loss on the resolution are described.

Given that the propagation loss is the most important parameter, strate-
gies were proposed to reduce it as much as possible while still using CMOS-
compatible processes. The quality factor, (), was chosen as the figure of
merit to be maximized during the design iterations. As a result, the largest
Q@ factors reported to date on SOI, using standard CMOS-compatible pro-
cesses, were achieved. These ) factors are comparable to, or exceed, those
of optical resonators intended for gyroscopic applications that are fabricated
in materials such as indium phosphide (InP). Innovative approaches to com-

pensate for fabrication variations are proposed, such as thermally-tuneable
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coupling and reference rings for differential measurements.

Complex mechano-opto-electrical measurement setups were designed and
implemented to characterize SOI gyroscopes, both at rest and under rota-
tion. As aresult, the Microsystem Integration Platform for Silicon-Photonics
(Si-P MIP) was created. This characterization platform is now being com-
mercialized by CMC Microsystems for academic and industrial applications.

The main practical and theoretical challenges regarding the implemen-
tation of optical ring gyroscopes on SOI have been identified. Schemes to

address them and suggestions for future work are proposed.
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This thesis work is partially based on the publications listed below, some of
which resulted from collaborations with other researchers. Note that only
the publications directly linked to this thesis work are shown below. It
should also be noted that some numerical simulations and experiments have
been re-made since their first publication, to yield more insightful results
and comparisons, and may not necessarily be identical to those previously
published. An additional list of publications, not directly related to this
work, is given in Appendix [Al

Journal Publications

1. M. A. Guillen-Torres, E. Cretu, N. A. F. Jaeger, and L. Chrostowski,
“Ring Resonator Optical Gyroscopes - Parameter Optimization and
Robustness Analysis,” J. Lightw. Technol., vol. 30, no. 12, pp. 1802-
1817, 2012

I conceived the idea of a theoretical study about the robustness of ring
resonator gyroscopes to variations in their design parameters. I carried
out the analytical and numerical modelling, and wrote the manuscript.
L. Chrostowski provided deep insight into how ring resonators work
and how to model them. N. A. F. Jaeger provided invaluable insights
throughout the course of numerous discussions to further understand
the principles of the Sagnac Effect, as well as the effect of waveguide
coupling on resonance depth and quality factor. E. Cretu suggested
valuable analytical and numerical approaches, such as parameter nor-
malization, in order to find generalized optimal parameters. L. Chros-

towski, N. A. F. Jaeger, and E. Cretu supervised the work, provided
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feedback and advice regarding visualization and interpretation of nu-
merical simulation results, and contributed to editing the manuscript.

Chapter [2] is mostly based on this publication.

Conference Proceedings

1. M. A. Guillen-Torres, M. Almarghalani, E. H. Sarraf, M. Caverley,
N. A. F. Jaeger, E. Cretu, and L. Chrostowski, “Silicon photonics

characterization platform for gyroscopic devices,” in SPIE Photonics
North, Proc. SPIE; vol. 9288, Montréal, Canada, pp. 1-8, May 2014

I conceived the idea of a rotational setup for gyroscope device charac-
terization, built up the optomechanical setup, coordinated the software
development, performed the measurements, post-processed the data,
and wrote the manuscript. N. A. F. Jaeger suggested using special
coupler designs for splitting and combining of optical signals, and pro-
vided the optical instruments and opto-mechanics required for creating
the apparatus. L. Chrostowski suggested the use of straight multimode
waveguides for resonator roundtrip loss reduction and quality factor
improvement. I implemented these ideas, and created scripts for semi-
automatic device layout generation with optimum coupling values, as
per the findings of our previous journal publication. L. Chrostowski
and N. A. F. Jaeger provided advice regarding various optical device
test procedures. E. Cretu provided special equipment and guidance for
the creation of the platform computerized control, and contributed to
the conception of tests for apparatus characterization. M. Almargha-
lani created hardware and software interfaces for motor control, as
well as codes for rotational patterns. E. H. Sarraf created interfaces
for data acquisition and instrument communication. M. Caverley con-
tributed to post-processing and data analysis. L. Chrostowski, N. A.
F. Jaeger, and E. Cretu supervised the work. All authors commented
and assisted in editing the manuscript. Part of Chapter [3|is based on
this publication.

2. M. A. Guillen-Torres, M. Caverley, E. Cretu, N. A. F. Jaeger, and
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L. Chrostowski, “Large-area, high-QQ SOI ring resonators”, in IEFE
Photonics Conference, San Diego, California, USA, pp. 1-2, Oct. 2014

L. Chrostowski, N. A. F. Jaeger, and I conceived the idea. L Chros-
towski suggested the use of Bézier bends for the resonator corners for
further improvement of the resonator quality factor values, as well as
the creation of robust test structures for multimode waveguide propa-
gation loss characterization. N. A. F. Jaeger provided valuable insight
into the interplay of key parameters that influence the value of the
Q@ factor. I implemented the idea and conducted the device layout
design and performed the measurements. M. Caverley contributed to
device designs, assisted with measurements. M. Caverley and I wrote
the manuscript. L. Chrostowski, N. A. F. Jaeger, and E. Cretu su-
pervised the work and assisted in editing the manuscript. All authors
commented on the manuscript. Part of Chapter 3]is also based on this

publication.

. M. A. Guillen-Torres, L. Chrostowski, E. Cretu, and N. A. F. Jaeger,
“Ring Resonator Gyroscope: System Level Analysis and Parameter
Optimization,” Canadian Semiconductor Science and Tech. Conf., MPA,

p. 1, Vancouver, Canada, 2011

I conceived the idea of a theoretical study about the obtention of op-
timal ring resonator gyroscope design parameters. I carried out the
analytical and numerical modelling, and wrote the manuscript. L.
Chrostowski provided insight into the main figures of merit of ring
resonators. N. A. F. Jaeger provided insights into the Sagnac effect
and concepts related to waveguide coupling. E. Cretu helped develop
generalized analytical equations for modelling double-bus-waveguide
ring resonators, and suggested numerical approaches and tools for pa-
rameter optimization. L. Chrostowski, N. A. F. Jaeger, and E. Cretu
supervised the work, provided feedback and advice regarding the inter-
pretation of results, and contributed to editing the manuscript. Chap-

ter [2| is partially based on this publication.
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The following work, currently unpublished, was the result of collaborations

with various members of the UBC Micro- and Nano-technology group:

1. L. Chrostowski conceived the idea of resonators with thermally-tuneable
couplers. M. Caverley and I created the device layout designs. K.
Murray and I created the theoretical device models. M. Caverley and
I performed the device measurements. Part of Chapter |3|is based on

this work.

2. Theoretical models were created in collaboration with K. Murray to
describe the behaviour of various device designs, as well as to analyze
the effect of backscattering in them. Part of Chapter |3|is also based

on this work.
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Chapter 1

Introduction

For decades, gyroscopes have been mounted on both military and civilian
vehicles such as airplanes, submarines, satellites, and missiles, to name a
few. Depending on its specific purpose, each vehicle has different require-
ments for angular speed resolution, bias drift (i.e., the variation of its output
over time), and its scale factor (defined as the variation of the output signal
per unit change in rotation speed [143]), form factor (i.e., size and weight),
and power consumption. For instance, inertial grade applications such as
satellite orbit control and submarine navigation require very stringent per-
formance, whereas automotive and consumer electronics applications allow
for more relaxed specifications [35, 143].

Figure shows a comparison between the bias stability and resolu-
tion requirements in the early 2000s and the present, based on information
available in [11, 35, 110]. From this figure, one can see the growth in gyro
applications, as well as the advent of MEMS gyroscopic devices. In the early
2000s the aerospace and defence applications were dominant, requiring pri-
marily inertial- and tactical-grade gyroscopes [110]. Now, the availability of
smaller, inexpensive MEMS devices has made them the sensor of choice for
rate-grade applications such as robotics, automotive safety systems, medical
instrumentation, and even general consumer products [35].

The high-end gyroscope applications belong to aerospace and defence
sectors, where considerable efforts have been made to create optical gyro-
scopes since the mid 1970s. See, for instance, the pioneering fibre optic
interferometer experiments of Vali and Shorthill in 1976 [130] and the free-
space experiments to create a passive ring resonator gyroscope by Ezekiel
and Balsamo in 1977 [45]. Thanks to the low propagation loss levels achieved

in optical fibres and glass waveguides, glass became the material of choice



Chapter 1. Introduction

for passive resonator optical gyroscopes.

Efforts to integrate micro electro-mechanical system (MEMS) with op-
tical technology, in order to create micro opto-electro-mechanical system
(MOEMS) gyroscopes, started in the late 1970s. According to Liu et al.
[81], Northrop started its silicon waveguide investigations in 1978, leading
to the development in 1991 of a MOEMS gyroscope with a resolution of 10
deg/h.

The use of silicon (Si) and silicon nitride (SiN) waveguide resonators
for sensing and telecommunication applications has been extensively inves-
tigated in the past two decades [4, 18, 80]. Special attention has been
devoted to silicon-on-insulator (SOI) and silicon-nitride-on-silica (SiN) tech-
nologies, in which a waveguide (made of Si or SiN, respectively) is on
top of a silica (SiOz) layer. These particular materials exhibit relatively
low losses in the C-band, with single-mode waveguide losses ranging from
0.27 dB/cm [15] to 3 dB/cm [38] for SOI, and ranging from 0.7 dB/m
[12] to 6 dB/m [91] for SiN waveguides. In particular, SOI technology
shows good optical confinement due to its high refractive index contrast
(cf. ng; = 3.48 vs. ngio, = 1.45; ngi;n, = 2), as well as CMOS fabrication
technology compatibility [4, 85, 106, 111].

As shown in Fig. [1.2] Interferometric Fiber-Optic Gyroscopes (IFOGs)

and Ring Laser Gyroscopes (RLGs) are by far the most sensitive rotation

sensors to date, with sensitivities in the range of 1 to 100 p\d/i%s for high-end
systems [20, 37, 108]. However, the optical path length required to achieve
such high sensitivities (e.g. ~ 10? to ~ 10% m) require complicated fibre
spool winding and thermal control schemes [32, 64, 74, 88|, which prevent
their further miniaturization and cost reduction. On the other hand, MEMS-
based vibratory gyroscopes allow for small size designs, but at the expense of
resolution, usually 2 to 4 orders of magnitude worse than those of IFOGs and
RLGs, and with proof-masses driven very close to their resonance frequency,

which impacts the expected lifespan of the device.
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Figure 1.1: Gyro technology requirement by application, based on [11, 35,
110].

The most important performance figures for a gyroscope are its resolu-
tion, scale factor, zero-rate output (ZRO), and bias drift. Resolution is the
minimum detectable angular rate. Scale factor is the amount of change in
the output signal per unit change of angular speed. Since optical gyroscopes
usually have voltage outputs, this is usually expressed in V/(deg/s) [143].
The ZRO is the random output of the sensor in the absence of rotation,
and is the sum of white noise and a slowly varying random function. The
noise defines the resolution of the sensor, expressed in units of angular speed
per square root of bandwidth, e.g., di\/HLj. The slow varying function defines
the drift of the gyroscope, usually expressed in units of deg/s or deg/h, de-
pending on the gyroscope grade [81, 143]. Table shows the performance

requirements of different gyroscope grades [143].
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Figure 1.2: Resolution vs. lengthscale for selected optical and MEMS-based
gyroscopes, either reported in the literature, [20, 108], or commercially avail-
able, [1, 2, 37], and theoretical resolution estimations (hollow markers) for
ring resonator gyroscopes fabricated in different materials and port configu-
rations. For silicon nitride (SiN), agg; = 0.06 dB/cm [91], and agpy = 0.12
dB/cm [53]. For silicon on insulator (SOI), agps = 3 dB/cm [13]. For
SOI resonators with different waveguide widths for different segments, the
projected propagation loss estimations are between aggy = 1 dB/cm and
adBs = 1.46 dB/cm LoptTl = 2.77 mj LoptTQ =1.39 mj LoptT3 = 55.5 mimnj
and the perimeter of a chip is Lpip = 114 mm. The insertion losses (ILs) for
the All-Pass (AP) and the Drop-Port rings are assumed to be ILy = 7 dB
and ILp = 3 dB, respectively.
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State of the Art

Table 1.1: Performance requirements of different gyroscope grades [143].

Parameter Rate grade |Tactical grade| Inertial grade
Angle Random Walk [°/v/h] > 0.5 0.5 - 0.05 < 0.001
Bias Drift [°/h] 10 - 1000 0.1-10 < 0.01
Scale Factor Accuracy [%] 0.1-1 0.01-0.1 < 0.001
Full Scale Range [°/s] 50 - 1000 > 500 > 400
Max. Shock in 1 ms [g] 103 10% - 107 10°
Bandwidth [Hz] > 70 100 100

1.1 State of the Art

Compared with ring laser gyroscopes (RLGs) and fiber-optic gyroscopes
(FOGs), MOEMS gyroscopes replace the long fibre coils with optical devices
or cavities, offering the advantages of small size and lighter weight. MOEMS
gyroscopes can be categorized into interferometric micro-optic gyroscopes
(IMOGsSs) and resonant micro-optic gyroscopes (RMOGsS).

IMOGs can be fabricated with waveguides, mirror arrays, proof-masses,
or a combination thereof, on silicon substrates [81]. Design and simulation
efforts to implement optical gyroscopic devices using micro-mirrors started
in the early 2000s. For instance, in 2000, the Air Force Institute of Tech-
nology of the United States of America proposed a MEMS interferometric
gyroscope (MIG), in which mirrors were placed on a silicon die to create two
spiral paths with an increased path length [119]. Also in 2000, the Univer-
sity of Alabama proposed a 3-axis, monolithic, all-reflective gyroscope based
on simulation of parabolic reflectors to create long multi-turn helical paths
in free space, with the objective of enhancing the Sagnac effect [25]. The
simulation results predicted a resolution of 0.001 deg/h for a structure of
approximately 7 cm in diameter, with a 1-W input power at a wavelength
of 0.5 pm. However, there is no evidence in the literature of any fabrication
efforts to create such a device.

Obstacles such as high mirror losses, fragility, stringent misalignment

tolerances, and fabrication complexity [94], preclude any significant ad-
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vancement of micro-mirror-based devices for gyroscopic applications. Other
IMOG designs rely on interferometric techniques to determine the displace-
ment of a movable proof-mass, usually fabricated in SOI technology. This
has allowed for interferometric techniques to determine the spectral response
of the proofmasses, [5, 6], and experimental angular rate sensitivities as low
as 27 deg/h/v/Hz have been reported [95].

RMOGs principle of operation is an optical micro-resonator, which in-
herently has the advantage of not requiring movable masses. RMOGs can
be fabricated with optical waveguide resonators on various materials, silica
being the most commonly used [48, 57, 82, 84, 120, 121]. Recent efforts
focused on the design and fabrication of optical resonators using silica [48]
and alternative materials such as InP [22] have lead to a decrease in propa-
gation loss values and improvement in resonator quality factor (Q). Several
design proposals compatible with fabrication technologies in materials such
as silicon nitride, silicon oxynitride, and SOI exist in the literature, for in-
stance, see [58, 109, 113], but to the best of my knowledge, there has not
been a study of the feasibility, nor a fully demonstrated device of such kind,
in SOL.

As mentioned earlier, after an early start, Northrop developed a MOEMS
gyroscope in 1991. Honeywell and the University of Minnesota also devel-
oped special components for RMOGs in 2000, such as alumina (AlsO3)
and zirconia (ZrOs) low-loss (0.1 dB/cm) trench waveguides, ion-beam de-
posited to form a 2-cm diameter cavity on an ultra-low-expansion substrate.
Rare-earth doping was used to allow for optical cavity gain. A theoretical
resolution range between 0.1 and 1 deg/h was predicted [50].

In 2003, an integrated optic gyroscope was presented by the University
of Arizona [19]. It was fabricated in Schott IOG-10 glass [129], using a
Ag' —Na™ ion exchange process [135]. It had a 28-mm diameter resonator,
designed with single-mode waveguides for an operating wavelength of 1550
nm. Based on spectral characterization at rest and geometrical parameters,
a shot-noise limited resolution of 170 deg/h was predicted. However, to the
best of my knowledge, there are no reports in the literature regarding any

dynamic tests of this particular device.
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In 2003, Litton systems proposed and patented an integrated optic gy-
roscope (I0G) using a multi-layer waveguide coil instead of a fiber coil [52],
which can in principle reduce the cost of waveguide coils, although it would
increase their fabrication complexity. Another possible approach consists of
utilizing waveguide crossings (such as those investigated by our team [112]),
to create multi-turn planar coils. However, the integration of such crossings
is, to the best of my knowledge, still at the theoretical design stage, e.g., see

[116], and could require stringent fabrication restrictions.

1.1.1 Motivation and Potential Applications

The main objective of this thesis is to explore the feasibility of using SOI for
fabricating rate-grade gyroscopes. If tactical- and rate-grade optical gyro-
scopes can be implemented in SOI technology, these sensors could be used in
high-volume applications such as automotive or consumer electronics. This
thesis provides insight into theoretical limitations as well as specific prac-
tical challenges regarding the design, fabrication, and interrogation of SOI

gyroscopic devices.

1.2 Structure of the Thesis

The remainder of this thesis is organized in three chapters. Chapter 2 fo-
cuses on the theoretical analysis of optical gyroscopic devices, their working
principles, the key optical resonator parameters and their interdependence
to achieve optimal angular resolution, the impact of parameter variations
in the device performance, and the requirements to implement frequency
tracking using phase modulation.

Chapter 3 guides the reader through the iterative process carried out
for the design, fabrication, and characterization of devices, as well as the
construction and improvement of the characterization setups, which has
been divided in five design cycles. Thus, Chapter 3 is divided in five sections,
stating for each cycle the initial objectives, describing device designs, the

device characterization. A critical evaluation of the results is conducted at
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the end of each iteration, in order to identify problems, plan approaches to
solve them, and derive conclusions that help improve both the devices and
the characterization setup during the next iteration.

Chapter 4 summarizes the main conclusions and describes the future
work required for further improvement of the device readout and the char-

acterization setup.



Chapter 2

Resonator Simulation and

Parameter Optimization

In this chapter, a theoretical analysis of the angular speed resolution and the
robustness of waveguide resonator devices for gyroscopic applications is car-
ried out, taking into account various propagation losses and refractive index
values, corresponding to various currently available materials and waveguide
fabrication technologies.

Although several theoretical studies regarding the use of micro-ring res-
onators for gyroscopic applications have been carried out [109, 146], to the
best of my knowledge there had not yet been a thorough study of the in-
terdependence of the values of propagation loss, resonator length, coupling
coefficients, and off-resonance detuning necessary to achieve a truly opti-
mized angular speed resolution (as mentioned in Chapter |1, resolution is
the minimum detectable angular rate). As will be shown in Subsection
2.3.4] the optimal resolution is inversely proportional to the product of the
spectral slope and the square of the resonator length. Optimized parameter
values for some particular cases have been depicted in references such as
[127], but subject to restrictions of a small length-propagation loss product,
L - . This precludes a proper analysis for the case of a gyroscope, where
long lengths are desirable to enhance the Sagnac effect [101].

In this chapter we propose and analyze optical resonator gyroscopes with
millimetre-range optical paths, in either an all-pass (Gires-Tournois, single-
bus), or a drop-port (double-bus) configuration, which could be fabricated
on a Silicon-on-Insulator (SOI) platform, using currently existing CMOS-

compatible techniques, with theoretical resolutions comparable to those of
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MEMS-based systems. For computational and modelling simplicity, the
resolutions are calculated assuming a circular area for the ring resonators.
Since the Sagnac effect is proportional to the area enclosed by the resonator,
rather than the resonator length, for a fixed length value, the use of a rect-
angular shape with a particular aspect ratio will affect the resolution, but
does not modify the relationships nor the optimum values for any other pa-
rameters. For an easier reading, the most frequent acronyms and variables
are summarized in the Glossary fand Table respectively.

As shown in Fig. [2.1], light from a laser source is injected into, and ex-
tracted from, low-loss ring resonators via one or two bus waveguides, which
are interrogated with photodetectors, either at the through port in an all-
pass configuration, or at the drop port in a double-bus configuration, re-
spectively. A 50%-50% splitter is used to allow for counter-propagating
light injection. The output light is directed to two photodetectors.

In the all-pass configuration, there is only one bus waveguide, so t, = 1.
Hence, two circulators are required for proper signal detection, which intro-
duces slight insertion losses. Circulators can also be replaced by Y-branch
couplers, which also produce insertion losses. In contrast, for the drop port
configuration no circulators are required. In both alternatives, the counter-
propagating beams undergo different phase shifts whenever the sensor ro-

tates, which allow for differential measurements.

2.1 Waveguide Coupling

For a system formed by two straight parallel waveguides with identical cross-
sections, the modal powers in the injection (P;,) and the coupled (P,.) waveg-
uides are functions of wavelength, waveguide geometry, core and cladding
refractive indices, separation (gap) between the waveguides, and position
along the axial coordinate of the waveguides. Power is exchanged between
the waveguides obeying a sine-squared law along the propagation direction
[141]. Assuming lossless coupling, at a distance Lg, known as the cross-over
length, all the energy is transferred to the coupled waveguide. According to

the so-called supermode theory [42, 79], the cross-over length is:

10
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Table 2.1: Most frequent variables

Symbol Meaning

P, Input power, injection power, [W] or [dBm]

P, Noise equivalent power, [W] or [dBm)]

Ao Laser central wavelength, [m]

0 Laser central frequency, [Hz|

Av Laser spectral linewidth, [Hz]

L=XL; Total resonator length, [m]

Tr Resonator roundtrip time, [s]

Lg Crossover length, [m]

Leacb Waveguide coupling length, region a, b, [m]

Lopt Optimum resonator length, [m]

L,= prt Normalized resonator length

« Field propagation loss [m~!]

Q4B Power propagation loss, [dB]

T = e 2l Round-trip field amplitude attenuation coefficient
tap Transmission amplitude coefficient, region a, b
Ka,b Cross-coupling amplitude coefficient,, region a, b
T = tytyr Av-independent transmission-attenuation product
U = Ye 2mAv Av-dependent transmission-attenuation product
o) Detuning [rad]

|y | Half-Maximum detuning, Through port [rad]

| drMp | Half-Maximum detuning, Drop port [rad]

On = Q)T Normalized detuning

Cr, Insertion loss coeflicient

IL4p Insertion loss, [dB]

Q Angular rate, [rad/s]

Qdps Angular rate, [deg/s]

Y Angular rate resolution, [rad/s]

109 opt Optimum angular rate resolution, [rad/s]

102 norm = % Normalized angular rate resolution

11
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Circulator or Circulator or
Y-branch 50/50 f= Y-branch

Splitter| ~
e

-

L =2nR+2 Lc

f— L =27R+2 Lc

e (o]

(b) Drop-port configuration

Figure 2.1: Schematic diagram of the All-Pass (top) and Drop-Port (bottom)
configurations for a racetrack resonator gyroscope system. Light is split and
injected in opposite directions into the racetrack resonators. The output
light in each direction is then directed to a photodetector. Circulators are
required for proper interrogation in the all-pass configuration, but can be
replaced by elements such as Y-branches for easier integration.
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A
= i = 0 : (2.1)
Blsym - Blasym 2(neff 1sym — Tleff 1asym)

Lg

where Bisym and Biasym are the propagation constants, and nef 1sym and
Neff 1asym are the effective indices of the first (also known as first even) and
second (also known as first odd) supermodes of the coupled system, respec-
tively.

For identical coupled waveguides, the modulus of the (dimensionless)
field cross-coupling amplitude coefficient, x, is a function of both Lg and

the coupling region length, L., given by [141]:

sin (;T : LL®> ‘ . (2.2)

Assuming reciprocity and negligible backscattering in the coupling re-

KR =

P,

gions of the rings shown in Fig. after obtaining the effective indices of
the first two supermodes of the straight couplers a and b, with respective
waveguide gaps, g, and gy, the cross-over lengths Lg 3 are obtained for each
coupler using Eq. , and the values of k, and kp can be determined using
Eq. . Notice that for the all-pass configuration, g, — o0;= Kk = 0.
Although these moduli are real numbers, a phase shift factor must accom-
pany them to account for the relative phase-shift between the injected and
the coupled waves [141], [60]. Assuming L. < L, the phase shift between
the injected and the coupled waves can be considered constant, and equal
to 90 degrees, hence the ”—j” phase shift factors in Fig.

For lossless coupling conditions, the straight-through transmission am-
plitude coefficient is t = v/1 — k2. However, if the couplers are lossy, then
t2 = 1— k% —~2, where +? is a coefficient representing the existence of losses

in the coupler.

2.2 Sagnac Effect

In any resonator that undergoes a rotation, there is a phase difference pro-

portional to the dot product of the angular velocity vector O and the area

13
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vector A of the enclosed optical path [101, 104]. Firstly the equations of the
Sagnac effect in vacuum will be derived. Secondly, the case of a resonator

made using a waveguide with effective index neg will be analyzed.

2.2.1 Sagnac Effect in Vacuum

Consider the resonator (assumed circular for simplicity) with radius R,
shown in Fig. and assume it is built in vacuum, which could be achieved,
for instance, by a set of mirrors and a 50/50 beam splitter located at point X.
When static, the transit time ¢ = 2w R/c for the light to make one round-trip
in the ring at a speed ¢ = 3 x 10%m/s is identical for both beams. However,
if the resonator is rotated at an angular speed €2 in a clockwise (CW) direc-
tion, the counter-rotating wave, travelling in the counter-clockwise (CCW)
direction, represented by the dotted line, will be enhanced in phase when
reaching the injection point at position X’, as it reaches the displaced beam
splitter before geometrically closing the circular path. Conversely, the co-
rotating wave, represented by the dashed line, will be retarded in phase when
reaching the injection point, as it travels a longer path to reach the coupler,
at point X”. This can be regarded as an effective travel length change for
each beam [8, 44], which will produce a blue- and a red-shift in the reso-
nances of the counter- and co-rotating beams, respectively. To a first order

approximation in terms of QR/c the effective travel length changes are:

Lecw =27R — Ry = 2T R — 0 Loy, = Clecw (2.3)
Lew =27R + RQtey = 27 R + 0Ly = Clew, (2.4)

where .., and t., are the travel times of the beams in the CCW and CW
direction, respectively.

The travel times for the counter-propagating waves can be expressed as

follows: 9rR
. 2rR = 21R 1_R7S2 (25)
ch_c+RQ_1+i§2N c c '
27 R B onR RQ
tcw_c—RQ_l—R?QN (1+>, (2.6)

14
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Figure 2.2: Sagnac effect in a clockwise (CW)-rotating resonator.

where first-order Taylor expansions have been used for the last terms of the
equalities. The travel time difference is therefore:
Ap o ATR2Q
Also to a first order approximation in terms of QR/c, valid for QR < ¢,
both path length differences are equal in magnitude, i.e., points X’ and X”

are at the same position:

2
AL = Loy — Lopy ~ T (2.8)
C
2
SL = S Loy = Oy ~ 27T % (2.9)
C

2.2.2 Sagnac Effect in a Dielectric Medium

When the light travels in a waveguide fabricated with a material of refractive
index n = n(A), the waveguide will exhibit a wavelength-dependent effective
refractive index neg = neg(A) [39]. In this case, Egs. (2.3) and (2.4) become:

Lecw n = 2mRneft — 0Leew n =~ (2TR — SL)neg (2.10)

15
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Lew n =27 Rneg + 0Ly n & (27TR + 5L)ncﬁ. (2.11)

Since the medium is not vacuum, and considering the postulates of spe-
cial relativity, it is no longer possible to consider that the speed of light is
the same for both counter-propagating waves as we did before. The speed of
light in the medium, v = ¢/neg, will be the same for both directions only if
the observer is moving along with the rotating medium. Therefore, in order
to estimate the speed of light as observed in the laboratory, a relativistic
addition of speeds [103, 131] is necessary. The velocities of light e, and
Ueer for the CW and the CCW waves as measured by a stationary observer

are given by:
_c/neg £ QR
- 1+ ¢/negQR

c2

(2.12)

To a first order approximation with respect to QR:

c

+ QR¢ (2.13)

Ucw =
Neff

C

Uccw =

— QRC, (2.14)
Teff

where the term ( =1 — n% is known as the Fresnel-Fizeau Drag coefficient

eff
[101, 131]. The travelling times for the CW and CCW waves then are:

Lewn  neg(2rR+6L)

tew n = = 2.15
Ucw Tiﬂ + QRG ( )
Lccw n neff(27TR B 6L)
teew n = = 2.1
Uccw < — QRC ( 6)

Neff
Therefore, from Egs. (2.15) and (2.16)), the travel time difference is, to a
first order approximation (valid for QR < c¢):
ATR2Q 47 R%Q)

Aty ~ ——5—nig(l =) = —5— = At, (2.17)

which is the same travel time difference as for vacuum, shown in Eq. (2.7)).

Thus, to a first order approximation in terms of QR/c, the phase shift ex-
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perienced by each beam, either in vacuum or in a dielectric medium, is
independent of the refractive index. If the medium is a fiber wound in a coil
of N turns, then Eq. will be multiplied by N [44], but for the case of
a resonant optical waveguide gyroscope, N = 1, and the resonator length
is L = 27 R. Since w = A¢/At and w = 2me/\, where X is the free-space
wavelength of light, the total phase shift between both beams due to the

Sagnac effect for a resonant optical waveguide gyroscope is:

_ 87R*Q 2L%Q)
e e

In the particular case of a resonant optical waveguide gyroscope, the variable

|Ag| = 68;02 X6} (2.18)

¢, known as the detuning [60, 127], is different for each propagating beam.
The detuning for the co-rotating (counter-rotating) beam, ¢, is the algebraic
sum of the phase undergone by each beam in one roundtrip through the
ring, ¢ring, identical for both beams, plus (minus) the Sagnac phase shift,
op = L;\Q, proportional to the path length elongation (reduction) by JL:

2mneg(A)L | L2Q
+ . 2.1
A cA (2.19)

The electric field of the laser light can be described in terms of time and

. 2mn,
. . wt— eff »
space variables, t and z, respectively, as E = Egye’ ( A

¢ = ¢ring + 09 =

), where w is
the central angular frequency of the laser light. In the case of a resonator
(see Fig. , a roundtrip is completed whenever z = ML = M2nR.
Equivalently, a roundtrip is completed whenever ¢t increases its value by
the roundtrip time Tg, i.e., t = MTR, as the total phase of the complex
exponential remains the same. Therefore, the electric field in the resonator
can be writtten as:

E = Eyed@t=9) (2.20)

The first term of Eq. can also be written as its time-domain equiv-
alent, i.e., 2w Lneg(\)/A = wTR, where w is the central angular frequency
of the laser light, and Tr = Lneg(A)/c is the time required to complete a
roundtrip in the resonator. This substitution will prove useful for the phase
noise analysis (Section [2.3.6)).
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Egs. [2.19 and allow one to see the phase retardation and enhance-
ment caused by the Sagnac effect for each beam. For the co-rotating beam,
the effective cavity length increases (positive sign in Eq. , produc-
ing a red shift in the resonance. In order to maintain a constant phase in
the argument of Eq. more time has to elapse, i.e., the wave is phase
retarded. Conversely, for the counter-rotating beam, the effective cavity
length decreases (negative sign in Eq. producing a blue-shift, and in
order to maintain a constant phase in the argument of Eq. less time
should elapse, i.e., the wave is phase-enhanced. The red- and blue-shifts are
illustrated in Fig. [2.3.

2.3 Analytical and Numerical Modelling

By computing an infinite sum of successive round-trip field couplings for

the racetrack resonators shown in Figs. 2.1(a)| and 2.1(b)| in a similar way

as done by Vorckel et al. [133], but maintaining the phase sign convention
of Eq. the S parameters for the through- and drop-port transmission
fields, S21 and Sy1, are given by:

ta —tpTe %1 —42)

So1 = . 2.21
= = Te ) =2
P
e
Gy = JateyTE T (2.22)

VCi(1— Tei9)’
where 7 = e~>Li% is the round-trip amplitude (field) propagation attenua-
tion, L; is the length of the waveguide segment ¢, ¢ = 1,2,...N, L = Efil L;
is the length of the resonator, a; denotes the field propagation loss of the
waveguide segment i, in units of m~!, T = t,t,7, t, and t; are the (dimen-
sionless) field through-transmission amplitude coefficients of regions a and
b, kq and ky are the field coupling coefficients of regions a and b; v, and
are the coefficients representing the existence of coupling losses, such that
t2=1-r2—~2and t =1— Kk — 7 Oy, = 107582 eoLous i a coefficient

representing the amplitude decrease due to insertion loss, ILgp, (in dB),
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as well as the propagation losses in the bus waveguide(s). Assuming that
the waveguide directional coupler (WDC) is small in comparison to the to-
tal resonator length, its phase shift contribution has been neglected. In all
cases, @ > 0m ™5 0 < top <150 < hap <150 < 4y < 15 ILgp > 0 dB;
and Crr, > 1, are real numbers. In the case of lossless coupling, 74, = 0 and
ti,b =1- "fz,b-

Fig. illustrates the resonant Sagnac gyroscope concept. At rest, the
spectra for light beams propagating in the resonator in opposite directions
are identical, and depicted by the solid line. As per Fig. and Egs. (2.3),
, , , and , for a CW-rotating resonator, the co-rotating
(i.e., CW) beam will be red-shifted due to its longer equivalent resonator
length, Lcw = Lying + 0L. Conversely, the counter-rotating (i.e., CCW)
beam will be blue-shifted due to its shorter equivalent resonator length,
Low = Lying — 6L. The co-rotating beam is considered to be retarded in
phase, and its resonance shifts towards more negative values of ¢ying (red
dashed curve). The counter-rotating beam is considered to be enhanced in
phase, and its resonance shifts towards more positive values of ¢ring (blue
dashed curve). This produces a difference between the light intensities of
both counter-propagating beams, which can be used for a differential mea-

surement of the angular velocity.
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Figure 2.3: Normalized spectra of the counter-propagating light beams in
an all-pass (single-bus) racetrack resonator. Solid curve: resonator at rest.
Dashed curves: spectra for the co-rotating (red curve, red-shifted) and
the counter-rotating (cyan curve, blue-shifted) beams. For this example,
agg = 0.01dB/cm, L = 1m, x = 1/v/2. A Sagnac phase shift §¢ = 0.17 rad
has been used to produce a noticeable phase shift.
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Although the proper units of o are m™!

, in the literature propagation
losses are usually reported in units of dB/cm. In the present work, « repre-
sents field attenuation, not power attenuation. In order to avoid confusions,
a “dB” subscript will be added in the case of power attenuations, reported in

dB/cm, and the equation below will be used to transform one to the other:
am™ =5-1n(10) - (agp[dB/cm]) (2.23)

2.3.1 Through- and Drop-Port Power Transmission

The expressions for the through- and drop-port power transmission ampli-
tudes are, based on Egs. (2.21) and (2.22):

t2 — 2YT, cos (¢) + t3T272

2= 2.24

|So1 | Chr, [1 — 27 cos(¢) + Y2 (2.24)
2,2

|Su1l* = ATl (2.25)

CL [1 — 27 cos(¢) + Y2]’

where T';, = 1 — 2. Since the amplitude responses |S21|? and |S41|? repre-
sent normalized power transmissions, they can also represent the normalized
current in a photodetector. From the numerator of Eq. , at resonant
steady state (i.e., ¢ = 2mm, m is an integer), and assuming lossless coupling

(i.e., vap = 0), it is possible to see that whenever:
te =ty (2.26)

the through-port signal is cancelled, i.e., So; = 0, and for an add-drop ring,
the output at the drop port is maximal. This particular case, known as
critical coupling (CC), reduces to t, = 7 for the single-bus waveguide case
(ty = 1), a particular case depicted in [141]. For a symmetrically-coupled
ring (i.e., t, = tp), critical coupling is strictly possible only if the waveguides
are lossless (o = 0 m™1).

In contrast to the single-bus waveguide case, where the critical coupling

condition requires a unique value of ¢, (and hence a unique value of &), for
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the double-bus resonator case, Eq. is satisfied for an infinite number
of values of k. In fact, for any given «, the slope of the spectral notch
(through port) or the spectral spike (drop port) of any double-bus resonator
depends on L, k4, kp and ¢. Our initial, intuitive assumption was that
the CC condition would show the largest extinction ratio due to its null

through-port output at resonance. However, as shown in the modelling of

Sections and [2.3.5], this is not the case.

2.3.2 Figures of Merit of the Spectral Response

Extinction Ratio

From Egs. (2.24) and (2.25), the extinction ratios FRgp,, and ERgp,,, in
dB, for the through and the drop ports are, respectively:

ta+17)%(1 = T)?
14 7)2
ERdB41 =10 loglo |:El—'r§2:| s (228)

Full Width at Half Maximum

The full width at half-maximum (FWHM) is defined as the difference of the
values of the independent variable (either frequency, wavelength, or phase),
for which the spectral response is at the midpoint between the normalized
baseline and the resonance trough or dip, for the through and the drop port,

respectively.

Quality Factor

In this work, we followed the definition of quality factor as the resonance
wavelength divided by the (wavelength) FWHM: @ = g—g\. In order to
derive it, we firstly obtained the values of ¢ that yield, for each port, half of
the maximum normalized amplitude, |¢my|. After algebraic manipulation
of Eq. , based on the definition of FWHM described above, we have
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the same result for both ports:

4 [1=2(1—=7)2 4 12

|PrM | = [PEMp | = |[prM| = cos T (2.29)
Thus, the bandwidth in terms of wavelength is:
A pum
AN= ——— 2.30
73 (ng, L) (2.30)

where ng, and L; are the group index and length of the ith waveguide seg-

ment of the racetrack resonator. Finally, the quality factor is:

T (ngiLi)

= _1 [1=20=71)2472
Ao €OS [7%

Q

(2.31)

Free Spectral Range

The free spectral range (FSR) [60] of the resonator can be defined in terms
of the (group) optical path and the resonant wavelength for a resonator with

N segments of different lengths L; and group indices ngy,, i = 1,2,..., N, as:

A

FSR= ———
Zi]\il nQiLi

(2.32)

Finesse

The finesse of the ring resonators is the ratio of the FSR and the FWHM,

which can be expressed as:

FSR Q)Xo ™

T FWHM  n,L 1=2(1-1)*+1? (2:33)

-1
COS 27

F

2.3.3 Loss Impact on Performance

For the CC double-bus case, x; was chosen as our independent coupling
variable. Fig. shows K, as a function of k; at CC, assuming lossless

coupling (i.e., v2 = 72 = 0), for a resonator with a length L = 50 mm.
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Four different propagation loss values are used in this figure. The first
three, agg = 0.06 dB/cm, agg = 0.12 dB/cm, and agg = 3.0 dB/cm,
correspond respectively to propagation loss levels reported for waveguides
fabricated in SiN [53, 91] and SOI [13] technologies. The fourth value is a
theoretical average propagation loss value of agg = 1.17 dB/cm, achievable
by using SOI waveguide segments of different widths (and thus, propagation
losses) to create the resonator. For small propagation losses, k, tends to
a non-zero value for low values of kp, and behaves almost as an identity
function (i.e., ko &~ Kp) for medium to large values of kp. In the limit when

a— 0= Kg — Kyp.

1.0[ T oI D s m s Doim e e D
0.8
0.6
3
<
0.4 a.=0.06 dB/cm
dss=0.12 dB/cm
- === awe=1.17 dB/cm
0.2 a:=3.00 dB/cm
0.0
0.0 0.2 0.4 0.6 0.8 1.0

Kp
Figure 2.4: Magnitude of field coupling coefficient of waveguide a, (k,),
as a function of coupling coefficient xp, for critically coupled, 50-mm
long ring resonators, for propagation loss levels of different technolo-
gies: aqp = 0.06 dB/cm (SiN, [91]), agg = 0.12 dB/cm(SiN, [53]),
agg = 3.0 dB/em(SOI, [13]), and agg = 1.17 dB/cm (estimate for SOI
material with waveguide width variation, proposed in the present work as a
low-loss alternative for SOI technology).

If the product oL is too large, most of the energy will be lost after a
few roundtrips in the resonator, as can be concluded based on the finesse
values of Fig. which hinders the resolution. In particular for the CC
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Figure 2.5: Finesse as a function of coupling coefficient &y, for critically
coupled, 50-mm long ring resonators, for propagation loss levels of different
technologies: agp = 0.06 dB/cm (Si3Ny, [91]), agp = 0.12 dB/cm(SizNy,
[53]), agp = 3.0 dB/cm(SOI, [13]), and agp = 1.17 dB/cm (proposed SOI
design with waveguide width variation).

case, as the product oL increases, the value of k, becomes larger and less
dependent on £ in order to fulfill Eq. (2.26), describing an almost-flat line
that quickly tends to unity (see Fig. . For al. =~ 2.5, we can consider
that the value of k, is already unity regardless of the value of k. As will
be shown in the following section, large coupling values imposed by the CC
condition imply that energy is drained out of the resonator faster than if
the ring is optimally coupled (OC) below the CC value.

For both the CC and the OC case, ever decreasing losses are required
so that the resonator length and enclosed area can be increased, and the
coupling values can be decreased, thus enhancing the Sagnac effect and
achieving better resolution values. For any given propagation loss «, (dic-
tated by the material and fabrication technology), there is an optimal set of
values for L, k4, kp and ¢ that globally optimize the resolution, even though
they do not yield the absolute maximum in the spectral response slope.

Such parameters are different for the through and the drop configurations
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because the optimal configuration for the through-port cases is always a
Gires-Tournois (all-pass) [60] configuration, which implies that the resonant

cavity is less loaded due to the absence of a drop port.

2.3.4 Spectral Response for the Through Port

In this section, the spectral characteristics of the through port will be de-
scribed, and expressions for finding the value of ¢ that maximizes the slope
of the spectral response as a function of the resonator length and couplings
will be derived. For simplicity, lossless coupling and negligible ILs are as-
sumed from now on, unless otherwise stated, i.e., 7, = v = 0; Ci, = 1.
The ILs can be incorporated later on without loss of generality. The first

and second derivatives of the through-port spectral response are:

0Sn|? 2k2Y (1 — t772) sin (¢)
o0 [1 — 27 cos(¢) + T2]2

(2.34)

02|91 ]2 B 2AK2Y [Bcos (¢) + Y[cos (2¢) — 3]] (2.35)
op? [1— 27 cos(¢) + T2 ’ .

where A =1— 72t and B =1+ Y2 For a given length L and propagation
loss «, there is a certain combination of couplings k4, x; and detuning ¢
that produces a maximum slope in the spectral response. At such a point
the numerator of Eq. is zero. By solving for ¢ (modulo 27), and

discarding any complex roots:

L -1=T2+ V13472 4 T
47 '

PmMs, = Ecos™ (2.36)

Eq. yields the same results as Eq. (6) in [127], but it is a more
general expression, due to the inclusion of the drop port (kp) in the model.
Fig. shows the through-port spectral response and its first derivative
as a function of the normalized detuning, ¢/m, for two all-pass resonator&ﬂ

with identical propagation loss agp = 0.06 dB/cm and identical length, in

! As will be shown in Subsection all optimized through-port resonators are all-pass
resonators, i.e., kp = 0.
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CC and OC conditions, respectively. The length L = 1.63 m = Lgpi21cC
corresponds to the optimum length for the CC resonator. It is noticeable
that, as long as the length is the same, the maximum OC slope is almost
twice as large as the maximum CC slope, even though the OC resonator
lacks zero response at resonance. This trend is the same for all values of

propagation loss, demonstrating that OC resonators perform better than

their CC counterparts.

5 0.07< ; -
@ sl J—— 181 OC, Lorco
\\J\s II | S21 |2 CC, Loptzice
-0.2! \\\ /I —-——— (9|821|2/6¢ OC, Lop2ice
. N / 2
‘ ‘ Ssaos’ 9|S21| 10¢ CC, Loptice ‘
-1.0 -0.5 0.0 0.5 1.0
¢
T

Figure 2.6: Through port response, |S21|? (solid), and first derivative, a“gf;‘z

(dashed), as a function of ¢ /7, for agg = 0.06 dB/cm and L = Lopioicc =
1.63 m. In all cases, kK, — 0 (all-pass resonators). In spite of lacking a
zero output at resonance, the OC case shows a larger maximum slope, at a
smaller detuning in comparison to the CC case (see Table 2.2)).

A resonator with a steeper slope for a fixed resonator length value will
indeed yield a better resolution. This fact initially led us to the intuitive
misconception that ever growing slopes would always yield better perfor-
mance. In fact, as shown in Fig. and in Table 2.2} for low-loss waveg-
uides (agp = 0.06 dB/cm), the largest slopes occur at very small resonator

lengths, but from a gyroscopic viewpoint, the optimum length is larger. Even
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1000¢

9]S21|?

Figure 2.7: Slope of the optimized all-pass frequency response, = 5 s asa
function of ¢/m, for agg = 0.06 dB/cm (ie., @ = 0.69 m™1), L = 1 mm
(solid) and L = Lopt21 = 1.63 m (dashed). Black curves: OC; Light curves:
CC. The small resonators yield larger slopes at smaller detunings. However,
as shown in Table they do not yield the best resolutions.

if the spectral slope (and thus the extinction ratio) is considerably larger for
lengths L < Lgpt, the resolution at Loy will always be the best, since the

resolution is inversely proportional not only to the spectral slope, but also

2
to L? (see subsection [2.3.7). Therefore, maximizing the product LQ%,

rather than just the slope, is necessary to ensure the best resolution.

In order to compare the slopes of the four resonators considered in
Fig. logarithmic scales are needed, hence, only positive detuning values
were plotted. However, the ordinate-axis-symmetry of the spectrum and
the origin-symmetry of its derivative, are conserved in a linear scale. The
slopes of the small resonators are almost four orders of magnitude larger
than those of the large resonators. However, as shown in Table the

resolutions of the small resonators are ~ 3 orders of magnitude worse than
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Table 2.2: Parameters for different lengths and coupling conditions, through
port, all-pass configuration, for agp = 0.06 dB/cm

Param. L 1 mm (CC) |1 mm (OC) [1.63 m (CC)|1.63 m (OC)
Ka opt 0.037 0.0263 0.945 0.759
guz 250 x 1075 [ 190 x 1076 | 0.373 0.277
Max. slope 470.7 558 0.181 0.276
[rad™!]

69 [deg/5] 3.98 3.37 0.00392 | 0.00253

those of the large resonators. Once again it is possible to observe that for
identical values of a and L, the maximum spectral slope for the OC case
(solid) is always larger than that of the CC case (dashed), and it occurs for
smaller values of ¢, despite not having a zero output at resonance, due to

the under-coupling of any OC case.

2.3.5 Spectral Response for the Drop Port

For the drop port case, the OC condition also shows larger slopes than the
CC condition for resonators with identical lengths and propagation losses.

The first and second derivatives of the drop-port response are:

AlSul>  —2rlriTYsin(¢)
o0 [1— 27 cos(¢) + T2]2 (2.37)
0*|Su|* _ 26grp7Y [Bcos (@) + Tcos (2¢) — 3]] (2.38)

92 [1— 27 cos(¢) + Y2]°
Due to its numerator structure, the roots (real, modulo 27) of Eq. (2.38))
are the same as those for Eq. (2.36):

L -1=T2+ V143472 4 T
47 '

Pms, = Ecos” (2.39)

However, the spectral response values (Eqgs. (2.24) and (2.25))) and their
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first derivatives (Egs. and (2.37)) are quite different for the through
and drop ports, and thus a new optimization is necessary to find the com-
bination of L, k43 and ¢yp that yields the best resolution.

Fig. shows the drop-port normalized spectral response (|Sy1|?, solid),
and its first derivative with respect to ¢ (dashed) as a function of the nor-
malized detuning, ¢,, = ¢/x, for an OC (black) and a CC (light) resonator,
both with identical lengths and propagation losses.

From Figs. and [2.8, and as will be shown in detail in Section [2.4] it
is possible to conclude that the all-pass configuration offers a higher perfor-
mance thanks to its longer optimum length, larger mazimum slope and thus
better resolution. Its lower cavity loading contributes to smaller round trip
losses, which in turn allow for larger slopes and larger optimum lengths. In
both the all-pass and the drop cases, OC resonators perform better than CC
and L
tively. For the sake of clarity and briefness, only OC cases will be plotted

resonators, even at the optimum CC lengths, L respec-

optaico optyice

and discussed from now on, unless stated otherwise.

We will see in the next subsection that the best resolution, |§2|qpt for
a particular «, will depend upon the optimization of L, ¢, kp and k, for the
particular port under study. The examples depicted in Figs. and
were obtained with globally optimized all-pass- and drop-port parameters,
respectively; i.e., the only restrictions for the values of the parameters were
those imposed by the propagation losses and the physical model of the sys-
tem. This is useful for illustration purposes, but rather impractical for
fabrication, as the lengths are not feasible in a standard 200-mm SOI wafer.

In case of lengths smaller than the optimum length Loy, the parameters
¢, kp and K, can, and should still be, tuned for achieving the best possible
resolution. The best achievable resolution in such a case will obviously
be worse than the global, unconstrained optimum, due to the decrease of
length and thus smaller Sagnac phase shift. The parameters ¢, k; and kq
are identical for different values of « if expressed in terms of a normalized
length Ly, = L/Lopgt.
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Figure 2.8: Drop-port frequency response, |Sy1|? (solid), and first deriva-
tive, 8"2‘2|2, (dashed), as a function of ¢/, for agg = 0.06 dB/cm and
L = Lopt,,o. = 0.93 m, for OC and CC cases. The parameters are:
Kboe = 0.697 = Kep = 0.926, Kopy = Kboe = 0.779. From the dot-
ted curves, it is evident that the OC case has a larger maximum spectral

slope, which occurs at a smaller normalized detuning.

2.3.6 Noise Analysis

In order to compute the minimum resolvable angular rate 6€2,,, it is necessary
to first determine the amplitude noise level of the system, as well as the effect

of the laser linewidth (phase noise) on the resonator spectral response.

Amplitude Noise

The amplitude noises that were taken into account in the present section are
the shot noise, thermal noise and laser noise [141]. Amplitude noise effects
related to Rayleigh backscattering [27, 67, 90, 92, 124] were neglected in this
section, as spectral modulation techniques [30, 62, 63, 82] allow for reducing

backscattering noise and achieve shot-noise limited resolution. Based on
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the formulae for the aforementioned noise components (e.g., see [141]) and
considering them statistically independent, the standard deviation of the

photocurrent (i.e., the noise rms current) is:

4kpT
8i = \/ (quD + ];B + iQDRIN> B, (2.40)
L

where ¢ = 1.6 x 107!? C is the fundamental electric charge, ip = RP;,
is the maximum photodiode current, P;, is the maximum power incident
onto the photodetector, R = L, in units of A/W, is the responsivity of the
photodiode, h = 6.626 x 10734 J - s is Planck’s constant, v is the optical
wave frequency in Hz, 7 is the quantum efficiency, B is its bandwidth in Hz,
kp = 1.38x1072% J/K is Boltzman’s constant, R, denotes the photodetector
load resistance, and RIN is the relative intensity noise of the laser, usually
expressed in dB/Hz [141].

Fig. shows the different noise components, the total noise and the
SNR as a function of the power incident upon the photodetector, for the case
depicted in Table For P;;, = 0 dBm and RIN=-145 dB/Hz (consistent
with our Agilent 81682A tuneable laser), the system is theoretically laser-
noise limited, with SNR~ 67 dB for a 10-Hz bandwidth. According to our
simulations, a RIN~ —160 dB/Hz is required to achieve shot-noise limit.
This can be achieved using low-RIN laser sources [16, 47]. The remainder
of this Section and Section show resolution estimations for a shot-noise
limited case, as originally published in [54]. Subsection shows the

impact of SNR degradation on the achievable resolution.

Phase Noise

Due to phase fluctuations associated with spontaneous emission and carrier
density fluctuations [24], laser sources exhibit a (normalized) Lorentzian

optical power spectral density of the form:

2Aw
(Aw)2 + (w — wp)?’

P(v) = (2.41)
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where w = 27v is the instantaneous angular frequency, wg = 2w is the
central angular frequency, Aw = 2rAv, and Av is the full linewidth at half

maximum [24, 97], expressed in Hz. The electric field in the time domain is:

100
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S,
Z
on 40
—— Total SNR
20 Pin /Pn thermal
== == Pin/Pnlaser
Pin /Pn shot
—qOO -80 -60 -40 -20 0 20

Pi, [dBm]

Figure 2.9: Signal-to-noise ratio (SNR) of various noise components (thermal
noise, laser noise, and shot noise) and total SNR as functions of input power,
for a photodetector with the parameters shown in Table (see legend for
proper identification).

Ein(t) = Ege?otH0(), (2.42)

where 9(t) is the stochastic phase variation, and Eg is the electric field
modulus. It is possible to characterize the behaviour of this field using its

normalized autocorrelation function [99]:

Cer(Tr) = EQ)E (t+Tr)"/|E(t)?, (2.43)

where the upper bar denotes time averaging, the asterisk (*) represents the

complex conjugate, and Tg is the correlation time shift. As thoroughly
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Table 2.3: List of Simulation Parameters

Parameter ‘ Symbol Value ‘ Units
General parameters
Light speed in vacuum c 3 x 108 m/s
Temperature T 298.15 K
Photodetector
Input power P; —100 to 20 | dBm
Responsivity R 0.85 A/W
Quantum efficiency n= ffg 0.6813
Integration time TPD 50 ms
Bandwidth B, = 50— 10 Hz
Thermal noise power P, 2.182 fW
Noise Figure F 1 (ideal)
Dark current Lyork 0 (ideal) mA
Laser
Free space wavelength Ao 1.55 pm
Relative Intensity Noise RIN —145 dB
Output power P, —100 to 20 | dBm

described in [96, 97], taking into account that the time average of the au-
tocorrelation function and the normalized power density spectrum form a
Fourier transform pair, and considering the phase noise ¥(t) to be an er-
godic random process, it is proven that the variance of the phase fluctuation
is proportional to the spectral width, and it is possible to obtain the two

following equations:

Cpp(TR) = /0 Tre=2mAVITr|, (2.44)

ei0(t=Tr) e=9(t) = = 27AVTR (2.45)

Recomputing the fields at the through- and drop-port of the resonators
shown in Fig. now in the form of the time average of infinite summa-
tions of time-dependent round-trip field components, after proper algebraic

manipulation and using Eq. (2.45) under the assumption of phase noise
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ergodicity [96, 97, 99], we have, neglecting ILs:

K2t,7)2G
t2 — 2Wcos(¢p) + W2(k2 +1) + (rateT)’G lb)
[1—2Wcos(¢) + ¥?] ’

|So1|* = (2.46)

KZKIT G
D |1—2Wcos(¢p)+ P2

|Su|* = (2.47)

where the detuning ¢ is now expressed in the time domain, as ¢ = woTr £
ﬁf\?, Tr is the resonator roundtrip time, ¥ = YTe 272"k D =1 — Y2 and
G =1 — W2, Notice the intentional use of T for both the roundtrip time
and the phase noise autocorrelation timeshift in Egs. through .

The spectral slopes are then:

9|Sa1|> =2V [(ty7)*k3G + D (k202 + 2 — 1) ] sin(¢)

¢ D1+ 02— 20 cos(¢))? (2.48)

OlSul*  —2r2k;TVG sin(¢)
8¢ D[l + W2 —2Wcos(p))*

(2.49)

In the ideal case (Av — 0 Hz), ¥ — T, G — D, and Egs. through
become their phase-noiseless counterparts, obtained in Sections
and U decays exponentially as the product Av - T grows, and thus
the effect of the linewidth can be regarded as a flattening of the spectrum,
as exemplified in Fig. [2.10. Notice that the difference between the spectra
and slopes for Av = 0 Hz (ideal) and Av = 100 kHz (nominal linewidth
for an Agilent 81682A tuneable laser) is negligible for the selected length of
~ 2.8 m, while the maximum slope for Av = 2.5 MHz is only ~ 50% of the
ideal value. Since the argument of the exponential includes both Avr and
TR, the longer the resonator, the smaller the linewidth must be. This is why
interferometric fiber gyroscopes with several meters in length require lasers
with sharp linewidths. The narrow linewidth requirement is less stringent as
the resonator length decreases, but so does the Sagnac effect in a quadratic

law with length, and thus the resolution can be severely hindered for too
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small a length.
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Figure 2.10: Normalized spectrum and its first derivative as a function
of normalized detuning, all-pass configuration, for agg = 0.06 dB/cm,
Lopty, o = 2.78 m, and r, = 0.805, for three different linewidth values.
Notice how the curves for Av = 0 Hz and 100 kHz are practically identical.

Fig. shows the normalized resolution (considering also amplitude
noise, section as a function of normalized length for the aforemen-
tioned linewidth examples, for Locally-Optimized, under-Coupled rings (LOC,
see Section. As predicted by the spectra, the resolutions for Av = 0 Hz
(ideal) and Av = 100 kHz are practically the same. Only for L, > 2.5 the
difference starts to be noticeable. In contrast, for Av = 2.5 MHz the dete-
rioration is evident at all lengths, and worsens remarkably for L, > 1. The
dependence of the phase noise on the round-trip time makes the phase noise
more deleterious for smaller propagation losses, which, as will be explained
in Section allow for larger values of Lgpg.

The present work focuses on chips with Lyax chip &~ 114 mm, twenty
times smaller than the length considered for Figs. and This
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Figure 2.11: Normalized resolution as a function of normalized length for all-
pass (solid) and drop (dashed) configurations, using the parameters shown
in Table with the laser linewidth, Av, as a parameter.

means that the linewidth Av = 100 kHz of our chosen tuneable laser source
(Agilent 81682A) will produce negligible deterioration. Hence, from now on

phase noise is neglected unless stated otherwise.

2.3.7 Resonator Gyroscope Resolution Estimations

From Egs. (2.24) and (2.25), assuming lossless coupling, the photocurrents

for the through- and the drop-port are, respectively:

t2 — 2Ycos(p) + tir?

io1 = ip|Sar|® =i 2.50
2 D‘ 21‘ DCIL21 [1 - 27 COS((b) + T2] ( )
3 . 3 I€2I€2T

in =ip|Sul® =i v (2.51)

P CrLar [ — 27 cos() + 12
where Cip,91 and Cip 4y represent the ILs of the through and drop port con-
figurations, which are considered different due to the use of circulators or
Y-branches for the former. When the intensity of the light source fluctuates

due to noise, this cannot be distinguished from a variation in intensity due
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to rotation. In order to estimate the minimum detectable angular rate, the
uncertainty in light intensity (or in photocurrent) has to be translated to an

uncertainty in the phase shift 6¢ = * where i is the noise rms current and
ip 0]S21|?
Cuar 99~ 2nd

m is the slope of the current—phase curves, given by m =

— _ip 8\S41|
Crrar

Assumlng a constant resonator length and for simplicity, an invariant

for the through and the drop ports, respectively.

wavelength, for each of the counter-propagating beams we have:

2
5o = L—)\AQ 5¢ = @@ (2.52)

Using both counter-propagating beams, the resolution for the through port

is:

cA CﬁLglél

|61 | = 5L2 . OSaP’ (2.53)
iD= 95—
and for the drop port is:
CA CHL4151
1001l = 55 e (2.54)
iD= g4~

2.4 Resonator Parameter Optimization

2.4.1 Local and Global Optimization

For any given propagation loss value «, the values of L, ¢, x; and k, can
be optimized for maximizing the products %LQ and 8";7‘;”2L2, thus ob-
taining the global minima of Egs. and (2.54)), respectively. On the
other hand, CIL& depends on the 1nput power and the ILs. Fig. shows
the effect of ILS on the resolution. The optimum parameters remain the
same, but the increase of Cpy, produces an exponential deterioration of the
resolution.

The ILs depend on the light injection/probing methods. In the present
work, an intrinsic IL of 3 dB will be considered, consistent with low-IL

grating couplers. This is a relatively low, and yet conservative theoretical
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Figure 2.12: Optimum angular rate resolution as a function of the insertion
loss, ILgp, for optimized all-pass (solid) and drop (dashed) configurations,
for two different values of propagation losses.

level, considering that the lowest IL reported are in the order of 1 dB, for
apodized grating couplers [87]. The use of Y-branches as an in-chip al-
ternative to circulators increases the insertion loss by ILy ~ 4 dB [105].
Optical PM fibre 1550-nm circulators offer smaller ILs than Y-branches,
(e.g., I L¢ire = 1.5 dB, AC Photonics PMOC315P), but have the disadvan-
tage of not being integrated on the chip. Therefore, the total ILs for the
all-pass and the drop-port cases will be considered to be I Ly = 7 dB and
ILp = 3 dB, respectively, unless explicitly stated otherwise.

Fig. shows the resolution |§€2|, in deg/s, as a function of L for three
propagation loss values, assuming the noise parameters of Table and
P;, = 0 dBm, for all-pass and drop-port configurations. For each agg and
each port configuration, the optimum values Lopt, Gopts Ka,, and Kbop WeTE
numerically found to obtain the global minimum of |6Q|, and then L was
varied, while the other parameters remained constant. Despite their greater
IL levels, all-pass resonators perform better than drop-port resonators.

It is possible to observe that Lqp is larger for smaller propagation losses.

For every value of «, [0921|min < |0€241|min, by approximately one order of
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Figure 2.13: Angular rate resolution as a function of resonator length for the
all-pass (solid) and drop port (dashed) configurations of racetrack resonator
gyroscopes, for three different values of propagation losses. In all cases, the
parameters ¢ and k are fixed at their global optimum values.

magnitude. In all cases, for L > Lgp the resolution deteriorates very
rapidly as L increases (notice the graphic has a logarithmic scale and yet
the plot describes an exponential curve). This is explained by the fact that
the Sagnac effect is proportional to the area of the resonator, (i. e. oc L?),
whereas the propagation losses increase exponentially with the length, (i.e.,
o e? Z@ili) - As previously mentioned, the deterioration of the resolution
for L < Lopicc is due to the decrease of the Sagnac effect phase shift for
smaller resonator lengths.

Fig. properly depicts the abrupt deterioration of the resolution for
lengths beyond each optimum length L.y;. However, the Figure can be
misleading if one observes the sensitivities for small lengths: For each prop-
agation loss value, the global optimum values of ¢, k., and k; are found

and remain constant as L is varied. Therefore, at short enough lengths for
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2.4. Resonator Parameter Optimization

each value of «, the unvaried values of coupling and detuning (not optimal
at such a length) allow for better sensitivities in the drop-port configura-
tion instead of the all-pass configuration, incorrectly suggesting that higher
values of « allow for better resolutions at short lengths. This is due to the
fact that for each propagation loss value, the globally optimum values of ¢,
Kp, and Kk, were kept constant, and thus they yield resolution minima only
at each Lopi. In order to achieve the best possible resolution for particu-
lar values of propagation loss a and arbitrary length L, it is necessary to
maximize the products L28|g72¢}|2 and L2a|(597‘(‘;|2, for the all-pass and the drop
configurations, respectively, in terms of the variables ¢, ko, and kp.

Figs. 2.14(a) and [2.14(b)| show the resolution for the all-pass (solid) and
the drop-port (dashed) configurations, with agg = 0.06 dB/cm, for two
different cases: 1) OC, local optimization (LOC) of ¢, k, and k; at each
value of L (bottom line); and 2) OC, with ¢, k; and thus k, fixed at their
global optimum values (GOC, top, black line). The latter are the same black
curves shown in Fig. For the sake of image clarity, only the plots for
agp = 0.06 dB/cm are shown, but the trend is similar for different prop-

agation loss values. For either configuration, LOC rings offer considerably
better resolutions than their globally optimized counterparts.

Figs. 2.14(c)| and [2.14(d)| show respectively the all-pass and the drop-
port coupling coefficients k, and x; for each ring configuration. For the
all-pass cases, (Fig. , kp = 0 so it has been omitted in the plots.
From Fig. it is possible to conclude that the LOC for the drop port

configuration is symmetric. Figs. [2.14(e) and 2.14(f) show the normalized

detuning for each case, for the all-pass and the drop-port configurations,
respectively. The optimum values of ¢ for the drop port are always larger
than their through-port counterparts for a given length, and in all cases,
¢ — 5 as L — oo.

Table summarizes the global optimum (GOC) values of resolution,
resonator length, coupling coefficients and normalized detuning for propa-
gation loss values of agg = 0.06 dB/cm, 0.12 dB/cm, and 3 dB/cm, for
all-pass and drop-port configurations. The GOC values of xk,p and ¢ are

the same for all values of «, and the product aLep; is a constant for the
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same port and coupling conditions. As can be observed in such a table, the

all-pass configuration always offers the best resolution.

Table 2.4: Global optimum parameters and resolutions for different port
configurations and losses

Doramaies @B 11006 dB/cm| 0.12 dB/em | 3.0 dB/cm
afm™!] 0.69 1.382 34.5
All-pass, GOC, ILy =7 dB
169 [deg/s] 2.1x 1073 | 842 x 1073 5.26
Lopt [m] 2.77 1.386 55.5 x 1073
Ka opt 0.805 0.805 0.805
Gopt /T 0.393 0.393 0.393
aLopt 1.915 1.915 1.915
Drop port, GOC, ILp =3 dB
169 [deg/s] 13x 1072 | 52.3 x 1073 32.6
Lopt [m] 1.263 0.63 25.3 x 1073
Ka opt 0.779 0.779 0.779
Kb opt 0.779 0.779 0.779
Gopt /T 0.336 0.336 0.336
aLopt 0.871 0.871 0.871

Fig. compares the resolutions for LOC all-pass and drop-port res-
onators as a function of the normalized length L, = L/Lgp, for the three
values of o in Table LOC all-pass rings offer the best resolution for any
particular propagation loss value, by approximately one order of magnitude
at all lengths, in comparison to the drop-port LOC configuration.

The deterioration of the resolution due to length variations is less tolerant
for larger propagation losses, as the values of Ly, shown in Fig. , and
the values of [0€2|,p¢, shown in Fig. , are considerably smaller and larger,
respectively.

Materials with smaller propagation losses can achieve considerably better
sensitivities: as shown in Fig. [2.16] if the average propagation loss decreases

below 1 dB/cm, there is an abrupt enhancement of both the resolution and
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Figure 2.15: Resolution for LOC resonators as a function of normal-
ized length, L,, for all-pass (solid) and drop port (dashed) rings, for
agp1 = 0.06 dB/cm, agpz = 0.12 dB/cm and agps = 3 dB/cm. Loy
is different for each value of @ and port configuration, as shown in Fig. [2.16]

= All-pass, LOC
5.00

1.00
0.50

I—opt [m]

0.10
0.05

0.01

0.5 1.0 15 2.0 25 3.0
Ogg [dB/cm]

Figure 2.16: Optimum resonator length Loy as a function of average waveg-
uide propagation loss agp for the through (solid) and the drop (dashed) ports
of LOC ring resonators. The value of Ly is IL-independent.
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Figure 2.17: Optimum resolution as a function of average waveguide prop-
agation loss agp [dB/cm] for all-pass (solid) and drop (dashed) LOC ring
resonators.

the optimum length value, as can be concluded from the exponential shape
of the plots in both figures for agg < 1 dB/cm, in spite of the fact that

both plots are already in a log-log scale.

2.4.2 Chip-Sized vs. Globally-Optimized Gyroscopes

Based on the constant « - L products for GOC (see Table and the max-
imum on-chip resonator length, Ly ax chip = 114 mm, the largest permissible
average propagation losses for the all-pass and drop-port configurations are
Q4B maxap = 1.46 dB/cm and agp maxa1 = 0.66 dB/cm, respectively. Ta-
ble compares the resolutions of chip-sized ring gyroscopes for different
values of agp, and Table shows the optimum resolutions and lengths for

the same values of agg.

2.4.3 Target Applications

Table [2.7, adapted from [143] following the formulae derived in [139], sum-

marizes the resolution requirements for three existing standard gyroscope
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Table 2.5: Resolutions for LOC resonator gyroscopes with L = L,ax chip

0| [deg/s
s [dB /] 1992 [deg/s] All-pass | Drop
0.06 0.0234 | 0.0619
0.12 0.047 0.128
0.66 (4B max41) 0.314 1.60
1 0.595 5.37
1.2 0.844 10.56
1.46 (4B maxAP) 1.25 25.1
3 16.91 4133

Table 2.6: Optimum resolutions and lengths for GOC resonator gyroscopes

Param. All-pass Drop
aan 09 [°/s] | Lopt [m] | [0 [°/s] | Lopt [m]
0.06 dB/cm 0.0021 2.78 0.013 1.262
0.12 dB/cm 0.0084 1.386 0.052 0.63
0.66 dB/Cm 0.258 0.251 1.60 0.114
1 dB/cm 0.585 0.166 3.63 0.075
1.2 dB/cm 0.843 0.139 5.22 0.063
1.46 dB/cm 1.25 0.114 7.72 0.0518
3 dB/cm 5.26 0.0555 32.6 0.025

grades. It is possible to conclude that if agp is in the range of ~ 0.7 to
2 dB/cm, resonators with lengths in the range of Lyax chip would achieve
resolutions appropriate for tactical- and rate-grade applications.

Table 2.8 compares the performance of commercially available MEMS
gyroscopes from Analog Devices (A.D., [37]), Melexis [2], and ST Micro-
electronics (STM, [117]) against the theoretical performance of LOC optical
resonator gyroscopes.

One can see that the propagation losses are the critical parameter that,
if properly dealt with, allow optical gyroscopes to offer similar resolutions

to those of commercially available devices for rate- and tactical-grade appli-
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Table 2.7: Resolution requirements for different classes of gyroscopes

Rate grade | Tactical grade | Inertial grade
1082 [°/h] > 300 30 to 300 <1

Table 2.8: Comparison with commercially available gyroscopes

Device 1092 [deg/s] Grade
A.D. ADXRS450 0.14 Rate
STM L3G3250A 0.18 Rate
Melexis MLX90609 0.30 Rate
AP ring, 1 dB/cm, 0.595 Rate
Lmax chip
AP ring, 0.06 dB/cm, 0.0234 Tactical
Lmax chip

cations. If properly integrated with the light source and readout circuitry,
these optical gyroscopes would then have the advantage of a longer lifetime
thanks to the lack of moving parts. As previously stated, the use of a rect-
angular reticle will worsen by ~ 22% the value of the resolution, but this

does not affect the target application grades for these devices.

2.4.4 Design Robustness

Based on the model developed so far, it is possible to vary some of the pa-
rameters and observe their impact on the resolution. In this way, parameter
spread ranges can be defined, to assess the effect of possible variations in
tuning and fabrication conditions. Thus, the 3-dB bandwidths AL, A¢ and
Ax will define ranges for such parameters around their optimum values,
within which the resolution deteriorates by a factor of two.
Fig. shows a plot of the normalized resolution, [6Qnorm| = [6€2/0Q0pt],

as a function of the normalized length L,, = L/Lqp; for the all-pass (solid)

and drop-port (dashed) configurations of LOC resonators. Due to normal-
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Figure 2.18: Normalized resolution [0Q|norm versus normalized length
L, = L/Lpy for all-pass (solid) and drop-port (dashed) LOC resonators.
Due to normalization, all plots coincide for all values of o and are IL-
independent.

ization, these plots are valid for all values of «, and they are independent of
the value of IL. The 3-dB-cutoff normalized lengths for through- and drop-
port LOC resonators are shown in Table These normalized cutoff values
are all the same for all values of a. However, smaller propagation losses will
allow for more flexible design constraints, as Lopt increases considerably for
decreasing values of «, as shown in Fig. 2.16]

Fig. shows the optimum values of the coupling coefficient, k, as a
function of the normalized length L, for all-pass (solid) and drop (dashed)
LOC resonators. It also shows contour plots of the values of k at which
the resolution is two times (3-dB) and four times (6-dB) worse than the

optimum resolution for each port.
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Table 2.9: 3-deciBel cut-off normalized lengths and length bandwidth for
LOC resonators

Port
Parametor All-pass | Drop
Litow 0.30505 | 0.2869
Ln high 2.1502 | 2.2719
AL, 1.84515 1.985
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Figure 2.19: Global optimum values (stars), locally-optimized (LOC, solid),
3-dB (dashed), and 6-dB (dash-dotted) contour plots for the coupling coef-
ficients of all-pass (k,) and drop-port (K, = Kjp) resonators, as a function of
the normalized length L,, = L/Lqp. Due to normalization, all plots coincide
for all values of v and are IL-independent.

In all cases, ¢ is locally optimized, to emulate the the fact that in any
experiment, the user would still tune the wavelength of the light source in

the best possible way, despite the imperfections of the fabricated device.
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Figure 2.20: Global optimum values (stars), locally-optimized (LOC, solid),
3-dB (dashed), and 6-dB (dash-dotted) contour plots for ¢/, as a func-
tion of the normalized length L,, = L/Lep, for all-pass and drop-port res-
onators. Due to normalization, all plots coincide for all o values, and are
IL-independent.

Both k, = kp are detuned simultaneously for the drop port, as in reality,
fabrication errors and tolerances affect both coupling regions.

Fig. ShOWS the optimum values of the normalized detuning, ¢, = ¢/,
as well as 3- and 6-dB contour plots for ¢,, versus the normalized length L,,.
Once again, the largest tolerance occurs for values in the vicinity of L,, = 1.
As expected, these contour plots are independent of o and IL. It is possible
to notice that in all cases, the detuning bandwidth favours the region towards
smaller lengths, consistent with the smaller deterioration rate for L, < 1
shown in Fig. [2.18. The farther from the optimum point, the smaller the
range within which the coupling coefficient and detuning can vary.

Fig. shows the resolution as a function of propagation loss for an
all-pass (solid) and a drop-port (dashed) ring gyroscope, each optimized for
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Figure 2.21: Resolution vs. agp for an all-pass (solid) and a drop-port
(dashed) resonator gyroscope optimally designed for agg = 1 dB/cm.
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Figure 2.22: Optimized detuning as a function of agp for an all-pass
(solid) and a drop (dashed) resonator gyroscope optimally designed for
adqB = 1dB / cim.
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a propagation loss agg = 1 dB/cm. In each case, L = Lopt and kg p = Ka,bopt
since after fabrication, only the detuning can be optimized, as shown in Fig.
As a result, it is noticeable the greater deterioration for increasing
propagation losses in comparison to the trends shown in Fig. [2.17, and even
though the resolution is better for decreasing propagation losses, there is a
value (agp ~ 0.1) below which the sensitivity actually starts to deteriorate

for the all-pass configuration, due to the fixed length and couplings.

2.4.5 Predictions with Experimental SNRs

In the previous sections we have assumed a close-to-ideal SNR. Here, we
look at the impact of lower SNR values on the gyro resolution. For the all-
pass resonator case, by substituting the expression Crr21ip/di in equation
|) with the signal to noise ratio, SNR = 105NRaB/10 e have:

cA 1

0001 = —— = on
|S21 2
21,2 82;)1 SNR

(2.55)

Figure shows the best theoretically achievable resolution as a func-
tion of SNR, for two resonators of identical length, L = 114 mm, but differ-
ent propagation losses. The resonator geometry used for this modelling is
consistent with the design described in Section with 200 pm-long linear
tapers for SMWG to MMWG conversion. For both resonators, the length
iS Liax chip = 114 mm, with an SMWG length fraction of 0.1%. The prop-
agation losses for rib and strip SMWG are considered to be 1.4 dB/cm [15]
and 2 dB/cm [78], respectively. The rib MMWG propagation losses used
for the first resonator (dashed curve) are 0.026 dB/cm [78], whereas, for the
second resonator (solid curve), a value of 0.085 dB/cm is used, based on
our experimental results [56]. In practice, the SNR can be estimated based
on time-domain experimental data, by calculating the ratio of the mean
photodetector power divided by its standard deviation, as shown in Section
13.4.3l

Phase modulation techniques, primarily intended for frequency tracking,

should be used in order to reduce undesirable effects produced by backscat-
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Figure 2.23: Angular speed resolution as a function of SNR for two all-pass,
large-area resonators, both with 114 mm in length, and MMWG propagation
losses of 0.085 dB/cm (solid curve) and 0.026 dB/cm (dashed curve).

tering. Otherwise, the contribution of backscattering to the overall res-
olution error can be significant, if not dominant [27]. Frequency tracking
can be achieved by acusto-optic modulation [30), 45, 46] or phase modulation
[62,118]. Since silicon photonic waveguides have a smaller cross-section than
low-contrast waveguides and optical fibres, their backscattering level is con-
siderably greater. This is exacerbated for small cross-section SMWG wires,
as surface imperfections are the source of propagation loss and backscatter-
ing, contributing to backscattering levels in the order of —30 dB, according
to the literature [92].

In the specific case of SOI devices interrogated via grating couplers, de-
pending on the grating coupler designs one can expect backreflections at the
fibre-coupler interface ranging from —30 dB to —16 dB [136, 138]. These
backreflections, if not phase-modulated, will produce undesirable interfer-
ence with the light propagating in the same direction. Also, due to the
smaller size of the SOI chips, the roundtrip time is much shorter than that
of optical fibre gyros, and despite their high Q factors, the frequency shifts
required for appropriate frequency tracking (in the order of hundreds of

MHz) pose challenges for large ramp signal generation.
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2.5 Phase Modulation Requirements

The reason for requiring frequency tracking techniques for enhancing sensi-
tivity is the minute order of magnitude of the wavelength shift due to the
Sagnac effect, which is, in general, too small a change to track based solely

on amplitude measurements. From equation (2.19), at resonance we have:

2mne(No) L N L2Q)
)\0 CAO ’

Gres = 2Mm = (2.56)
where the integer M denotes the optical resonator mode. At rest, this num-

ber can be obtained as:
_ neH(Ao)L
Ao '

For an arbitrary angular speed, the resonance wavelength for mode number

M (2.57)

M will undergo a shift, depending on the propagation direction of the light,
given by:
)\0 new — )\0 + . (258)

The second term in equation is a very small quantity, especially for
small footprint resonators. As an example, let us consider a resonator with
a length L = 37.7 mm, A\g = 1550.2 nm, ner(Ag) ~ 2.83, and ng(Ag) ~ 4,
consistent with a 12-mm diameter resonator design in an SOI chip. Then,
M=68833 (rounded to the nearest integer). For an angular speed of 1 dps,
the resonance wavelength shift for each beam is d\g ~ 1.353 x 10719 m.

The total resonance wavelength difference is thus A\g ~ 2.7 x 1077 pm,

equivalent to a frequency difference Af = | — cf;‘ ~ 34 Hz. This result
0
is consistent with the expression in the literature for the total frequency

difference due to the Sagnac effect [46]:

4AQ

Al=3p

(2.59)

where A denotes the area within the resonator, and P its perimeter. The
frequency shift can be considered to vary linearly with angular speed. For

a shot-noise limited system, the resolution for an optical gyroscope is given
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by [22, 45, 107]:
wec | 2cBhChy,

=0\ R

(2.60)

where Py, is the optical input power and Cfy, represents the insertion losses.

As previously mentioned, if shaped as a rectangle rather than a circle,
the resonator aspect ratio will reduce the enclosed area, thus affecting the
gyroscope resolution. Considering these small frequency shifts, relying ex-
clusively on amplitude techniques can render the device insensitive to small
angular speeds, especially considering waveguides with high backscattering
levels. Backscattering in optical fibres and waveguides has been studied for
several years [10, 76, 89, 90, 92, 98], and is an important if not dominant
error source in passive resonator-based optical gyroscopes [67, 71, 82, 124].
In order to reduce its effects and achieve shot-noise limited performance,
fibre optic gyroscopes typically use frequency-domain techniques for track-
ing the resonance of each counterpropagating light beam [63, 82, 120, 121],
and read out the angular speed of the device based on the frequency differ-
ence between these two signals. The first techniques used for this purpose,
based on frequency shifting using acusto-optic modulators (AOMs), were
implemented in optical fiber gyroscopes with spool lengths of the order of
hundreds of meters [31], and in fibre resonators with lengths of the order of
1 meter [46]. However, due to inherent AOMs disadvantages such as bulk-
iness and unintended intensity modulation, integrated-optics phase modu-
lators have been preferred for frequency tracking and feedback techniques
[62, 118]. The phase modulation implementation known as the serrodyne
modulation technique [62] consists of creating an alternating frequency shift
in the optical signal by driving the phase modulators with ramp functions
of constant amplitude and two alternating frequencies.

Figures and illustrate the principle of operation of serrodyne
phase modulation for a passive resonator optical gyroscope, described as well
in [62, 118]. As shown, we assume that the optical gyroscope shown in Figure
rotates in CCW direction. The optical signal of a tuneable laser source
is equally split at the 50/50 polarization maintaining beam splitter. Each
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beam is then phase modulated by separate phase modulators, each fed with
frequency-modulated ramp signals of constant amplitude V), = 2V, where
V: is the half-wave voltage of the phase modulators. As previously explained,
the corrotating (CCW) light, detected in Photodetector 2, experiences an
effective elongation of the resonator due to the Sagnac effect, so it is retarded
in phase. Its resonance wavelength is increased, or equivalently, its resonance
frequency is decreased by an amount given by Eq. .

The laser wavelength, Ajqser should be initially tuned at a value slightly
greater than the resonance at rest, so that its frequency, figser, 1S tuned
below resonance. The lock-in amplifier LIA 1b is used to tune the laser
frequency to track the CCW resonance. Phase modulator 1 is driven by
serrodyne ramps with alternating frequencies f; and 2f; for equal periods.
The value of f; depends on the finesse of the resonator, and is usually
on the order of hundreds of MHz. The driving signal is switched between
frequencies f1 and 2f; at the lower frequency fs1, which is on the order of
kHz. Therefore, the optical frequency switches symmetrically at a (slow)
frequency fs1 around the optical frequency figser + % f1. If such a frequency
does not exactly coincide with the CCW resonance, the photodetector PD2
creates rectangular pulses of frequency fs1. This frequency is used as the
reference frequency in the lock-in amplifier LIA 1b, which creates a feedback
signal Vi1 whenever the amplitudes at points B and C in Fig. are
different. This feedback signal is used to adjust the laser frequency. When
the laser is perfectly tuned, the amplitude at both points B and C in figure
2.25]is exactly the same, which implies that the photodetector PD2 produces
a pure DC output, and thus Vi is zero. The lock-in amplifier LIA 1a
corrects for imperfections in the serrodyne amplitude (i.e., deviations from
2V,), which generate exponentially decaying pulses at the frequency of the
serrodyne signal being generated [118], in this case, either f; or 2f;.

On the other branch, the counter-rotating (CW) beam, detected in pho-
todetector PD1, experiences an effective shrinkage of the resonator length
due to the Sagnac effect, so it is enhanced in phase. As its resonance wave-
length is shortened, its resonance frequency is increased. Thus, the phase

modulator PM2 must apply a frequency fo, slightly greater than f;, in order
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to track the CW resonances rising edge, depicted by point D in Fig. [2.25
The ramp frequency is switched between fo and fo + f1 at a slow frequency
fs2, for tracking the resonance in a similar way to the CCW case. If f5 is
improperly tuned, PD1 produces a rectangular wave output of frequency
fs2, which is also the reference frequency of the lock-in amplifier LIA 2b,
thus producing a strong error signal Vo, used to adjust the value of fy until
the amplitudes of points D and E are the same. The lock-in amplifier LIA
2a corrects for amplitude imperfections to achieve a voltage excursion of

exactly 2V .

57



3G

sin(2r fat)

opto- mechanics

On-board

LIA1b ¢
Vawgt Arbitrary Waveform Generator 1
: 1
hi=7 fi=2h
Ty =+
‘ fs1 - Ay
ﬁ} fsl = ﬁ,[\f >1
2 2
v
T tis Photo-
i n=3 sl detector1 [ ]
P3c1
Vip T
- Phase Modulator 1 Pl S
50/50 Pol. Maint. ase >
Tuneable Fibre Spliter I v \./PZ“ |
Laser Source
— Phase Modulator 2 ? ? P22
= Ple
P3c2 l
Photo-
detector 2
Vawgz Arbitrary Waveform Generator 2
1
f=1t
T, — 1 r— f 4+ f Feedback for V,
2= 7 f3 f: ; 2 e amplitude [ LIA2a [¢
" —_ 1
% % T, = T Ty
Feedback for f, |, Vo
o LIA2b [«

On-board opto-mechanics

Al It
i
-
l
T
|-

| Rotary platform

Figure 2.24: Frequency tracking using serrodyne phase modulation.

syuowraIbay] uoryeMpoy 9seyJ ‘G'g



2.5. Phase Modulation Requirements

fB=fa=h ‘

Afsagnac = f2 = Ji=[fp— [

Frequency
A flaser
B fIaser"'fl
C fIaser"'2f1
D fIaser"'fz
E

flaser+f1+f2

\

Co-rotating (red shift) 1
Resonance at rest
Counter-rotating 1
(blue shift)

Figure 2.25: Resonance frequency tracking using modulation techniques.

59



Chapter 3

Design Process

During this work, cycles of device design, fabrication, characterization, and
critical evaluation were conducted iteratively, in order to identify problems,
envision approaches to solve them, and derive conclusions that lead to im-
provements for the next device generation. This iterative process also in-
volved the creation and evolution of the experimental setups used to char-
acterize the devices.

Taking into consideration that UBC does not currently have a CMOS-
compatible nanofabrication facility capable of creating SOI devices, all our
designs were submitted for fabrication as part of multi-project wafer (MPW)
shuttles to various foundries around the world, such as the Interuniversity
Microelectronics Centre (IMEC), in Belgium, the Institute of Micro Elec-
tronics (IME), in Singapore, and the Micro and Nanofabrication Facility at
the University of Washington (UW), in the USA. Each of these foundries
has its own design specifications, rules, and fabrication technologies. Thus,
the time from design to measurement and evaluation could range from a few
months to a year.

This chapter will guide the reader through the iterative process, stating
for each cycle the initial objectives, the device designs, the device character-
ization, the evaluation of the results, the difficulties encountered along the

way, and the improvements planned for the next cycle.

3.1 First Design Cycle

The main objectives during this cycle were the creation of large resonators
and test structures for determining insertion and propagation losses, as well

as the design and assembly of a characterization setup. The first devices
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3.1. First Design Cycle

were fabricated using an IMEC epixFab process, based on 193-nm deep ultra-
violet (DUV) lithography, to fabricate air-clad strip waveguides with heights
of 220 nm, on SOI wafers with a 2 pm-thick buried oxide layer (BOX). The
SOI wafers were diced into chips arranged in a number of columns and rows,
as depicted in Fig. [3.1]

Rows
4 -3 -2 -1 0 1 2 3 4

Columns
AW N RFP O A N b A

Figure 3.1: Wafer dicing schematic. Chips are identified according to their
position in the row and column pattern.

The UV illumination dose for each column was intentionally varied, to
produce waveguide width and gap variations for devices located in different
columns across the wafer. Chips from various columns were then shipped to
each participant in the MPW shuttle.

3.1.1 Layout Design

IMEC provided the grating coupler (GC) design to interrogate the devices.
Each GC required a 1 mm-long linear waveguide taper. Since in practice
optimal coupling conditions would be difficult to achieve due to fabrication
imperfections, a methodology of parameter variation was adopted for our
mask design. In order to vary the coupling to the various resonators studied,
the gaps in the WDCs were varied between 150 nm and 450 nm, while the
WDC lengths were fixed at L. = 10 pm.

61



3.1. First Design Cycle

The multi-user nature of the MPW required the designs to be space-
efficient and rectangular, rather than circular, in order to efficiently frame
devices designed by other users. Figure [3.2] shows a panoramic view of the
large resonator designs, and a zoom-in to a subset of them. Nested sets of
rings were created using single-mode (SM) strip waveguides. Their lengths
ranged from 3 to 33 mm, with their aspect ratios dictated by the available
layout space. To vary the amount of coupling to the resonators, the WDC
gaps were varied as described above.

For the sake of space efficiency, and due to the considerable length of
the GC tapers, both the input and the output GC for each resonator were
oriented in the same direction, as shown in Fig. However, this
proved to be a difficulty with regard to interrogation, as the dimensions of
the fibre holders and positioning opto-mechanics prevented the fibres from

being located on the same side of the chip in close proximity (see Fig. .

=
-

7T
L

(b)

Figure 3.2: (a) First device layout panoramic schematic and (b) Zoom-in
to top left nested rings. Text tags are only shown for illustration purposes.

62



3.1. First Design Cycle

Waveguide Parameters

Theoretical estimations of the effective and group indices for these waveg-
uides were also necessary in order to estimate resonator parameters such as
Q and FSR, as well as cross-over length values for the WDCs. The effective
and group indices for different air-clad waveguide geometries were obtained
using MODE Solutions™ eigenmode solver. Figure shows the TE
mode profile for a 500-nm wide, 220-nm tall strip SMWG. The effective and
group indices for this waveguide were obtained using five equally spaced
wavelength values, and curve-fitted using a third-order polynomial model.
Fig. shows the resulting polynomial curve-fits for the effective and
group indices. The values of the effective and group indices at A\g = 1550 nm

are neg = 2.3826 and ngy = 4.3547, respectively.

4.5

— g fit

n (A )=4.3547
i * 140
ar n fit ||
g9
% n ()
3.5r 4
1 c
0.4
0.8 al
£ 0.2] 0.6
=
=~ 0 04 25 Ny0)=23826
-
0.2
-0.2
, ‘ ‘ ‘ ‘ ‘
-0.5 0 0.5 0 15 1.52 1.54 1.56 1.58 1.6 1.62

X (um) Wavelength [um]

(a) (b)

Figure 3.3: (a) TE mode profile for a 220-nm high, 500-nm wide, air-clad
strip SMWG. (b) Effective index (green) and group index (blue) curve-fits.

The effective indices for two-waveguide systems with varying gaps were
obtained for discrete wavelength values and curve-fitted, as shown in m
for 500 nm-wide strip WDC. Using these curve fits and equation the
cross-over lengths, Lg, for WDCs with various gap values were obtained as a
function of wavelength, as shown in Fig. Table shows theoretical
values of Lg and x for WDCs with constant length L. = 10 pm and various

gap values, used in various resonator designs.
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Figure 3.4: (a) Effective indices for the even (solid) and odd (dashed) modes
for WDCs made with 500-nm wide, strip SMWGs. (b) Corresponding WDC
cross-over lengths as a function of wavelength.

Table 3.1: Parameters for WDCs made with 500-nm wide strip SMWGs,
with L. = 10 pm, at A\p = 1550 nm.

Gap nm] | Lg | k(Lc, o)
150 32.5 0.465
200 51.52 0.3
250 81.4 0.192
300 128.52 0.122
350 202.88 0.077

In order to create the resonator corners, 90° waveguide bends with con-
stant radii were used. Since bend losses are greater for smaller radii, all 90°
bends were designed with a constant radius of 20 pm, in order to ensure
negligible bending losses (expected to be below 0.01 dB [13]). Table
summarizes the results of eigenmode solver simulations to assess the theo-
retical coupling between the modes of straight and bent strip waveguides,
with horizontal and vertical meshing steps dx=15 nm and dy=20 nm, re-
spectively. Other structures, such as long waveguide serpentines and small,

circular ring resonators were also created in the mask layout in collaboration
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3.1. First Design Cycle

with other group members, in order to assess SMWG propagation losses.

Table 3.2: Numerical results for mode power coupling between 500 nm-wide
straight and bent strip waveguides (R=20 pm), at A9 = 1550 nm

Straight waveguide mode

Bent waveguide mode

Coupling [dB]

Fundamental (TE-like) | Fundamental (TE-like) —0.0002

Fundamental (TE-like) Mode 2 (TM-like) —56.9
Mode 2 (TM-like) Fundamental (TE-like) —53.5
Mode 2 (TM-like) Mode 2 (TE-like) —0.005

3.1.2 Setup Design

Figure [3.5(a) shows a block diagram of the first measurement setup, which

consisted of a sweep-tuneable laser source (TLS), optical power sensors, bare

optical fibers, and manual XYZ stages for sample and fibre positioning. In

this figure, the fibres are mounted on brass fibre chucks, and these are at-

tached to XYZ stages. A sample pedestal is placed on a shorter XYZ stage,

on top of a thermo-electric Peltier cooler (TEC) set to a constant temper-
ature (usually 25 °C) using a Stanford Research Systems SRS LDC500™

36-W TEC controller [122].
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Monitor

Photo- | |
detector | !

Opto-
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Optomechanics

XYZ stage
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J—b TEC

TEC {

Controller XYZ stage XYZ stage
(a)

Figure 3.5: First characterization setup. (a) Block diagram. (b) Optome-
chanics assembly. (1) PM input fibre. (2) MM output fibre. (3) Pedestal
on XYZ stage. (4a) Fiber XYZ Stages. (4b) Fiber chuck. (5) TEC. (6)
Microscope. Image: G. Sterling.
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3.1. First Design Cycle

In the actual setup, shown in Fig. the optical signal from the TLS
was injected into the chip using a polarization maintaining (PM) fibre. The
output optical signal was collected by a multimode (MM) output fibre and
directed to a photodetector. The reason for using a MM output fibre was to
maximize the collected power. Both fibres were mounted at a 10°-angle with
respect to the vertical, in agreement with the specifications of IMEC’s 1D
grating coupler design [13]. The TLS and the photodetectors were controlled
using MATLAB™ via General Purpose Interface Bus (GPIB), to sweep
the wavelength and to record the received power. The microscope camera
images were sent to the system computer via Universal Serial Bus (USB).
All alignments were performed manually, using the microscope images as a
visual aid. The alignments were considered optimal when the power reading

at the photodetector mainframe was maximized, within a 0.1-dB accuracy.

3.1.3 Measurements

For this run, typical IL values ranged from —25 to —35 dB, with an average
IL4g =~ —30 dB). The fibre positions drifted over a period of several min-
utes. After realignment, the IL could vary significantly. This was attributed

to the fact that the alignment was performed manually.

Ring Resonators

After several modifications to the opto-mechanical setup, it was possible
to access the GCs of only some resonators on these chips. Figure m
shows the spectrum for a 3.3-mm long resonator (see layout in Fig. .
The quality factor, @), was calculated by dividing the resonance wavelength
and the FWHM at each resonance. Fig shows Q as a function of
wavelength, and its average value, Qg ~ 28000. Based on the resonator
length and the FSR value, the group index for this particular device was
ng ~ 4.086.
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Figure 3.6: (a) Drop-port spectrum for a 3.3 mm-long resonator, show-
ing maxima (red stars) and minima (green stars). (b) Q factor for each
resonance (blue) and average Q (red). (c) Resonance curve-fit. 68



3.1. First Design Cycle

The spectrum was curve-fitted using equation , considering a sym-
metrical coupled case (k, = Ky = k), neglecting coupler losses (v = 0),
and using the nominal coupling as the initial guess (Kdesign = 0.465 for this
particular device). The curve fit shown in Figure m suggests a coupling
k =~ 0.38, and a propagation loss agp =20.2 dB/cm. However, different ini-
tial guess values yielded significantly different values for coupling, propaga-
tion loss, and IL. Further tests to verify these parameters were not possible,

due to the lack of a through-port GC in these particular devices.

3.1.4 Fibre Attachment

In order to reduce the alignment variations over time, and foreseeing even-
tual rotary tests, I decided to perform fibre attachment tests with some of
the chips, using optically-transparent, ultra-violet-curable adhesives. The
DUTs for these experiments were 16-mm-long SMWG serpentines.

Firstly, in dry conditions, the input and output fibres were adjusted to a
pitch angle 0}, iy = 10° with respect to the vertical. The fibres were aligned
to the GCs of the device under test (DUT), and the spectrum was recorded.

Secondly, the fibres were raised to allow for the deposition of droplets
of Norland”™ NOA 61 UV-curable adhesive on top of the input and out-
put GCs of the DUT. The nominal refractive index of the adhesive was
calculated based on the data provided by the manufacturer, as per the
equation nge = A+ B/X2,, — C/\L . where A = 1.5375, B = 8290.45,
C = 2.11046 x 10%, and \,,, is the wavelength expressed in nm. In order to
compensate for the transmission peak shift produced by the adhesive, the

pitch angle was adjusted as follows, based on Snell’s law:

. sin(6y 43 . sin 10° o
Op glue = arcsin (ég:;:lr)) = arcsin (1'5409> ~ 6.5 (3.1)

The fibres were submerged in the glue droplets, and realigned. The inser-
tion losses in wet (uncured) adhesive showed an improvement between 5
and 6 dB. However, the simultaneous 1-minute-long curing of both adhesive

droplets produced misalignment, increasing the IL. Figure shows a com-
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3.1. First Design Cycle

parison of the spectra for a particular DUT prior to applying any adhesive
(blue), after applying the adhesive but prior to curing it (green), and after
curing the adhesive (red).

Power [dBm)|

——Before glueing. 6 _=6_ =10°
-60 ~—Uncured glue, 8, =6, =6.5°
—— After a 60-s curing cycle, 8, =6 =6.5°

_61%30 1535 1540 1545 1550 1555 1560 1565 1570
Wavelength [nm]

Figure 3.7: Comparison of spectra for a 16 — mm long SMWG serpentine
during a fibre attachment experiment.

In order to detach the fibres, it was necessary to cut the fibre tips,
dismount the fibres from the chucks, strip them, cleave them, mount them
in the chucks, and in the case of PM fibres, perform axial alignment to

ensure proper mode injection into the GCs.

3.1.5 TIteration Challenges and Conclusions

The main difficulty faced during this design iteration was the lack of through-
port output GCs for the large resonator designs. This prevented the disam-
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3.2. Second Design Cycle

biguation of experimental values of IL and coupling. No extracted parameter
values other than the FSR, ng, and Q factor could be trusted based solely on
drop-port spectra. The GC orientation in the mask layout (Fig. and
the geometrical constraints imposed by the opto-mechanics (Fig.
required modifications to reduce the distance between fibres. Therefore,
the designs for the next iteration would have the GCs facing in opposite
directions.

Due to adhesive viscosity and fibre flexibility, proper alignment of bare
fibres was considerably more difficult in the uncured adhesive than without
it. In a wet (uncured) adhesive, the fibres would not return to the same
position after equal translations in opposite directions, i.e., they showed
positional hysteresis. I also realized that samples with uncured adhesive had
to be protected from light sources other than the UV curing gun light, as
these light sources could initiate curing of the adhesive. Long curing cycles
should be avoided early in the procedure, to allow for necessary positional
adjustments. The minimum tip separation of fibres pointing in opposite
directions was affected when performing wet alignments, as the pitch angles
were closer to the vertical in that case. Finally, the fibre detachment was
a destructive procedure, and preparing the fibres for the next alignment

involved several delicate, time-consuming tasks.

3.2 Second Design Cycle

In the second iteration, one year later, IMEC offered two different fabrication
batches, one known as the standard batch, with air cladding, and another
one called the custom batch, which had a glass cladding and allowed for
greater design parameter flexibility. The glass cladding offered the advantage
of protecting the waveguides from scratches and contaminants such as dust.
Once again, the UV illumination dose was intentionally varied during the

lithography process.
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3.2.1 Layout Design

Figures [3.8(a)| and [3.8(b)| show panoramic views of the designs included on

chips with air and glass cladding, respectively. Table summarizes the
ranges of length, theoretical 7 (assuming propagation losses of 3 dB/cm),
and gap values for each resonator group. With a few exceptions, all gaps

were multiples of 100 nm, and all coupler lengths were L. = 200 pm.

Table 3.3: Length and gap ranges for various resonator groups shown in
Figure |3.8

Resonator group | L range [mm] T range g range [nm]
1 (custom) 14.27 to 16.37 | 0.607 to 0.564 | 200 to 700
2 (custom) 14.15 to 14.96 | 0.609 to 0.592 | 400 to 600
3 (custom) 16.49 to 17.02 | 0.561 to 0.551 | 150 to 700
4 (custom) 15.88 to 16.50 | 0.574 to 0.561 | 500 to 700
5 (custom) 6.47 to 7.90 | 0.797 to 0.758 | 200 to 500
A (std) 5.91 (all) 0.813 200 to 600

Waveguide Parameters

In addition to air-clad SMWG parameters, glass-clad SMWG parameters
were required. These were obtained in a similar fashion as was done for the
air-clad waveguides during the first iteration. Curve fits for the effective and
group indices for glass-clad strip SMWGs are shown in|3.9(a)| and cross-over
length values for glass-clad strip SMWG directional couplers with various
gap values are shown in Fig. Tables and show theoretical
values of Lg for various gap values, for air- and glass-clad directional cou-
plers, respectively. These tables also show the L. value required to achieve
a 50% power coupling at Ao = 1550 nm, as well as the theoretical coupling
for a fixed coupler length L. = 200 pm. By comparing these two tables, as
well as Fig. to its first iteration counterpart (Section , one can see
that the glass cladding produces an increase in neg, a slight decrease in ng,

and a decrease in the cross-over length values for the same gap.
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Figure 3.8: Second iteration mask designs (not to scale). a Standard process
(air-clad) designs. b Custom process (glass-clad) designs.

Table 3.4: Cross-over length and selected parameters at Ay = 1550 nm, for
air-clad strip WDCs with various gaps.

Gap [nm] | Lg [pm] | L.(k = \/Li) [pm] | k(L. = 200 pm)
150 46.2 23.1 0.492
200 73.6 36.8 0.902
300 180.7 90.4 0.986
400 438.7 219.3 0.656
500 1058.7 529.4 0.292
600 2543.1 1271.5 0.1232

73



3.2. Second Design Cycle

4.5 . "
_neﬁﬂt
= * N A
n (\)=4.1772 eff” 0
4r o0 nfit |
% ny(Ay)
3.5 7
c
3l
600
asl jeﬂ(ho)=2.4434 00
200
2 L L L L L 0 T T T T T T T 1
15 1.52 1.54 1.56 1.58 16 1.62 151 152 153 154 155 156 157 158 159 16
Wavelength [um] Wavelength [m]

(a) (b)

Figure 3.9: (a) Effective index (green) and group index (blue) curve-fits,
and (b) Cross-over length as a function of wavelength, for glass-clad strip
WDCs with various gaps.

Table 3.5: Cross-over length and selected parameters at A\g = 1550 nm, for
glass-clad strip WDCs with various gaps.

Gap [nm] | Lg [pm] | Le(k = %) [nm] | k(L. = 200 pm)
170 28.7 14.4 0.998
200 37.6 18.8 0.877
210 41.2 20.6 0.974
250 58.6 29.3 0.797
290 83.0 41.5 0.60
300 90.5 45.3 0.324
400 214.3 107.2 0.995
500 503.7 251.8 0.584
600 1177.0 588.5 0.264

3.2.2 Setup Improvements

In an effort to decrease the ILs, lensed fibres were used as the input fibres
for measurements being made by several group members. Initially, I used
them as well for dry alignments (i.e., with no adhesive), however, due to

the special geometry, fragility, and high cost of lensed fibres, attaching them
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with adhesive would not have been viable, as this would have unavoidably
affected their lensing properties. Also, as the realignment and detachment
procedures required me to cut the fibre tips, one would not be able to recover
from a misalignment at a reasonable cost. Therefore, in parallel to standard
alignment and measurements (Subsection , I developed a set of 3D
printed supports to glue my fibres prior to alignment (Subsection ),
as an alternative to the destruction and excessive cutting of fibres, with the
idea that the supports would reduce position hysteresis during alignment,

and would facilitate attachment, detachment, and fibre tip polishing.

3.2.3 Measurements

Table 3.6/ shows the as-fabricated widths of waveguides designed to be 500 nm
wide, based on IMEC metrology information relayed by Dr. D. Deptuck,
from CMC Microsystems. The on-target doses were in column —2 for the
standard (air-clad) wafer, and in column —1 for the custom (glass-clad)

walfer.

Table 3.6: As-fabricated widths for 500 nm WGs, standard (air-clad) and
custom (glass-clad) wafers.

Air-clad Glass-clad
Column | Width [nm] | Column | Width [nm]
—6 554.69 —6 532.37
-5 542.81 -5 526.97
—4 525.08 —4 520.04
-3 515.47 -3 514.95
-2 502.49 —2 504.31
-1 496.04 -1 503.24
0 486.63 0 494.54
1 479.62 1 489.96
2 465.11 2 482.84
3 463.28 3 477.33
4 441.49 4 467.33
5 452.69 5 465.84
6 433.07 6 458.63

75



3.2. Second Design Cycle

Figure[3.10 shows the measured spectrum (dotted curve) for the through-
port of an asymmetrically-coupled 5.91 mm-long resonator (Fig. ,
from the air-clad chip at row “0”, column “—3” (ROC—3). Both couplers
had identical lengths L. = 200 pm, and their gaps were g, = 400 nm and
gy = 500 nm. As shown in Table the as-fabricated width for 500 nm-
wide waveguides for that particular column was 502.49 nm. Hence, the
nominal field cross-coupling values were k, = 0.656, k; = 0.292. The re-
spective through-coupling values, t, = 0.754 and t;, = 0.956, were used as
initial curve-fit guesses. Based on Eq. , assuming lossless directional

coupling, the following equation was used for curve-fitting purposes:

t2 — 2t4tyT cos (@) + ti7>
O [1 = 2tatyT cos(o) + t26772]

|S01]? = (3.2)

The curve-fit algorithms are based on non-linear least-square-fits, com-
puted using MATLAB™ . The initial algorithms proved very sensitive to
the initial guess values. Considerable refinement efforts of the curve-fit al-
gorithms were conducted by myself and various members of the research
group. The red curve in Fig. shows the curve-fit obtained with an al-
gorithm developed by Dr. L. Chrostowski that estimates the refractive index
and its dispersion based on the FSR of the DUT prior to performing the
curve-fit based on Eq. . These refractive index parameters are used
to create wavelength-dependent guess values of ¢ that allow for repeatable
curve-fits encompassing several resonances. Although the ER is not per-
fectly matched, there is a high correlation between the measured and the fit
data, regardless of the initial guess values. Table shows the extracted
parameter values and compares it to the nominal expected values. Figure
shows the measurement results for the through- and the drop-ports of

the aforementioned ring.

76



3.2. Second Design Cycle

R, 2N e | | Y|
P, s, A - -

-351 ‘il \‘:i B
3 3 1
1 ‘
%'40 | | il i B
- 1 1 | i
o
2 |
7] ‘ ; H
g -45 - B
c
s
|_
50 4
----- Measured
---Guess
Fit
I | | | | | | |

1550 1550.1 1550.2 1550.3 1550.4 1550.5 1550.6 1550.7 1550.8
Wavelength [nm]

Figure 3.10: Through-port spectrum and curve-fits for a symmetrically-
coupled, air-clad, 5.91 mm-long resonator (Ring 2, Std. Chip ROC—3).

Table 3.7: Through-port spectral curve-fit parameters for a 5.91 mm-long
resonator (Ring 2, Std. Chip ROC—3), with a correlation value between
measured and fit data r2 = 0.856

Parameter | Nominal Fit
IL4p ~ 10 32
Q4B 3 4.65
Ng 4.3547 | ~ 4.46
Ka 0.656 0.57
Kb 0.292 0.07
ta 0.754 0.821
ty 0.956 0.997
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Figure 3.11: Spectra and Q for an air-clad, 5.91 mm-long resonator (Chip
ROC—-3, Dev. 2) with nominal field coupling values k, = 0.656 (through
port), and K, = 0.292 (drop port). (a) Through-port transmission. (b)
Drop-port transmission. (c¢) @ vs. wavelength, and average. 78
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3.2.4 Fibre Attachment

In order to minimize breakage and shortening of fibres during detachment,
Dr. H. Kato (CEO of Versawave Inc., and a collaborator with our research
group) suggested using optical adhesives with relatively low glass transition
temperatures, T, < 100 °C', and heating the chips to a temperature above T},
to detach the fibres. The value of T,, depends on the specific adhesive, being
usually in the range between 80 °C and 100 °C [40), 61]. I designed fibre hold-
ers with various end-face angles in an effort to reduce insertion losses and
to provide support for the fibre tips, thus decreasing the tip bending during
alignment and attachment. Mr. A. Sharkia and I laid out and 3D-printed the
fibre holder designs shown in Fig. [3.12l We also printed supports for mount-
ing these holders to more compact opto-mechanics, e.g., mini-goniometres,
that allowed for more precise angular adjustments. Metallic and plastic pol-
ishing jigs, with suitable angles, were also machined and 3D-printed. Each
fibre holder had 3 trenches to allow multiple fibres to be attached. After
fabrication of the initial holders, I noticed only 2 trenches, instead of 3, were
printed on each holder. These trenches were shallower than expected, and
their separation was not very repeatable. It was still possible to align and
attach single fibres. Nevertheless, we considered that this approach should
work for precision-machined holders, which we eventually acquired in the

form of fibre arrays, as described in Section [3.4. Figure [3.13(a)| shows the

Figure 3.12: Fibre holders and support designs for 3D printing. Dimensions
in mm.
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station I created to align and attach the fibres to the holders. UV curable
adhesive was deposited along the holder trench. A long-working-distance
microscope, a fibre rotator, and two XYZ stages were used to align stripped
fibres along the holders. This was followed by UV curing, as shown in Fig.
3.13(b). Initially I envisioned attaching PM fibres to these holders as well,
however, aligning the polarization axes with those of the holders proved
difficult. Thus, these holders were used exclusively with SM fibres. After
fibre attachment, the end faces of the holders were polished in a portable
fibre polishing station, shown in Fig. in 30-minute coarse- and fine-
grit cycles, with intermediate iso-propyl alcohol (IPA) and de-ionized water
(DIW) washing cycles, to avoid grit cross-contamination. They were then
viewed under a stereoscopic microscope, to inspect the polishing quality.
Figure 3.13(d)|shows fibre holders mounted on mini-goniometres, which are,

in turn, mounted on manual linear stages using aluminium spacers.

3.2.5 Iteration Challenges and Conclusions

The experimental quality factors of devices fabricated in this iteration were
more than double than those from the previous iteration (cf. Qavg 1 ~ 2.8
10% to Qavg 2 = 8 X 104). The finesse of these resonators is F' = % ~ 5.

A 2D GC design provided by IMEC, and intended for on-chip opti-
cal power splitting, was used in most of my glass-clad resonator designs.
However, the as-fabricated GCs showed uneven power splitting ratios and
considerable IL, which rendered these devices inoperable.

Until that point in time, the spectral measurements in the characteriza-
tion setup were slow, as the TLS wavelength tuning and the detector power
acquisition was made through MATLAB™ by sending GPIB commands
for point-by-point tuning and recording. This caused, for instance, single
spectral sweeps with over 1000 data points to take longer than 15 minutes to
be acquired. Based on written and oral communications with applications
engineers from Agilent Technologies Inc. (now Keysight Technologies Inc.),
I learned of alternative, faster spectral sweeps, based on a proprietary Plug

and Play driver known as “hp816x PnP”, that could be used on various
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Figure 3.13: (a) Fibre holder glueing platform. (b) Fibre attachment to
holder. (c) Polishing station and jigs. (d) Finished holders.

platforms, such as MATLAB™  LabVIEW”M  and Python. Thus, during
the next iteration, I implemented faster measurements using these drivers.

The 3D printed holders helped prevent the fibre tips from vibrating
or bending during alignment. However, the far end of the holders, near
the fibre jacket, had a brittle zone where bare fibre was exposed, which
easily broke during either polishing, mounting, or alignment. Adjustments
to the trench dimensions were also required, since the as-printed parts had
shallower trench depths than the designs. Therefore, I improved the designs
by adding 20-mm long, 1.2-mm wide channels at the far end of the holders,
for robust fibre jacket attachment, as shown in Subsection [3.3.4]
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3.3 Third Design Cycle

In our previous devices, we had resonators with @) factors in the range of
6x10% to 1x 105, with an average value Quyy = 8 x 10%. Assuming the ring is
near critical coupling condition (based on the large ER values) the @ factor

and the average field attenuation, g, are related as follows [68, 141]:

ﬂ'ng 7T'ng
= — = =
© 2aavg>\0 Gavg 200Q

(3.3)

For Qug = 8 x 104, A\g = 1.55 nm, and ny ~ 4, the average field atten-
uation value is agpg = 50 m~' = 0.05 mm~!. This translates to a power
attenuation o, ~ 0.1 mm ™', which means that for a 6 mm-long resonator,
the optical signal makes less than two roundtrips (1.67 roundtrips) before
its original intensity decreases by a factor of e. Thus, in order to enhance
the sensitivity of the devices, it was imperative to increase the @ factor of
our resonators.

Since absorption in silicon is negligible for infrared wavelengths in the
range from ~ 1 pm to ~ 4 pm [43], the main source of losses in the SMWGs
is sidewall scattering [17, 78, 114]. As discussed by Payne and Lacey [98],
Yap et al. [140], and Li et al. [78], for a fixed sidewall roughness value
(determined by the fabrication process), the scattering losses decrease ex-
ponentially for increasing waveguide widths, as the field intensity of the
fundamental mode at the sidewall edges is considerably smaller for wide
multimode waveguides (MMWGs) as compared to SMWGs.

Therefore, we decided to use MMWGs as the straight segments of our
resonators, which account for most of their length. SMWGs were still used
for the directional couplers and corner bends, and were connected to the
MMWG segments using linear tapers, as to avoid excitation of higher order
modes [115]. This contributed to a significant reduction of the roundtrip loss
and the achievement of greater () values. Specifically, as shown in Section
the @ values for our strip waveguide resonators in this iteration ranged
from 2x10° to 6x 10°, with an average Qavg = 3.4% 10°. As shown in Section
the eventual use of rib waveguides led to even lower roundtrip losses.
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In this way, we achieved @ values as high as ~ 4.5 x 105, with an average
Qavg = 1.7 x 106, the largest @ values obtained to date using standard SOI
techniques. Our results were published in [56].

Foreseeing eventual rotary tests, considerable improvements were made
to the setup hardware and software. Specifically, I assembled a new opti-
cal characterization setup on a portable optical breadboard, and eventually
placed it on top of a turntable, for which I designed the rotary control and

signal acquisition system, in collaboration with other colleagues, as described

in Subsection and published in [55].

3.3.1 Layout Design

During this iteration, we submitted designs to the Nanofabrication Facility
at the University of Washington, which had a single-etch process and used
a 100 keV electron beam (e-beam) lithography system. Although still in
development at the time, this particular process had turnaround times of
a few weeks, rather than a year or longer. The GC designs for this fabri-
cation run were provided by Dr. M. Hochberg’s group, at the University
of Washington. These were air-clad focusing GCs with a nominal incidence
angle of 40°, and did not require long waveguide tapers. Depending on the
refractive index of the adhesives used, an incidence angle between 23° and
25° would be required to shift the transmission peak back to a wavelength
near 1550 nm, according to Eq. . The e-beam runs offered more layout
area, thus allowing me to create larger resonators, with lengths ranging from
7 to 70 mm, and aspect ratios (ARs) closer to 1 as compared to resonators
from previous runs, i.e., with shapes closer to a square, to maximize the
area for a given length.

The idea behind the splitting/merging coupler design for these resonators,
shown in Figure is to split on chip the optical input signal, to inject
two counter-propagating signals into the resonator, and to merge the two
corresponding output signals upon exit. We expect intensity variation of
the optical signals during rotation, as described below.

The optical input signal is coupled into the device using the main in-
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Figure 3.14: (a) Splitting coupler schematic. I/O GC- Main Input/Output
Grating Coupler. 1- Central Y-branch. 2- Straight SMWGs. 3- SMWG 180°
bends (R3 = 6 pm). 4- Tap Y-branches. 5 and 7- SMWG S-bends (R5; =
R7 =200 pm). 6- SMWG directional coupler. Tap GCs- GCs for CW- and
CCW-resonance monitoring. (b) Mask layout. Span: ~ 1.5 x 0.12 mm.

put/output grating coupler (I/O GC). The central Y-branch (1) splits the
input signal upon entrance, and merges the output signals upon exit. On
each branch, the split signals travel through straight SMWGs (2) and 6-
pm radius, 180° SMGW bends (3) towards 6°-angle Y-branches (4) that
serve as output signal “taps”, to independently monitor the spectra of the
two optical signals travelling in opposite directions. SMWG S-bends with
200 pm radii and 20 pm vertical offsets (5) connect the stems of these tap
Y-branches to the SMWG directional coupler (6), which injects light into,
and collects light from, the large area resonator (grayed out) in opposite
directions. The directional coupler lengths are designed to achieve optimal
coupling depending on the resonator length, SMWG-to-MMWG length ra-

tio, and a-priori propagation loss estimations, as per the optimization study
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developed in Section 2.4] and published in [54].

Each counter-propagating output signal exiting the directional coupler
is split by its corresponding tap Y-branch. Each top branch is connected
via an S-bend (7) to a tap GC. This allows for monitoring the CCW and
CW ring resonances using the left and right GC, respectively. The rationale
behind the output S-bends (7) is to create sufficient separation between the
tap GCs and the large resonator waveguides, thus avoiding damage to the
resonator during fibre alignments. The bottom branch of each tap Y directs
a fraction of each counter-propagating output signal towards the central
Y-branch (1), where both are interfered.

Figure shows the schematic of a resonator with its splitting/merging
coupler and its interrogation block diagram. The I/O GC is interrogated
using a polarization maintaining optical circulator. The tap GCs are inter-
rogated using single mode fibres. Each signal is injected in a photodetector

for intensity readout.

PD 3

PD1 () FM

L J

Figure 3.15:  Gyro resonator schematic and interrogation block diagram.
1 through 7- See nomenclature in Fig. 8- Linear waveguide tapers.
9-Straight MMWGs. 10-SMWG 90° bends (Rjo = 20 pm), with 15 pm-long
straight stubs on both ends.
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Assuming a CW rotation, based on Egs. (2.21) and (2.22)), the electric
fields at the CW and CCW taps are described by the following equations:

e_jq>sct

Eccw = —=—= T (—%5), (3.4)
2v/2/C11,
I r(as) (35
Ecw = ——+— T (®g9), 3.5
2v/2/C11,
where ®gt = —jaselisct + Gsct, Qse 1S the average propagation loss of the

splitting coupler waveguides, Lyt and ¢g are, respectively, the waveguide
path length and the phase shift undergone from the central Y-branch to each
tap GC, Cy, = 10% is a coeflicient corresponding to an insertion loss I L4p
in dB, and the function 7'(®g) represents the Sagnac-phase-shifted transfer
function of the resonator, given by:

t _ e_j(éring“l‘(bs)

T®s) = e i 83) (36)

where t = v/1 — k2, &k is the field cross-coupling of the WDC depicted by
(6) in Fig. Pring = —juingL + Gring, Quring 1s the average propagation
loss of the ring resonator, L is the resonator length, ¢ring = 27negL/\ is the
phase undergone by the beams due to the resonator optical path, ®g is the
Sagnac phase shift.

The merged output signal exits the device via the I/O GC, and shows
an amplitude modulation that depends on the phase difference between the
CW and CCW resonances due to d¢. Based on Egs. and , the

electric field of the merged output signal is:

E 6_j¢5c1

merged — T ~—
4y/Cr
- efjéscl t (ejq)ring + e_jq)ring) _ (t2 + 1) COS((Ps)
- 2/C el ®ring — 2t cos(Pg) + t2e I Pring

(T (®s) + T (—Ps))

where ®go) = —jascLsel + @scl, Lsel is the length of the waveguide loop be-
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tween the arms of the central Y-branch, and ¢ is the phase shift undergone
by traversing this loop. The power for each port, Poccw, Pow, and Ppergeds
can be obtained as the modulus squared of the expressions given by Egs.
through .

Figure 3.16| compares the theoretical output power levels at rest and un-
der rotation with a Sagnac phase shift &g = 0.027 rad, as functions of the
ring normalized detuning, ¢ring/m, for a resonator with length L = 7.5 mm,
coupling k, = 0.255, average propagation loss agg = 1 dB/cm, and negligi-
ble attenuation and IL at the splitting coupler (as. = 0 m~!, ILqg = 0 dB).

The brown dotted curve shows the power at the merged output at rest,
Prerged(®s = 0). The orange dotted curve shows power of both tap outputs
at rest, Pocw(®s = 0) = Pocw(®s = 0). The green solid curve shows the
power of the merged output under rotation Pmerged(fbg = 0.027), and the
red and blue solid curves show the phase-shifted power spectra for the CW
tap, Pow(®g = 0.027), and the CCW tap, Pocw(®Ps = 0.027), respectively.
The magenta dash-dotted curve shows the ratio between the merged output
power at rest and under rotation, Pperged(®s = 0.027)/Pperged (Ps = 0).
The cyan dash-dotted curve shows the ratio between the CW and the CCW
tap under rotation, Pow(®s = 0.027)/Pcow(Ps = 0.027). The CW and
CCW spectra shift under rotation, and this produces a power variation be-
tween them at each ¢,ing. The maximum and minimum ratio occur at a value
of ¢ring that is phase-shift dependent, as shown by the cyan dash-dotted
curve, and shift further away from the static resonance null for greater d¢.
Frequency tracking is required in order to follow the resonance shifts. How-
ever, the resonant frequency difference created by the Sagnac effect is much
smaller than the temperature-induced drifts [102], which require frequency
and phase spectroscopy techniques [82, 118,121, 144]. As shown by the ma-
genta dash-dotted curve, the phase-shift-dependent power variation of the
merged output has its greatest variation at the original resonance null, and
as it does not require frequency tracking techniques, we decided to use it as

our sensing signal at this stage.
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Figure 3.16: Theoretical power levels for the tap and merged outputs ver-
sus ring normalized detuning, ¢ying/7, at rest (dashed curves) and under
CW rotation (solid curves) with a Sagnac phase shift &g = 0.17 rad, and
IL4g = 0 dB. Resonator parameters: L = 7.5 mm, x, = 0.255, and average
propagation loss aavg g8 = 1 dB/cm. Dotted orange curve: CW and CCW
taps at rest. Solid red and blue curves: CW and CCW taps, under rotation.
Dotted brown curve: Merged output at rest. Solid green curve: merged
output, under rotation. Cyan dot-dashed curve: Tap power ratio under ro-
tation, Pow(®Ps = 0.027)/Pcow (Ps = 0.027). Magenta dot-dashed curve:
merged output power ratio, Puerged(Ps = 0.027)/Prnerged (Ps = 0).

Waveguide Parameters

We chose a MMWG width of 3 um, i.e., one micrometre wider than the
waveguides studied by Yap et al [140]. The widths of the SMWGs remained
500 nm. All waveguides had heights of 220 nm, and all were air-clad strip
waveguides, due to the single-etch option. 200 pm-long linear tapers were
used for conversion between SMWGs and MMWGs. Figure |3.17 shows the
polynomial curve-fits for the effective and group indices as functions of wave-
length for straight strip SM and MMWGs. Table |3.8 summarizes the effec-
tive and group index values at A = 1550 nm, for the fundamental modes

of strip waveguides with various widths and radii, obtained using MODE
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Solutions™ eigenmode solver with a 15-nm mesh.
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Figure 3.17: Effective and group index curve fits for air-clad strip waveg-
uides of different strip widths. Also shown, original data points and fitted
values for A\g = 1550 nm.

Table[3.9 shows the results of numerical simulations carried out to assess
the cross-talk between the various modes of straight SMWGs and those of
bent waveguides with radii B3 = 6 pm and Rs = 200 pm. Each waveguide
supports two guided modes with different polarizations, a TE-like mode and
a TM-like mode. The cross-talk between straight SMWGs and bent SMWGs
with 20 pm radius are shown in Table An initial estimate for the prop-
agation loss values of the SMWGs and MMWGs, shown in Table was
required to determine the coupling for each resonator, as the optimum cou-
pling depends mainly on the resonator length and roundtrip loss, as per our
optimization study in [54]. I created algorithms to determine the optimum
coupling values based on resonator port configuration, loss parameters, AR,
total length, and SM-to-MM length ratio. For simplicity, and considering
their short lengths in comparison to the resonator dimensions, the indices
and propagation loss of linear tapers were approximated to be the averages
of the respective SM and MM values.
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Table 3.8: Effective and group indices at \g = 1550 nm for strip waveguides
of various geometries. In all cases the height is H = 220 nm

Width [nm] | Radius [pm] | Mode Neft Ng
500 00 TE-like | 2.3826 | 4.3547
500 00 TM-like | 1.5821 | 3.3895
500 200 TE-like | 2.3823 | 4.3546
500 200 TM-like | 1.5821 | 3.4395
500 20 TE-like | 2.3824 | 4.1977
500 20 TM-like | 1.5827 | 3.4276
500 6 TE-like | 2.3976 | 4.1967
500 6 TM-like | 1.728 | 2.119
1750 00 TE-like | 2.7942 | 3.7543
1750 00 TM-like | 2.6876 | 3.9029
3000 00 TE-like | 2.8171 | 3.7251
3000 00 TM-like | 2.7813 | 3.7726

Table 3.9: Coupling between straight and bent strip SMWG modes at A\g =
1550 nm. W=500 nm, R3 = 6 pm, and Rs = 200pm.

Straight WG mode | Bend radius, mode | Coupling [dB]
TE-like R3, TE-like —0.0027
TE-like R3, TM-like —56.9
TM-like R3, TE-like —42.7
TM-like R3, TM-like —0.012
TE-like Rs, TE-like —4.34 x 1076
TE-like R5, TM-like —175.0
TM-like R5, TE-like —71.3
TM-like Rs5, TM-like —9.9 x 1079

The WDCs in this run had 500 nm gaps, with a theoretical Lg = 1058.7 pm
(see Table 3.4). Table 3.11| shows the theoretical field coupling for various

coupler lengths used in the devices.
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Table 3.10: A-priori propagation loss estimates for air-clad strip waveguides

Kind ] '
Parameter SM strip | MM strip
aqp [dB/cm] 4 1
o [1/m] 46.05 11.513

Table 3.11: Theoretical field coupling for air-clad strip SMWG directional
couplers, g = 500 nm (Lg = 1058.7 pm)

L. [pm] K
90 0.1331
174 0.255
315 0.451
400 0.0.559
435 0.602
527 0.705

Layout Scripting

Considering the significant amount of time invested on manually drawing the
layouts in the first two iterations, we considered more efficient to create codes
for semi-automatic layout generation. During this design iteration, I used
MATLAB™ codes to generate and place basic waveguide shapes in WieWeb
CleWin™ to create resonator shapes. Various elaborate structures such as
Y branches, S bends, and GCs were created separately (either manually or
by script), saved as layout cells, and instanced in the main layout code.

Figure shows a panoramic view of an e-beam layout design, and
Fig. shows a zoomed-in view of the area enclosed by the blue rect-
angle. The resonator lengths in this design range from 7 mm to 70 mm.
Several straight SM and MM waveguides with various lenghts were included
across the layout, in an effort to experimentally estimate the propagation
losses in both SMWGs and MMWGs.
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Figure 3.18: First E-beam layout design.

3.3.2 Setup Design

During my literature review, I noticed that many research groups working
on this subject inject artificial rotation signals into their devices, rather than
facing the challenges posed by mechanical rotation, vibration, and packag-
ing, see for example [34, 36, 83, 121]. In contrast, I decided to create a
mechano-opto-electrical setup for characterizing SOI gyroscopes under ac-
tual rotation conditions. The first priority was, thus, to create a new optical
characterization setup assembled on an optical breadboard. The optical
breadboard was portable so that it could, eventually, be placed on top of
a turntable. The second priority was to improve the fibre attachment sup-

ports.

First Rotary Setup

I built the opto-mechanical setup shown in Fig. on a portable mini-
breadboard, using several mounting posts and five manual-adjustment trans-
lation stages. Three linear stages are used for positioning optical fibre hold-
ers and rotators. Another stage is used for mounting a heatsink and a TEC

for temperature control of the sample pedestal. A fifth translation stage is
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used as a detachable jig for adhesive dispensing and curing. As a result, the
opto-mechanical setup weighs over 20 kg and spans 46 x 30 x 60 cm in length,
width and height, respectively. This setup was eventually transferred on top
of a rotary platform, shown in Fig. Additional payload capability
and off-breadboard area were required for mounting a long-working-distance
microscope, used during fibre alignment and attachment (Fig. . The
fibre attachment in this setup was carried out with bare fibres, as the second
fibre holder generation was being developed in parallel.

In order to support the optical breadboard, a 52-cm diameter acrylic
platform was mounted on a 38-cm diameter ball bearing ring, which in turn
was attached to a wooden frame. A timing belt was glued to the outer edge
of the ball bearing ring and was actuated by a pulley, mounted on a DC
motor with a nominal working voltage of 12 V, and a torque of 16.7 kg-
cm. Motor drivers and a microcontroller were also attached to the wooden
frame for angular speed and direction control. A MEMS gyroscope with a
sensing range of +400 dps, a sensitivity of 0.02 dps - Hzfé, a bandwidth of
140 Hz, and a nominal noise level of 0.236 dps [117], was mounted on the
rotary platform as a calibration reference. The turntable was modelled as a

first-order system with a transfer function of the form:

A . ej¢)0

Hw)=-———"
©) = T

(3.8)

where w = 27 f is the angular frequency in rad/s, f is the frequency in Hz,
wo = 2mfy is the cut-off angular frequency, fp is the system bandwidth,
in Hz, A is the DC gain, and ¢q is a phase offset to represent a constant
delay between the input and output signals. This transfer function has a

magnitude and a phase response given respectively by:

AQ
\H(w)|2 = m, (3.9)
£LH(w) = ¢g — arctan(w/wp). (3.10)
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Figure 3.19: Mini-breadboard characterization setup. (a) Initial benchtop
configuration. (b) On rotary platform, showing on-board reference gyro-
scope (bottom left), and off-platform microscope (top left).

System Control

The control system uses an NI™™ PXIe 1062Q mainframe with a PXIe 8133
central processing unit (CPU), a DC power supply, and an PXI 7852R Field-
Programmable Gate Array (FPGA) module with multiple digital and ana-
logue I/O channels [65, 66]. As depicted in Fig. the PXIe 1062Q
controls an optical mainframe (laser source and photodetectors) as well as
the TEC driver using a General-Purpose Interface Bus (GPIB) interface,
and communicates with the microcontroller via RS-232.

In order to simultaneously monitor signals and send commands to the
rotation microcontroller, a Graphical User Interface (GUI) was implemented
using LabVIEWT™._FPGA. The FPGA target-host communication is made
through a 128-bit Direct Memory Access First Input/First Output block
(DMA FIFO) for recording the motor control digital signals, as well as the
analogue signals from the DUT and reference gyroscope.

The optical input signal is generated by a C-band Tuneable Laser Source
(TLS). The light is coupled to the input GC using polarization-maintaining
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(PM) patch cords. Depending on the specific interrogation configuration, the
optical output signal(s) are collected using either a PM optical circulator,
or independently-positioned multi-mode output fibre patch cords. Up to
three photodetectors are used simultaneously. To avoid fibre entanglement,
the turntable was operated using bow-tie rotation patterns, consisting of
periodic, angle-limited movements.

The micro-controller generates two digital signals: a slowly varying sig-
nal which defines the motor rotation direction, and a 500-Hz Pulse-Width-
Modulated (PWM) signal, whose duty cycle is directly proportional to the
normalized angular speed, S,. During rotation electrical signals were sent

to, and collected from, the reference gyroscope and the TEC, via a slip ring.

/ NI PXI Monitor
RS-232 | !
| . Data
Micro- : acqui-
Controller [ | sition
DC Motor GPIB] 1
drivers
U2 'l Laser
Controller | |
(2]
Q
25
Yy § é
DC Mot Gyro S | % g
L E N Ref. 2
Gyro
44 Rotary platform |

Figure 3.20: SOI gyroscope characterization platform block diagram.
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Rotation Patterns

Four different rotation patterns, which are described below, were programmed

into the micro-controller.

1. Continuous rotation: The rotation direction and the value of S, are
defined in the GUI, in order to rotate the platform at the specified
speed and direction. This pattern was mainly used to characterize the

turntable speed response.

2. Rectangular bow-tie rotation: The user defines values of S,, and travel
angle, 6. The turntable will rotate in the clock-wise (CW) direction at
the given speed until the travel angle is reached, then stop and rotate
the same amount in the counter-clock-wise (CCW) direction. This
motion creates a rectangular bow-tie angular speed pattern, which is

repeated until stopped by the user via the GUI.

3. Sinusoidal bow-tie rotation: A sinusoidal bow-tie speed pattern, rather
than a rectangular one, was necessary for obtaining the frequency re-
sponse of the turntable, and characterizing the DUT. Appendix

shows a detailed explanation of the generation of these patterns.

4. User-defined rotation: created using an array of angular speed and
angular travel values. In this case, a sign is added to the normalized
speed for defining the rotation direction. The angular travel is always
a positive number, in degrees. The motion stops after executing as

many steps as entered in the array.

3.3.3 Measurements

As the rotational pattern would be sinusoidal, we wished to have a quanti-
tative idea of the frequency and speed ranges at which our turntable setup
would be able to work. We carried out tests to determine these parameters,

followed by static and rotational tests on our photonic devices.
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Speed Range and Noise Level

We measured the turntable step-response, i.e., going from rest to continuous
rotation, at different speeds. As shown in Fig. the relationship be-
tween the turntable angular speed and the value of \S,, was non-linear. Even
though angular speed values below 20 dps could be achieved, these could not
be sustained, because vibrations and the payload occasionally hindered or
stopped the movement. These problems did not arise at high angular speeds
nor during unloaded motor tests, suggesting that this may be caused by a
combination of insufficient motor torque, unbalanced payload coupling, and
a weak motor base condition [49]. The minimum repeatable angular speed
was Qin ~ 27 dps (for S,, = 0.175), whereas the maximum angular speed
was Qmaz ~ 74.3 dps (for S, = 1). The angular acceleration values range
from 9.4 to 171.2 dps?. As shown by the error bars in Fig. , the noise
level decreased as the normalized angular speed increased. For example, the
noise level was 62 = 2 dps for S, = 0.175, and 62 = 0.73 dps for S,, = 1.
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Figure 3.21: Average angular speed (dots) and noise level (error bars), as a
function of normalized speed, 5.
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Frequency Response

We operated the turntable in a sinusoidal bow-tie fashion, and used the
reference gyroscope output signal to characterize the frequency response of
the turntable. The input consisted of over forty sinusoidal pulses, stepped
in frequency between 0.05 and 5 Hz. To avoid damaging the optical setup,
a maximum normalized angular speed value S, .. = 0.4 was used for all
frequencies. Figure shows the input and output signals for a frequency
fin = 0.89 Hz. The PWM duty cycle (red curve), is signed according to the
rotation direction (black curve) for fitting purposes and easier visualization.
For each sinusoid frequency, we curve-fitted both the normalized angular
speed of the motor (red curve), and the reference gyroscope output signal
(orange curve), in order to obtain the phase shift between both signals. We
also extracted the magnitude of the reference gyroscope signal, as explained
in Appendix Bl The magnitude and phase responses of the turntable are
shown in Fig. We curve-fitted both the magnitude and the phase
responses using Eqgs. and . According to the fit parameters,
fo=0.54 Hz, A =0.383 (Ags = —8.33 dB), and ¢y = —11.9 degrees.

1.0 1.0
S 05 05 =
S 0. 5
2 _— i - §
3 00F 47 W N S (00 ©
5 s g
CRLE ) Vi s it ~0.5 S
duty cycle
R e =——— N ‘ ‘ J-1.0
0o 5 10 15 20 25 30
time [s]

Figure 3.22: Input and output signals for a sinusoid of frequency f;, =
0.885 Hz.
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Figure 3.23: Turntable frequency response and first-order model fitting.
(a): Magnitude response. (b) Phase response.

Static Optical Tests

Due to space constraints, stripped fibres were used to interrogate these sam-

ples. Figures |3.24(a)| and |3.24(b)| show microscope images of optical fibres

aligned to the GCs of the splitting coupler of a gyro resonator before and
after permanent attachment. The central fibre, aligned upon the main I/O
GC, is PM, whereas the two lateral fibres, aligned upon the tap GCs, are
SM. For initial dry alignments, a pitch angle 8, = 40° was used for all fibres.
Norland NOA 61 adhesive was deposited afterwards, and the angle was set
to 6, = 25°. Fine angle and position adjustments were made to minimize
the IL.

After fibre attachment, spectra were obtained with the turntable at rest.
Figure [3.24(c)| shows the spectra for the CW and CCW resonances of an all-
pass, 7.4-mm-long resonator, which exhibits an insertion loss (IL) of approx-
imately 25 dB, a free spectral range (FSR) of 81-pm, extinction ratio values
ranging from 8 to 15 dB. The FSR value suggests an average group index
of ng,,, = 4, consistent with our theoretical group indices of ngg,, = 4.177
for SMWGs, and ng,,,, = 3.706 for MMWGs, shown in Table Figure
3.24(d)|shows the Q as a function of wavelength for the CW and CCW res-

onances, as well as their respective averages. The average quality factor is
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Figure 3.24: Fibre alignments upon splitting coupler in (a) dry conditions,
and (b) UV curable adhesive. (c) Spectra and (d) Q factor for the CW
and CCW resonances of a 7.4-mm-long resonator.

Qavg ~ 3.4 x 10°, more than 4 times greater than the @ of resonators from

previous iterations.

Dynamic Tests

Based on spectra such as that shown in Fig. the TLS wavelength was
tuned to single wavelength values, to perform time-domain measurements.
Wavelength values with large spectral slope near resonances were tested in

search for greater sensitivity to manual turntable rotations. The turntable
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was then rotated using sinusoidal bow-tie patterns. Figure m shows the
signed PWM duty cycle, as well as the corresponding output voltages of the
reference gyroscope and the photodetector connected to the PM circulator.
The experimental optical gyroscope resolution, limited by the setup per-
formance, was 0{,,; ~ 27 dps. However, the amplitude variations showed
by the optical output signal were considerably larger than those expected
solely to the Sagnac effect. We associated this variations with the vibrations
of the characterization setup. The optical output signal also showed drift,
likely due to thermal variations across the chip, despite having temperature

control in the sample pedestal.

3.3.4 Fibre Attachment

In order to improve the robustness of the 3D-printed fibre holders to be used
with future samples, I designed a second holder generation with 20-mm long,
1.2-mm wide channels on their back end, for a firm and safe grasp of the
fibre jacket, as shown in Fig. The fibre trenches were deeper (0.3
mm radius) and more widely spaced (2.5 mm separation) in comparison to
the first designs. Foreseeing the need for various incidence angles, I created
holders and polishing jigs with various front end angles, namely, 6, 10, 23,
25, and 39 degrees. The fibres were attached to the holders and polished
using the same setup and procedure as was described in Subsection
As the detachment would be heat assisted from now on, two adhesives
with different glass transition temperatures (7,) were used. An adhesive
with a relatively high 7}, (Loctite 3492™ T, = 64°C [61]) was dispensed
over the trenches to attach the fibres to the holders, whereas an adhesive
with a lower T, (Dymax 429™ T, = 59°C [40]), was used for attachment

between fibres and samples.
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Figure 3.25: (a) Reading on VI front panel, and (b) input and output

signals during a sinusoidal rotation test with frequency f;, = 0.885 Hz.
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SMWG test structures from previous fabrication runs were chosen to
perform the attachment tests. Samples were mounted on top of the temper-
ature controlled sample pedestal shown in Fig. using double-sided
adhesive tape. This was eventually replaced by a metallic vacuum chuck,
as shown in Fig. since the tape elasticity allowed for undesirable

displacements during fibre positioning and adhesive curing.

(a) (b)

Figure 3.26: (a) Second fibre holder design schematic. (b) Holder with
attached fibre on polishing jig.

(a) Adhesive tape chuck (b) Vacuum chuck

Figure 3.27: Sample pedestal versions.

Figure illustrates the evolution of the fibre attachment process for
an air-clad device with a 10° incidence angle in air. SM fibres were attached

to both the input and the output fibre holders, and these were polished at
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6.5° angles. The pitch angles and positions were adjusted as to maximize

the transmitted power without adhesive, with uncured adhesive, and during

the curing cycles. The optimum pitch angle for each case is depicted in the
figure legends. As shown in Fig. 3.28(a)l the IL improved approximately 12
dB after depositing adhesive on top of the input GC, thanks to a smaller

index mismatch with the fibre. The spectral peak shifted due to the angle

and position adjustments.
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Figure 3.28: Selected spectra during adhesive deposition and curing on an
air-clad SMWG structure. Chip IMEC2009-R6C5.

The IL increased during the curing cycles due to adhesive shrinkage.

Depending on the curing time, the position of the fibres could shift and
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show hysteresis, requiring position adjustments to minimize the IL. After a
rest period of 5 minutes, the power increased between 1 and 3 dB for short-
(10 s) and medium- (20 s) curing cycles without requiring re-positioning.
Therefore, the attachment procedure was divided into several short- and
medium-length-curing cycles (10 s and 20 s, respectively), followed by long-
curing cycles (60 s), carried out sequentially for the input and output fibres.
Spectra obtained before, during, and after the adhesive curing cycles are
shown in Figures|[3.28(a)} [3.28(b)}, and [3.28(c)| Figure[3.28(d)| shows spectra

at the end of each cycle, as well as the spectrum after fibre detachment and

a 15-minute ultrasonic bath in warm acetone.

The greater IL increase and misalignment observed for longer curing
cycles motivated a study of the insertion loss and peak wavelength values
over time, for which glass-clad SMWG test structures were used. Additional
spectra were recorded during the sequential curing cycles. Figure m
compares the spectra of alignments performed without adhesive to those
having uncured adhesive at the input GC. An improvement of ~ 2 dB was
observed after angular and positional adjustments. As expected due to the
relatively small index contrast between the adhesive and the cladding, the
optimal incidence angle was only slightly changed. Figure compares
spectra before and after curing the adhesive at the input GC. Five 20-s curing
cycles were performed, each with a 5-minute rest. One 60-s curing cycle
followed, and after several hours of rest, a small realignment was required.
A final 60-s curing cycle followed, requiring no further realignment.

Figures and show, respectively, the evolution over time
of spectral peak power and wavelength during the first 20-s curing cycle.
Immediately after this curing cycle there was an excess loss of ~ 1 dB.
After a 5 minute rest period, the excess loss decreased to ~ 0.5 dB with no

alignment required. As per the procedure described earlier, four 20-s and

two 60-s curing cycles followed. Figures|3.29(e) and(3.29(f) show the spectral

peak power and wavelength evolution over time for the last 60-s curing cycle.
One can see that by this last cycle, the peak power and wavelength value

excursions are smaller, and follow smoother trends.
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Figure 3.29: Selected spectra and variations during curing on a glass-clad
SMWG structure. Sample: Imec Glass cladding, R—3C—6.
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3.3.5 Iteration Challenges and Conclusions

In this iteration, we designed resonators with a combination of SMWGs and
MMWGs allowed for a reduction of the overall roundtrip loss. Our fabricated
resonators showed @ factors ranging from 2 x 10° to 6 x 10°, with an average
Qavg ~ 3.4 X 10°. Using equation with A\g = 1.55 pm, and ny ~ 4, the
average field and power attenuation values are ag.y ~ 0.024 mm~! and
ap ~ 0.048 mm ™!, respectively. Comparing to the resonators of the pre-
vious iteration, for a 6-mm length, the optical signal makes approximately
3.5 roundtrips before its intensity decreases by a factor of e. For the res-
onator described in Fig. with L = 7.4 mm, the finesse is F' ~ 18.
This improvement by a factor of ~ 2 with respect to our previous iteration
encouraged us to find ways to further reduce the roundtrip loss. This was
achieved using rib MMWGs, and adiabatic strip SMWG bends, as will be
shown in the next subsection.

Regarding layout creation, the use of scripts considerably accelerated the
process in comparison to the manual drawing techniques used in previous
iterations. The compatibility of CleWin™ with MATLAB™ allowed for
flexibility and a relatively flat learning curve. However, issues such as broken
waveguides or feature spacing violations had to be identified by visual in-
spection, as there is no embedded design rule checking (DRC) in CleWin™,
To avoid these issues, the layout scripting was migrated to Mentor Graph-
ics Pyxis™, which despite its complexity and steep learning curve, proved
to be a much more robust layout tool with capabilities such as DRC and
parametric cells, that allow for creation and modification of parametrized
devices.

A turntable for testing SOI gyroscopes was built. Custom operation
modes were implemented for characterizing the apparatus and the SOI de-
vices. The turntable exhibited a bandwidth of 0.54 Hz, angular speeds rang-
ing from 27 to 74.3 dps, angular acceleration values from 9.4 to 171.2 dps?,
and noise levels of 2 and 0.73 dps at its minimum and maximum speed,
respectively. Static and dynamic tests were carried out on SOI gyroscope

resonators fabricated using an air-clad e-beam process, showing an average
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resonator @ of 3.4 x 10°, and a resolution of 27 dps, as published in [55].

The variations in the measured signals of our gyroscopes were much
larger than those expected due to the Sagnac effect, and were attributed to
vibration and mechanical stress at the fibre-DUT bonds. Although some
groups report performing rotational tests (e.g., [70]), they do not specify in-
terrogation interface details, nor do they specify any measures to deal with
vibrational noise. The construction of our turntable was a valuable expe-
rience. It helped to identify challenges and key parameters that needed to
be addressed in subsequent iterations. The results of our tests suggested
the need to reduce mechanical vibrations and to increase the angular speed
range. An enclosure was also required in order to reduce the deleterious
impact of ambient temperature variations. Thus, we acquired a turntable
system within a temperature-controlled chamber and the necessary equip-
ment to create a characterization setup within it.

During attachment experiments with 3D printed holders I observed that
the optimum incidence angle changed after each facet re-polishing (6a, ~
+ 1°), suggesting variations due to polishing and fastening inaccuracies. I
also noticed that occasionally the edge of the holder end face made contact
with the sample before the fibre reached the surface, thus affecting the opti-
mum holder angle and position. These issues occurred in spite of performing
shallow-angle polishing on acute angle holders (e.g., 6.5° polishing on a 25°
facet) to reduce the holder footprint.

Due to 3D printing dimension tolerances (e.g., ~ 10% variations in
2.5-mm feature spacings) the distance variations between fibres precluded
mounting more than one fibre per holder to form fibre arrays. Since the in-
put and output GCs in these samples were separated by several millimetres,
this required separate adhesive dispensing, manual alignment, and UV cur-
ing of the input and output fibres. Even though the fibre holders eliminated
the fibre bending, observed when attaching unsupported bare fibres, the
alignment of separate, bulky holders occasionally produced sample shifting
and unintended fibre-sample separation. The manual fibre positioning still
limited the position repeatability, which negatively impacted the IL level

and overall device characterization. In order to solve these issues during the
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following iteration, we used compact fibre arrays [126] instead of individual
fibres, and replaced the manual positioning stages with computer-controlled

micro-positioners.

3.4 Fourth Design Cycle

The @ factor increase achieved in our previous iteration as a result of using
straight MMWGs motivated us to find ways to further reduce the overall
rountrip loss of our resonators. As shown in Yap et al., rib waveguides have
lower propagation losses than strip waveguides due to factors that depend
on the etch depth [140]. Bogaerts et al. reported losses as low as 0.27 dB/cm
using a combination straight rib MMWGs and strip SMWG adiabatic bends
[15]. We decided to adopt a similar approach and submitted our designs
for fabrication to the Institute of Microelectronics (IME), Singapore, where
devices were fabricated using a CMOS-compatible SOI process with two
etch depths: a 220-nm full etch for strip waveguides, and a 130-nm partial
(shallow) etch for rib waveguides and GCs. This eventually allowed us to
achieve @ factor values as high as ~ 4.5 x 105, with an average value of
~ 1.7 x 10°, as shown in Subsection and published in [56].

Compact arrays of four PM fibres with 127-um-pitch and custom polish
angles were acquired from PLC Connections, LLC (now PLCC2, LLC [3]),
for simultaneous alignment of multiple input and output fibres. Thus, from
this iteration onwards, all of our device GCs had the same orientation and a
127-pm-pitch. Unless explicitly stated otherwise, from this iteration onwards
all samples had glass cladding, which contributed to waveguide protection,
IL reduction, and smaller angular adjustments during fibre attachment.

A computer-controlled micro-positioning system was acquired for faster,
more accurate positioning across the chips. In this new setup, the sam-
ple pedestal is translated in-plane, and the fibre array is translated only in
the vertical direction. A graphical user interface (GUI) for instrument con-
trol and automatic alignment was developed by members of UBC and UW
research groups using MATLAB™,

The setup is capable of automatically positioning the chip according

109



3.4. Fourth Design Cycle

to pre-defined coordinates contained in the layout files, of performing au-
tomated fine alignments, and of measuring and recording spectra for var-
ious devices sequentially. In order to extend the angular speed range in
comparison to that of our first rotary table, and also to reduce the expo-
sure of our chips to ambient illumination and temperature variations, an
Ideal Aerosmith 1291BL™ single-axis automatic turntable system with a

temperature-controlled chamber was acquired.

3.4.1 Layout Design

The GCs for each device were oriented in the same direction and spaced
with a 127 pm pitch, so as to ensure compatibility with our fibre arrays. The
resonator designs combine SMWGs and MMWGs, as done in the previous
iteration. However, as previously mentioned, strip waveguides would be
replaced with rib waveguides to the extent possible and used only for small-
radius bends wherever required for space efficiency. To minimize the mode
mismatch losses, the bends consisted of adiabatic Bézier bends with 5-pm
equivalent radii [21], and 5-um long strip SMWG stubs at both ends. 100-
pm long linear tapers were used for conversion from strip SMWGs to rib
MMWGs, and 50-pm long linear tapers were used to convert from strip
SMWGs to rib SMWGs.

Gyroscope Devices and Propagation Loss Test Structures

On-chip splitting/merging was implemented in these designs as well. How-
ever, as shown in Figure , the splitting/combining coupler was modified
for space efficiency, and the signal taps previously used were eliminated to
decrease the excess loss. In the figure, the main I/O GC shows an arrow
depicting the optical signal entering the device. Straight strip SMWGs (1)
and strip SMWG Bézier bends (2) are used for short, space-efficient waveg-
uide routing. The central Y-branch of our previous design was replaced by
an adiabatic 50/50 splitter/merger, (labelled as 3 in Fig. which uses
a combination of strip waveguides (orange) and rib waveguides (drawn as

blue strips with pink slabs) to evenly split the signal(s) injected to the input
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strip SMWG(s) [145]. Straight rib waveguides and 20pm-radius rib SMWG
bends (4 and 5 respectively, drawn as brown strips with pink slabs) were
used to create a waveguide loop. A waveguide directional coupler (6) was
incorporated in the loop and is regarded as a point coupler for modelling
purposes. The directional coupler injects light into, and collects light from,
the resonator (grayed out) in both propagation directions. Figure shows
the schematic of a gyroscope resonator with its splitting/merging coupler.
Only GCs is used as an input and both GC; and GC, are used to detect
the optical signals from the two outputs of the device. The output of GCs

is interrogated via a PM circulator.

Directional coupler

—— I
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Figure 3.30: Splitting/merging coupler based on adiabatic splitter. (a)
Schematic. 1- Straight strip SMWGs. 2- Strip SMWG bends. 3- Adiabatic
50/50 splitter/merger, input and output ports labelled in blue [145]. 4-
Straight rib SMWGs. 5- Rib SMWG bends. (b) Layout schematic.

Figure |3.31] also shows, as an inset, the schematic of a test structure for
MMWG propagation loss characterization. Fach test structure consists of a
fixed number of straight rib MMWG segments, Bézier bends, and waveguide

tapers. Specifically, each test structure has forty 100-pm waveguide tapers,
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forty 90° Bézier bends with 5pm equivalent radii [21], and twenty straight
rib MMWG segments. Four different test structures were included in the
layout design, with total MMWG length values of 2, 56, 86, and 116 mm,
respectively. In principle, these length values allow one to observe an IL
difference between the shortest and the longest test structure of ~ 0.35 dB
in the best expected scenario (agp ~ 0.03 dB/cm [78]), and of ~ 11 dB
in the worst expected scenario (agp ~ 1 dB/cm [78]). The experimental
results obtained with these structures are described in Subsection

J

Figure 3.31: Large-area resonator, formed by straight SMWGs (1), strip
SMWG adiabatic bends (2) [21], rib SMWG directional coupler (3),
MMWGs (4), linear tapers (5) for SMWG to MMWG conversion, and adi-
abatic 50/50 splitter (6) [145]. GC: grating couplers [137]. Inset: Test
structure for MMWG propagation loss characterization.

The matrix equations governing the electric fields on the way in (left to

right) and on the way out of the adiabatic splitting/merging coupler shown
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in Fig. are, respectively:

By By
=M 3.11
Ef Ef (3:11)
E7 E-
l—=mt | (3.12)
Ey Eg
where:
1 (1 1
M= — . (3.13)
V2 -1 1

Although during experiments only one input was excited at a time, the
fields exiting the device will be described in terms of both possible input
fields. For a CW rotation of the device depicted in Fig. |3.31) using Egs.

(3.35)) through (3.13), we have:

E3™ = ;ij% [_E3+ [T (‘I)S) + T (—(I)S)] + Byt [T ((I)S) T (_‘I)S)H
@ (3.14)
E; = 261@; [—Ef [T (®5) — T (—=®s)] + Ef [T (ds) + T (—®s)]] (3.15)

where ®,q1 = jascrLascl — @ascl, Lascl 18 the path length of the rib SMWG
loop (drawn as brown strips on pink slabs in Fig. [3.30(a))), aser is the rib
SMWG propagation loss, ¢, is the phase shift produced by the rib SMWG
loop, and T (®g) is the phase-shifted ring transfer function defined in Eq.
(3.6). The sum and difference of T' (®g) and T (—®g) can be expanded as

follows:

(e 4 eIPone) (1 4 1) cos(s)
e J®Pring _ Ot cos(Pg) + t2eJ Pring

T (®g)+ T (—Pg) =2- (3.16)

j (t* = 1) sin (Pg)

T (Bg) — T (—Bg) =2 — o
( S) ( S) e—]d)m,g _ 2t COS(@S) + t2€‘7q>ring

(3.17)
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Based on Egs. through , Fig. shows the theoretical power
spectra of the signals exiting the device, P; = ‘E; !2 and Py, = |E§ ‘2, when
Ef =0 and E; = 1. Since theoretically |El_}2 = 0 at rest (Pg = 0), an
arbitrary noise floor of —70 dB, consistent with the noise floor of our current

measurement system, has been added for plotting purposes.

Transmission [dB]

-1.0 -0.5 0.0 0.5 1.0
Pring/ TT

Figure 3.32: Comparison of theoretical output power levels P, and P» as
functions of the ring normalized detuning, at rest and under CW rotation,
for an all-pass resonator with length L = 37 mm, coupling x, = 0.29, average
propagation loss agp = 0.085 dB/cm, negligible IL and splitting loop losses
(ILgg = 0 dB, ager = 0 m™ 1), and ®g = 0.17 rad. Dashed brown curve: Pj
at rest. Solid green curve: P under rotation. Orange dashed curve: P» at
rest. Purple solid curve: P, under rotation.

Resonators with Thermally-Tuneable Coupling

Since fabrication imperfections can create discrepancies between the as-
designed and the as-fabricated power coupling coefficients, we created a
modified version of the splitting/merging coupler design (Fig. to allow
for thermally-tuneable coupling. The thermooptic effect is the phenomenon
by which the refractive index of a medium changes as a result of a change in
its temperature [75, 100]. By locally heating a waveguide, its optical length
can be modified. This can be exploited in a Mach-Zehnder interferometer

to produce a tuneable coupler as described below.
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The splitting/merging coupler schematic is shown in Fig. It con-
sists of two sections. The first one is an adiabatic coupler, used for input
signal splitting. The second section is the tuneable coupler. It consists of
a thermally-tuneable Mach-Zehnder interferometer (T-MZI), formed by two
adiabatic couplers and two arms consisting of straight rib SMWGs. A metal
strip is deposited on top of one of the arms to act as a resistive heater, which
modifies the optical phase difference between the T-MZI arms due to the
thermooptic effect. Since this subcomponent is based on an MZI structure,
rather than a resonator, and it occupies negligible area in comparison to
that of the ring resonator (cf. ~ 0.034 mm? vs. ~ 90 mm?), the effects of

rotation on its behaviour are negligible.

_________________________________________

3-dB

adiabatic YTy |
splitter 02=0++A0
Thermally-
tuneable
coupler

_________________________________________

Figure 3.33: Schematic of a thermally-tuneable splitting/merging coupler
for an IME resonator.

As derived in Appendix D, the matrix equation describing the relation-
ship between the fields at the ports of a T-MZI with perfectly balanced

adiabatic couplers is:

Pt
2%

o
. , 3.18
o (3.18)

HAG)  jr(AG)
jR(AG)  t(A0)

(0140
*J( 12 2)

where 61 and 65 are, respectively, the optical phases of the top and bottom
arms of the T-MZI, A8 = 05 — 01 is the arm phase imbalance, produced by
the optical path difference between both arms, and the tuneable through-
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and cross-coupling coefficients are defined, respectively, as:

t(A0) = cos (A/2) (3.19)
k(AQ) = sin (A0/2) . (3.20)

Figure [3.34] shows the schematic of a T-MZI test structure, created to
determine the phase shifter efficiency, 19, measured in units of power for a =
phase shift. In this particular design only one input port is used, hence the
tapered waveguide terminator at the unused input port. Our as-fabricated
T-MZI couplers have an efficiency 179 = 24 mW /7, according to our experi-
mental data (see Subsection [3.4.3).

92:91+A6

Figure 3.34: Thermally-tuneable coupler test structure. Lyzr = 200 pm.

As fully derived in Appendix D] when the T-MZI coupler is connected to
the resonator, as shown in Fig. it is possible to express F;t in terms
of O1 T as:

At =T.(®5)C1 T, (3.21)
where
t(AQ) — eI (Pring t(0)+25)
1 — t(Af)e =7 (Pring +2(0)+Ps)

and ®(0) = (01 + 62)/2. By comparing Egs. (3.22) and (3.6), one can
see that the transfer functions for the resonators with tuneable and with

Tie(®g) = e 72O

(3.22)
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°
9 0
°

L J

Figure 3.35: Resonator with thermally-tuneable coupler.

fixed couplers have similar structures. However, for the tuneable case, the
through-coupling, cross-coupling, resonance wavelength, and extinction ra-
tio vary as functions of the phase imbalance.

Figure|3.36 compares theoretical spectra for a 37 mm-long ring at various
phase detuning conditions as a function of the power delivered to the thermal
tuner. The optical signal is fed and interrogated through the same GC;. A
phase shifter efficiency of g = 24 mW /7 was considered in the model, based
on the experimental measurements shown in Section

Figure |3.37 compares theoretical spectra at both ports for a gyroscope
resonator with a tuneable splitting/merging coupler at rest and under rota-
tion. The simulation parameters are: length L = 37 mm, phase imbalance
A6 = 0.1x7 produced by a thermal phase shifter power Py = 2.4 mW, prop-
agation loss @ = 0.3 m~!, noise floor Ny = —70 dB, and a Sagnac phase
shift &g = 0.17 in the rotational simulation. As expected from Eq. ,
this plot is similar to Fig. but with values of resonance shift and ER

dependent on the phase imbalance.
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Transmission [dB]
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-0.4 -0.2 0.0 0.2 0.4
¢ring/7T

Figure 3.36: Spectral simulation for a resonator with a thermally-tuneable
coupler at various MZI phase detuning conditions, fed and interrogated
through GC;. Parameters: 79 = 24 mW/n. L = 37 mm. Af = 0.1,
a = 0.3 m~!. Thermal phase shifter power: Py = 0 mW (brown dashed).
Py =2 mW (green solid). Py = 4 mW (purple dashed). Py = 6 mW (red
solid). Py = 8 mW (orange dashed). Py = 10 mW (blue solid). Py = 12 mW
(magenta dashed).
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Figure 3.37: Simulations of the spectral response for a resonator with a
thermally-tuneable coupler, at rest (dashed curves), and under rotation
(solid curves, &g = 0.17). The input signal is injected into GC;, and the
device is interrogated at both ports. Parameters: L = 37 mm, A6 = 0.1«
(Pp=24mW), a=03m %
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Auto-Alignment Landmark Devices

For coordinate mapping purposes, from this iteration onwards, all layout
design files were created with a layer dedicated for device name tags, lo-
cated at the apex of the input GCs. The input GC tags must adhere to
a specific syntax convention, in order to be recognized by a special script
developed in Klayout™ by group colleagues to create text files with device
coordinates and names. These text files were used by the software interface
for coordinate mapping and device data identification during automated
measurements.

The coordinate mapping procedure requires a manual alignment upon,
and recording of the location of, three unambiguous landmark devices on
each chip. Recording the location of three different landmark devices across
the chip (preferably near three chip corners) allows one to correlate the
layout coordinates of these devices to the actual X and Y stage positions.
The system is then able to carry out interpolations to the rest of the listed
devices, perform automated translations to their locations, and record mea-
surements made on them automatically. Figure |3.38 shows a typical land-
mark device set. Besides its coordinate mapping purpose, these devices
proved quite useful as zero-length devices during propagation loss charac-
terization (Subsection. The rationale for having more than one device,
each with a different shape, is to unambiguously identify copies of the set
across the chip. Specifically, for the set shown in Fig. [3.38, the device
spectra observed moving from top to bottom should be a through-port ring
response, a 50%-50% power-split loopback response, and a simple loopback

response.

Waveguide Parameters

As previously mentioned, strip SMWGs were used for straight stubs and
compact waveguide bends, whereas rib SMWGs were used in the WDC
region, and rib MMWGs were used for the straight resonator segments (la-
belled 6 and 8 in Fig. respectively). All rib waveguides had slab heights
of 90 nm, and all waveguides had strip heights of 220 nm. Table shows
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Ont_in_TE1550_Al1gn6C2_2x0ut

Figure 3.38: Landmark device set, for marking chip corners and correlating
layout coordinates to motor coordinates. Input GC name tags (illegible due
to layout snapshot settings) are shown only for illustration purposes.

the strip and slab widths of various waveguides used in these designs, as well
as a-priori propagation loss ranges, based on experimental results reported
in the literature [9, 15, 78].

Table 3.12: Parameter estimations for different glass-clad waveguides

WG SM strip | SM rib MM rib
Parameter
Strip width (nm) 500 500 3000
Slab width (nm) - 2600 5100
ags (B 19, 15, 78] 24-3 | 22-34 ]0.026-1

Table [3.13] shows the effective and group index values for various rib
waveguide geometries used in the designs, obtained using MODE Solutions
T™ eingenmode solver. The radius of the rib SMWG bends was chosen to
be 20 pm to minimize bending and mode mismatch losses [29]. The mode

mismatch loss was estimated to be —0.0065 dB, according to our simulations.
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Table 3.13: Theoretical values for effective and group indices at A\g = 1550
nm, for rib waveguides of various geometries. In all cases the strip height is
Hgirip = 220 nm and the slab height is Hgap, = 90 nm.

Strip width [nm] | Radius [pm] | Mode TNeff Ng
500 00 TE-like | 2.5660 | 3.8797
500 00 TM-like | 2.1144 | 3.1898
500 20 TE-like | 2.5663 | 3.8790
500 20 TM-like | 2.3072 | 3.3190
1750 00 TE-like | 2.8150 | 3.7273
1750 00 TM-like | 2.7215 | 3.8367
3000 00 TE-like | 2.8348 | 3.7049
3000 00 TM-like | 2.8017 | 3.7456

Figures |3.39(a)|[3.39(b)| show curve fits for the effective and group in-

dices versus wavelength for rib waveguides consistent with the geometries
described in Table However, for simulation purposes, the rib waveg-
uides were considered to have infinite slab widths. Each plot highlights the

value of the effective and group indices at Ay = 1550 nm.

4 : 3.8 T
A VRN - * Neg data ~ P . * Ny data
—n__fit —n__ fit
ny(A)=3.8797 eff 3.6 ef H
7 M) ’ n,(1)=3.7049 72 Ny
35l * Ny qata I * Ny (fata
g fit 3.4} ng fit
c 2 n () c & n 0y
3.2
3l
3r \)=2.8348
Ny(A))=2.566 Pero)
H— ) — .
2 L L L B — n 2 L ' L L " S— L
'?.5 1.52 1.54 1.56 1.58 1.6 1.62 '%.5 1.52 1.54 1.56 1.58 16 1.62
Wavelength [um] Wavelength [um]
(a) Rib SMWG, W= 500 nm (b) Rib MMWG, W= 3 pm

Figure 3.39: Curve-fitted effective index (green curves) and group index

(blue curves) for glass-clad rib waveguides. (a) SMWG. (b) MMWG.

Figure 3.40(a)| shows the cross-over length versus wavelength for rib
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SMWG directional couplers with various gaps, and Fig. shows the
variation of the field-cross coupling, k, as a function of wavelength, for cou-
plers with various gaps but all of them with x = 1/ V2 at A\g = 1550 nm.
Since smaller gaps produce less coupling variation versus wavelength, a 210-

nm gap was used for the layout designs.

Field k vs. A Ridge DrCplr, WG width=500 nm

30

— oan=17 0.8 . . ,
9ap=170 nm ——gap=170 nm, L =6.39 ym
—gap=210 nm 0.78¢ ¢ H
gap=250 nm —gap=210 nm, LC=8.15 um
25l gap=290 nm|| . 0.76f 9ap=250 nm, L =10.38 pm|]
2074 9ap=290 nm, L =13.21 pm||
= E
£ Q 0.72r
T | 8 /
[}
— @ 0.7r
\ 5 gesionP0=0.707
T 0.68f
2
L —H w
15 0.66
\\ 0.641
10 . . . . . 0.62 . . . . .
1.5 1.52 1.54 1.56 1.58 1.6 1.62 15 1.52 1.54 1.56 1.58 16 1.62
Wavelength [um] Wavelength [um]
(a) (b)

Figure 3.40: (a) Cross-over length vs. wavelength for rib SMWG directional
couplers with various gap values. (b) Variation of the field cross-coupling
versus wavelength for rib SMWG directional couplers of various gaps, all
designed for x = 1/v/2 at A\g = 1550 nm.

3.4.2 Setup Design

As previously mentioned, a new characterization stage was built to improve
on the opto-mechanics and data acquisition. Initially, a benchtop version
of this new stage was created, and, eventually, I built a compact version
inside a turntable chamber. Figure shows the block diagram of this
setup. Major improvements included the use of a fibre array instead of
individual fibres, computer-controlled positioners and a newer PXI controller
for automated measurements, fast data recording using special drivers for
faster spectral sweeps, a more powerful TEC controller, a larger TEC for a
greater temperature range, and an improved vacuum chuck for holding the

samples.
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Figure 3.41: Block diagram of second rotary characterization setup.

Optomechanics Improvements

Figure |3.42(a) shows the benchtop configuration of the stage. The manual
linear stages formerly used for fibre and sample positioning were substituted
with a computer-controlled Micronix SMCorvus™™ positioning system. The
X- and Y-axis stages were assembled together to control the in-plane po-
sition of a temperature-controlled sample vacuum chuck. The Z-axis stage
was mounted in an independent post to control the height of the fibre array.

A two-axis tilt stage was used to perform horizon-level adjustments after
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loading each sample. Figure shows our custom 127-pm pitch, 22°
polish-angle, lidless fibre array on top of the sample vacuum chuck. This par-
ticular array has four equally-oriented polarization maintaining (PM) fibres,
for proper excitation of the DUT’s polarization-sensitive GCs. The same fig-
ure shows the aluminium sample pedestal, with a push-to-connect fitting for
vacuum connection, and wires protruding from a perforation where a ther-
mistor has been permanently attached. The perforations allow the thermis-
tor to be approximately 2 mm away from the sample without affecting the

vacuum.

@
5 151 152 153 154 155 156 157 158 159
‘Wavelength [um]

(c) (d)

Figure 3.42: (a) Automated stage, bench-top configuration. (b) Sample
pedestal and fibre array. (c) Microscope image of fibre array near chip
alignment features. (d) Spectra of an 84 nm-long ring resonator alignment
feature.

124



3.4. Fourth Design Cycle

Figure m shows a microscope image of the fibre array tip on top of
the GCs of the landmark device set shown in Fig. , and Fig.
shows the spectrum of the ring resonator landmark device, obtained using
the automated measurement GUI. After successful automated alignment
tests using the benchtop configuration, I re-assembled the characterization
setup on a rotary platform within a temperature-controlled chamber. Given
the dimension restrictions, elements such as the microscope tube, posts,
and post holders were substituted with shorter elements, as shown in Fig.
3.43(a)l I designed custom 3D-printed spacers shown in Fig. 3.43(b), to
mount the fibre array on a set of two compact goniometres. These goniome-
tres, in combination with a precision rotary platform, allowed for more re-
peatable and precise manual adjustment of the pitch, roll, and yaw angles
than those obtained on the benchtop configuration. Since continuous rota-
tion is not possible, due to the risk of fibre entanglement, fibres and cables
within the chamber were laid down and clamped so as to allow for rotation

in a sinusoidal pattern.

Instrument Improvements

A PXIe-1062Q chassis and a PXIe-8135 2.3GHz quad-core controller control
the setup. The Agilent 81682A TLS used in the previous setup was now used
with a four-channel Agilent N7744a photodetector, allowing for simultaneous
measurements of up to four device ports. Eventually, an Agilent 81960a
TLS and a 8163B mainframe were acquired, allowing for faster continuous
sweep rates in a wider spectral range. However, the 81960a TLS does not
have a low output power option (P, min=06 dBm), and due to the lack of
polarization-maintaining attenuators, the 81682A TLS was kept for tests
with input power levels ranging from —13 to 6 dBm. A Stanford Research
Systems TEC controller PTC10 [123] was acquired as to allow for a wider

pedestal temperature range.
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Software Improvements

Interfaces were created on various software platforms for open- and closed-

loop sample positioning. Specifically, the Corvus™ positioning system
could be controlled using either MATLAB™ or LabVIEW™ for open-loop

positioning, shifting each axis with user-defined displacements.

" o
i

Figure 3.43: (a) Compact configuration of the characterization setup, within
turntable chamber. (b) Sample pedestal and improved fibre array holder.

The TLSs and the quad-port N7744a photodetector could be interfaced
with either MATLAB™ or LabVIEW. However, being explicitly intended
for time-domain signal acquisition and control, of the two software environ-
ments, LabVIEW™ proved more reliable and efficient at acquiring time-
domain data. In contrast, the automatic alignment and spectral data record-
ing algorithms had already been developed in the UBC-UW MATLAB™
GUI Attempts to embed the MATLAB™ GUI within LabVIEW™ as an
alignment sub-routine proved futile. Due to timing and driver access issues,
these two interfaces could not be open simultaneously.

In order to investigate resonance stability over time, I created continu-
ous spectral sweep (CSS) algorithms using MATLAB™ and Agilent’s Fast
Spectral Insertion Loss (FSIL) COM drivers. This allowed for spectrum
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capturing and recording at rates between 0.5 to 5 seconds per sweep. The
FSIL COM drivers were incompatible with the drivers used in the UBC-UW
MATLAB™ GUI, so these two elements could not be open simultaneously
either. Therefore, the MATLAB™ GUI was used for all fine alignments, and
was closed prior to any CSS or LabVIEW™ time-domain characterization.
Once the time-domain or CSS characterization started, the LabVIEWTM
open-loop positioning VI could be used for any necessary manual adjust-

ment without causing any conflict.

3.4.3 Measurements

After the preliminary automated alignment and measurement tests were car-
ried out in the benchtop configuration (e.g., see Fig. , I re-assembled
the setup inside the turntable chamber and characterized the test structures
to determine the propagation loss of MMWGs. This was followed by char-

acterizing the large resonators.

MMWG Propagation Loss Characterization

As mentioned in Section four MMWG test structures (MMWG TSs)
with rib MMWG length values of 2, 56, 86, and 116 mm were created on
the layout design. Neighbouring loopback and ring landmark structures
were used as “zero-length” references. The MATLAB™ GUI was used
to perform sequential alignments upon the MMWG TSs and neighbouring
landmark devices in various chips. At least twenty measurement cycles were
recorded for each chip. I developed automated Matlab scripts to sort the
data for each chip, obtain the average IL for each device, plot the average
IL vs. MMWG TS length, and perform propagation loss curve fits.

Figure shows the average IL as a function of wavelength for the
MMWG TSs of a single chip, and the figure inset shows the correspond-
ing linear fit. The average propagation losses ranged between 0.077 and
0.085 dB/cm across various chips. The excess loss caused by 40 adiabatic
bends and tapers was estimated to be ~ 0.07 dB, by comparing the extrap-
olated zero-length loss of the MMWG test structures to that of a reference
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loop-back device, also shown in the Figure.
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Figure 3.44: Spectra of test structures with various MMWG lengths, for an
IME run. Also shown, spectrum of a reference loopback waveguide coupled
to an 84-micrometer long racetrack resonator. Inset: Insertion loss versus
length, showing an MMWG propagation loss of 0.085 dB/cm.

Resonator Characterization

Figure [3.45|shows the block diagram of the resonator characterization tests.
Resonators with both fixed and thermally-tuneable couplers were character-
ized using this experimental configuration. Light was injected into the DUT
via a PM circulator and two detectors were used to record the output power
of the mixed-through port, P, = ‘Al_ ‘2 and the signal exiting through the
input port, P, = |A2_ ‘2. These spectra were saved for each device, and au-
tomated codes were developed to obtain figures of merit (e.g., @ factor, ER,
FSR, and group index) and to perform spectrum normalization and curve
fitting for each resonance of the signal P,. Figure shows the spectra
for a 37.6 mm-long tuneable-coupler resonator, with null bias current. The
total wavelength span (not shown in the figure for clarity) ranged from 1548

to 1552 nm and encompassed over 200 resonances.
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L

J

Figure 3.45: Experimental block diagram for characterization of resonators
with splitting/merging couplers.
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Figure 3.46: Spectra for a 37.6 mm-long ring resonator for the mixed through
and the return signal ports, detected at PD1 and PD2 according to Fig. |3.45|.
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As one can see in Fig. although the resonator was at rest, a sig-
nal was detected in the mixed-through port. One also can see in Fig.
that the values of @, ER, and the curve fit parameters show considerable
fluctuations. We initially associated this to non-idealities of the adiabatic
splitters. However, as will be shown in Subsection these fluctuations
also appeared for rings with directional couplers without adiabatic splitters.
A later study (see Subsection showed that the peaks in the mixed-
through port are consistent with the existence of backscattering in the ring
[10]. The variations of the extinction ratio can be partially explained by
the limited resolution of the wavelength sweep step of the laser. Figure [3.47]
illustrates this effect by comparing simulated spectra with various wave-
length step values. One can see that the variation of the ER increases as the
wavelength step, A\, increases. This artifact, along with the backscattering

effects, can explain the observed ER variations in our experimental spectra.
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Figure 3.47: Spectra for a 37 mm-long resonator for various wavelength step
values.

Figures 3.48(a)}, 13.48(b), 13.48(c), and [3.48(d)| show, respectively, the Q,
ER, FSR, and group index as functions of wavelength for this device. The

wavelength sweep step was 0.2 pm. The @ factor in this experiments reached
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values as high as ~ 2 x 10%, with an average Qave =~ 1.7 x 10%. Each
spectral trough was curve-fitted to Eq. in search for the round-trip
loss, 7, the through transmission, t,, and the insertion loss coefficient, C7y,.
The detuning, ¢ was obtained as a function of wavelength based on the
separation of adjacent resonances. Since these were all-pass resonators, t;, =
1, and neglecting losses in the directional couplers, v, = 0. Thus, Eq.

became:
t2 — 2t,7 cos (¢) + 72

O, [1 — 2t,7 cos(¢) + t272]

Figure m shows the normalized spectrum for the aforementioned
resonator and superimposed curve fits for each resonance obtained using
Eq. . Figure m shows the fit values as functions of wavelength
for t, and 7. Due to the structure of Eq. , the round-trip loss 7

and the coupling t, are interchangeable parameters. In order to distinguish

|So1|? =

(3.23)

them, the idea was to observe the trends of the parameters as functions of
wavelength, as 7 should be fairly constant. However, it was difficult to find
a trend versus wavelength due to the fluctuations in the fitted values.
However, since the T-MZI current was null, it was possible to associate
the fitted values closer to 1 with the value of t,. Thermal tuning experiments
(see Subection allowed us to confirm that for current values of 1 mA
and 3.7 mA (equivalent to thermal phase shifter power values of 1.1 mW and
14.4 mW, respectively), the resonator was near critical coupling condition,

and the ER was maximized.
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Figure 3.48: Figures of merit for a 37.6 mm-long resonator with unbiased
tuneable coupler, in various wavelength ranges. (a) Q factor. (b) ER. (c)
and (d) FSR and group index, respectively, extracted from full spectrum
curve fit data. (e) Curve fits for each resonance trough. (f) Coupling and
roundtrip loss curve fit parameters, for each resonance. 132
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Tuneable Coupling Experiments

The samples with thermally-tuneable couplers were tested in an alternative
characterization setup, as the electrical probes used during these experi-
ments could not be accommodated within the turntable chamber without
major modifications. Curves of voltage as a function of current (V-I curves)
were obtained to determine the resistance of the 200 pm-long metallic ther-
mal heaters. Their resistance ranged from 1070  to 1200 Q2. Figure |3.49
shows experimental results obtained with a T-MZI test structure similar
to that shown in Fig. The electrical current of the metal heater was
stepped, and the voltage and optical spectrum were recorded at each cur-
rent value. During post-processing, the optical transmitted power at a single
wavelength (A = 1530 nm) was plotted as a function of the thermal phase
shifter power, FPy. Figure m shows the metal heater V-I curve, and
Figure shows the normalized optical power at the through and drop
ports of the test structure as a function of Py. The metal heater resistance,
insertion loss, and phase shifter efficiency for this device were, respectively,
R =1106.5 ©, IL=16.3 dB, and 7y = 24 mW /.
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Figure 3.49: T-MZI test structure experimental results. (a) V-I curve

to determine metal heater resistance, R=1106.5 €2. (b) Normalized optical
output power vs. heater power, at A = 1530 nm. Minimum IL: 16.3 dB.

Spectral sweeps over a 300-pm span were obtained for a 37 mm-long
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resonator with tuneable coupler. The phase shifter currents ranged from 0
to 7.9 mA, in 0.1-mA steps. Figure[3.50shows the spectra of the resonator’s
return signal via the PM circulator (dotted curves) and the mixed-through
port signal (dashed curves) with the thermal phase shifter power, Py, as a
parameter. For clarity, the plot range and has been restricted to 80 pm, and
the values Py shown correspond to shifter currents ranging from 0 to 4 mA,
in 0.5-mA steps. One can see changes in the return signal extinction ratio
and the resonance wavelength as the current is increased. One can also see
similar changes for the mixed-through signal, which is expected to be zero
in the absence of rotation. Its appearance can be explained based on the
backscattering model shown in Subsection [3.5.4]

---0.00 mwW
g~ -~ 0.28 MW |4
i |---1.11mwW
-=-2.49 mW
4.43 mW
o ---6.92mw ||
T, ---9.96 mW
I e Ty ey S S0 e DTS M LELUAL
(7)) ,""--Fl*‘lll ? ------ BN 'v‘-----..; sm’-f\"l""i‘r-\‘ q.v}::-~---
72} '40 W] N \‘}\ "‘4\: \‘1‘\'“ ! \\ Wy ] \‘\’u“,ll *
é 1 ! ?m ":‘ ||"'l‘_";I |IH !' v "u. il'll
g | i b W i
C 1 ||['|, |:{‘r {,i l: \'.
s 3 b L ;
= 50 3 ! :
! '
L
]
L]
'
-60 4| il
| | |
1550 1550.02 1550.04 1550.06 1550.08

Wavelength [nm]

Figure 3.50: Resonator spectra during coupler thermal tuning, with thermal
phase shifter power as a parameter. Heater resistance: 1100 §2. Phase shifter
current range: 0 to 4 mA, in 0.5 mA steps. Dotted curves: Return signal
(on circulator’s port 3). Dashed curves: Mixed-through port signal.
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Figure |3.52 shows the evolution of the spectra and figures of merit of
the return signal as the phase shifter power Py is varied. Figures m
and show, respectively, the spectra and ER versus wavelength for
Py from 0 to 6.37 mW, corresponding to thermal phase shifter current (iy)
values from 0 to 2.4 mA, with steps Aig = 0.2 mA). One can see that the
measurement for Py = 1.11 mW is the closest to critical coupling condition,
as the ER is maximum. The remaining subfigures of Fig. show results
for a wider Py range, from 0 to 27.7 mW, using a finer current step Aig =
0.1 mA. For clarity, these subfigures show only average values of each figure
of merit as functions of Py. Figs. 3.52(c),[3.52(d)} [3.52(e)} and [3.52(f) show,

respectively, the average ER, average Q) factor, average FSR, and the average

curve fit parameters corresponding to the straight-through field transmission
t(0), and roundtrip loss 7, for Py ranging from 0 to 27.7 mW.

Based on Fig. one can unambiguously discern between ¢() and
7, as only t(f) varies sinusoidally as Py is increased, whereas 7 is fairly
constant. The resonator is initially overcoupled, reaches its maximum ER
at critical coupling, near Py = 1.1 mW and Py = 13.6 mW. The ring is
undercoupled for 1.1 mW < Py < 13.6 mW, and overcoupled for 13.6 mW <
Py < 277 mW. The imperfect fits for ¢(¢) and 7 near critical coupling are
due to the fact that an infinite extinction ratio would be required to make
both parameters identical. This is also true for non-fit-based parameter
estimations, such as those described in [86].

To properly estimate the Q factor in heavily over- and under-coupled
conditions, it is important to point out that for an all-pass resonator, the
FWHM is located at half the depth of the spectral trough in a linear scale [14,
33], as shown in Fig. rather than being fixed 3 dB below the maximum
transmission value. Figure depicts two cases: one slightly overcoupled
(t=0.8, 7 = 0.88), and the other one, heavily overcoupled (t=0.42, 7 = 0.88).
As one can see in the figure, the denomination of —3 dB linewidth can
lead to erroneous estimations, as strictly, the FWHM can only be located
at the —3 dB line for a critically coupled resonator. For high extinction
ratio resonators (ER~ 1), the —3 dB approximation is valid. However, the

separation between the two points intersected by a horizontal line at —3 dB
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becomes narrower as the extinction ratio decreases. Thus, the FWHM and
@ factor can be mistakenly under- and over-estimated, respectively. Taking
into account the finite extinction ratio ER < 1, the normalized transmission

at FWHM for an all-pass resonator is, in linear scale:
T(¢twhmi2) =1 —0.5-ER, (3.24)

where ¢gwhmi,2 are the two detuning values at FWHM, ER = 1 — T'(¢yes)
is the extinction ratio (expressed in linear scale), and ¢yes is the normalized
power transmission at resonance. When processing experimental data, the
FWHM is obtained as the difference of the wavelength values corresponding
t0 Gfwhm1,2, and Q is obtained as @ = A\g/FWHM. All @) factor estimations
shown in Fig. have been obtained using this procedure. The high-
est quality factors were Q ~ 4.5 x 10°, achieved in heavily undercoupled

conditions.

1 —r o, T o e

~—.
~..
~.

-
o

o
3
T

FWHM, \}

o
2}
T

-

Normalized transmission
o
[6)]
T

041 B
0.3 J
o2r L e Heavily Under-Coupled (HUC)(T
——Critically-Coupled (CC)
0.1 —--Slightly Over-Coupled (SOC) [T
‘ —Heavily Over-Coupled (HOC)
T T T

, ©
-

| |
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Normalized detuning, d’ring/”

Figure 3.51: Comparison of FWHM values for rings with various coupling
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The average values of the the roundtrip loss and the group index were,

respectively, Tavg = 0.925 and ngave = 3.8. Thus, aay = —In(7)/L =
2.118 m™!, and:
™y 6
Qi= "9+ 363x10 (3.25)
QaygAQ

The coupling quality factor, Q., and () are related by [21, 68, 141]:

—mngL
Qc = th(g)), (3.26)
and the total Q factor is: 0.0
Q= 0t Q. (3.27)

Fast Spectral Sweeps

As mentioned earlier, automated measurements were carried out sequentially
for several devices on each chip. Any particular device was re-measured af-
ter a period that depended on the number of devices in the run. On a
specific chip, we carried out repeated tests at various input power levels
on multiple devices. Figure |3.53| shows the measurements carried out on
a 38 mm long resonator at various input power levels. The measurements
shown in this figure were taken over a time span of 1 hour. These measure-
ments showed resonance shifts in spite of the fact that the sample pedestal
was temperature-controlled. Similar resonance shifts were observed between
measurements made on a single device at different times, even using a con-
stant input power (0 dBm). If no translation was necessary, the MATLAB™
GUI measured a spectrum in approximately 60 to 90 seconds. In order to
observe the resonant behaviour over time, measurements at faster sweep
rates than those achievable with the MATLAB™ GUI were necessary.
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Figure 3.53: Resonances for a static, 38 mm-long ring at various input power
levels, on a temperature-controlled pedestal, at 25°C.

Based on information provided by applications engineers from Keysight
Technologies, Inc., I created scripts for fast sweeps and data recording
at high repetition rates using proprietary COM drivers compatible with
MATLAB™. The sweep rate for each run depended on its wavelength
span, wavelength sweep step, and sweep speed. The recording rates ranged
from 0.5 to 5 seconds per sweep.

To investigate whether the laser could be a source of noise, stability tests
were carried out with a large ring resonator and an acetylene cell (CoHs), a
gas with stable absorption lines in the C band [93]. These tests were carried
out using a 0.1 pm wavelength step, the smallest possible with our TLSs.

Figure shows the superimposed spectra for a 300-sweep test using
the CoHs cell. The input power was 6 dBm, and the sweep rate was 40 nm/s.
The average sweep time was 0.7 s. During post-processing, two points were
tracked in each spectrum to obtain statistical data. The resonance wave-
length and its transmitted power were recorded for each spectrum. A fixed
off-resonance wavelength value was chosen in the first spectrum, and the

transmitted power at that wavelength was tracked in the remaining spec-
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tra to assess the off-resonance power variation over time. Figure m
compares the transmitted power vs. time for the selected wavelength values.
Figure shows the resonance wavelength value over time. The average
resonance wavelength was Ao = 1530.3651 nm, and the standard deviation
of the resonance wavelength was o(Ag) = 0.239 pm. The relative power
fluctuation off-resonance, o (Py)/ Py, was 3.44 x 10~%. Fig. shows a
histogram for the resonance wavelength values.

Figure shows plots for a similar test using a 37 mm-long ring res-
onator. The resonance wavelength average value was 1550.230 nm, the
standard deviation of the resonance wavelength was 0.255 pm. The rela-
tive power fluctuation off-resonance for the resonator was 3.53 x 10~2. Fig.
3.54(d)| shows a histogram for the resonance wavelength values.

The resonance wavelength variation for the acetylene cell and the res-
onator were similar, suggesting that the variation was mainly caused by
the laser wavelength accuracy rather than by an effect internal to the res-
onator. Furthermore, additional tests with the acetylene cell showed that
the resonance wavelength fluctuation depended on the sweep speed of the
laser. However, the off-resonance power fluctuations cannot be explained
by the laser power stability, because the variations were much larger for the

resonator than for the acetylene cell.
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Figure 3.54: Resonance dip stability test for an acetylene (CoHsz) cell. (a)
300 superimposed spectra, showing markers tracking transmitted power at
resonance (red asterisks) and an arbitrary off-resonance wavelength (blue
stars). (b) Comparison of transmitted power levels at selected wavelengths,
and their ratio, over time. (c) Resonance wavelength over time. (d) Reso-
nance wavelength histogram.
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Figure 3.55: Resonance dip stability test for a 37 mm-long resonator. (a)
300 superimposed spectra, showing markers tracking transmitted power at
resonance (red asterisks) and off-resonance (blue stars). (b) Comparison of
transmitted power levels at selected wavelengths, and their ratio, over time.
(c) Resonance wavelength over time. (d) Resonance wavelength histogram.

Time-Domain Measurements

Figure shows the front panel of a LabVIEWT™ interface developed for
monitoring and recording the power over time at a single wavelength for
our Agilent N7744a quadruple photodetector. Statistical analysis features
were also created to automatically calculate the mean, standard deviation,

and SNR of linear scale power measurements. The experimental SNR, values
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were obtained as the ratio of the mean of the power divided by its standard
deviation. For consistency, all measurements taken had an approximately

equal number of data points.
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Figure 3.56: Front panel of the LabVIEWT™ VI for time-domain measure-
ments with the N7744a photodetector.

The noise floor was estimated at each value of the photodetector power
sensitivity, by connecting light dumps to its ports and carrying out 22000-
point measurements using an integration time of 50 pus. Figure
shows the noise floor as a function of the photodetector sensitivity. Since
the most commonly used sensitivity settings in our experiments were either
—20 dBm or —10 dBm, our experimental noise floor value was considered
to be —70 dBm.

The greatest achievable SNR, at various input power levels was esti-
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Figure 3.57: (a) N7744a photodetector noise floor at various photodetector
sensitivity values, for 22000 samples at a 50 us averaging time (11 s mea-
surements). (b) Insertion Loss and SNR as a function of input power for a
3 m long PM patch cord, for various integration times.

mated by connecting the laser to the photodetector using a connectorized
polarization-maintaining (PM) patch cord. The patch cord length was 3
meters, similar to that of the PM fibre array. SNR and IL tests, with inte-
gration times ranging from 5 ps to 2 ms, were carried out for input power
levels ranging from —30 to 10 dBm at a single wavelength (A = 1556 nm),
as shown in Fig.

As expected, the IL was fairly constant, and the SNR was slightly im-
proved for longer integration times. Considering the trade-off between SNR
improvement and acquisition time, integration times in the range of 50 to
200 ps were deemed appropriate for subsequent experiments, and the re-
maining tests for ¢4,y > 500 ps were discontinued. Similar SNR tests were
carried out with two PM circulators, showing that they did not significantly
impact the achievable SNR. Details can be found in Appendix Cl

Further time-domain tests were carried out with PM patch cords in or-
der to determine the frequency content of the signals at the photodetectors.
Measurements were recorded over a period of 2 minutes, using a constant
input power and wavelength, with averaging times of 50 and 100 us. During

post-processing, the power spectral density (PSD) plots, normalized to unit
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power, were obtained. Figure [3.58 compares PSD plots obtained in various
experiments using the two aforementioned averaging times. The experi-
ments were repeated several times to ensure consistency. Spurious signals
are consistently observed at 120 Hz, due to the cavity vibration caused by
the TLS wavelength tuning control. Similar tests were carried out on a
loopback device to compare the PSDs of signals obtained with the pedestal
vacuum pump on and off. The SNR values for the pump on and off are,
respectively, 24.2 and 28.8 dB. Figure shows the PSDs for each case.
When the vacuum pump is on, the noise level is greater in the frequency
range between ~ 10 and ~ 100 Hz. The time-domain plots in Fig.
shows a slight IL decrease when the vacuum is turned off. Thus, the vac-
uum pump should be turned off once the fibre array was properly attached

to the samples.
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Figure 3.58: Comparison of noise PSD plots normalized to unit power,

based on autocorrelations various time-domain tests for a 3 m-long patch
cord. The legend shows the integration time for each run.
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Figure 3.59: Comparison of noise PSD plots normalized to unit power, based
on autocorrelations of time-domain tests for a loopback device, with the
pedestal vacuum pump turned on and off. Integration time: 50 us.
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Figure 3.60: Comparison of time-domain signals for a loopback device with
vacuum pump turned on and off. For both tests the integration time is
50 ps. 1L: 10.9 dB with vacuum pump on, 10.8 dB with vacuum off.

146



3.4. Fourth Design Cycle

3.4.4 TIteration Challenges and Conclusions

In this iteration, we designed resonators with a combination of strip SMWGs,
rib SMWGs, and rib MMWGs. This allowed us to further reduce the prop-
agation losses, as compared to our previous designs. The propagation losses
of our rib MMWGs ranged from 0.077 to 0.085 dB/cm. Without thermal
tuning of the coupling, our as-fabricated resonators show @) factors as high
as ~ 2 x 105, with an average Qavg ~ 1.7 x 105, as published in [56]. This
is, to the best of our knowledge, the highest Q@ values reported to date for
resonators fabricated using a standard CMOS-compatible process. @ factors
as high as ~ 4.5 x 10 were achieved by thermal tuning of the coupling.

Using equation (3.3) with A\g = 1.55 pm, and ny &~ 3.7, the average
field and power attenuation values are ag.,y ~ 0.004 mm~! and ap R
0.008 mm™', respectively. As compared to the previous iteration’s res-
onators, for a 6-mm length, the optical signal makes approximately 19
roundtrips before its intensity decreases by a factor of e. This was a sig-
nificant improvement, by a factor of ~ 5, with respect to those previous
resonators. For the resonator described in Fig. with L ~ 37.6 mm,
the optical signal makes approximately 3 roundtrips before its intensity de-
creases by a factor of e. The average finesse of these rings is 18.5 without
thermal tuning.

Mathematical models were developed to describe the theoretical be-
haviour of devices designed for this run with fixed and with thermally tune-
able splitting/merging couplers. Thermal tuning experiments allowed us to
confirm the expected behaviour, as well as to compare figures of merit for
resonators in over-coupled, under-coupled, and critically-coupled conditions.
The Q factor estimations at critical coupling were in average Q. ~ 1.9 x 106,
with a finesse F' = 22.5. For heavy under-coupling, the average () value ap-
proached the estimated intrinsic @ value of the resonator, Q; ~ 3.7 x 10°.

The use of computer controlled positioning allowed for automated mea-
surements of several devices across each chip, and for obtaining the spectrum
of each device in a period of 60 to 90 seconds. Continuous spectral sweep

(CSS) algorithms were implemented in order to perform faster sweeps at
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rates of 0.5 to 5 seconds per sweep, depending on the sweep parameters.
This reduced the time required to measure devices across a chip from a few
days to several hours.

The standard deviation of the resonance wavelength in the long-term
continuous spectral sweep (CSS) tests (0(A\g) ~ 0.44 pm) was greater than
what was expected according to the 0.2-mK standard deviation of the pedestal
temperature (i.e., op(Ag) ~ 0.014 pm). The tests carried out with the
acetylene absorption cell suggested that this variation was produced by the
wavelength accuracy of the tuneable laser source. The variation of the trans-
mitted power off-resonance for the large resonators suggested non-thermal
sources of power variation, such as vibration and position drift.

A time-domain interface was developed using LabVIEW ™ This inter-
face was used to obtain the experimental SNR values for different system
components and devices at constant values of power and wavelength. The
best SNR value achieved with the experimental setup was ~ 40 dB, ob-
tained with connectorized PM patch cords. Power spectral density (PSD)
plots were obtained for signals through the PM patch cords and SMWG
loopback devices. The PSDs showed that over most of the frequency range,
the laser noise is considerably smaller than that of the characterization stage.
Thus, we concluded that the laser noise is not the main limitation for the

system performance.

3.5 Fifth Design Cycle

During our experiments in the previous iteration, the resonators showed
variations in the transmitted power that could not be attributed to the
laser power stability. During this iteration, we designed devices consisting
of two adjacent resonators with GCs laid out so as to allow for simultaneous
measurements. Performing simultaneous measurements in both resonators
could help us determine whether or not the transmitted power variations
were correlated across different zones of the chip as well as help us eliminate
undesirable common-mode signals.

During this iteration, we also developed a lumped-reflector backscatter-
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ing model for the ring resonators, motivated by the non-zero signals detected
at the mixed-through port of the devices from the previous iteration and by
the backscattered signals detected in experiments carried out during this
fifth cycle.

3.5.1 Layout Designs

Figure shows the schematic of the resonator devices created during
this iteration, combining SMWGs and MMWGs as previously done. Since
the lengths and aspect ratios of the resonators could not be equal due to
layout area constraints, we decided to maximize the enclosed area of the
larger resonator to make them more sensitive to rotation, while the smaller
resonators could be used as a reference to eliminate deleterious common-

mode signals.

4

5 mmmmmne=n 5
E Referencering 3

5 mmmmm==sn 5
>
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! Gyroscope ring !
5 5

2L1 5 =5 5 1-Jz

Figure 3.61: Dual resonator set. The smaller ring was created as a reference
for tracking environment-related common-mode signals.

These designs had simple SMWG directional couplers to allow for estima-
tions of the backscattering in our rings and also to investigate the feasibility
of external phase modulation for backscattering noise reduction [120], which
was not possible to assess with the splitting/merging couplers used in the
previous design cycle. MMWG propagation loss test structures similar to

those shown in the inset of Fig. were created to assess the propagation
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loss in samples fabricated using e-beam lithography.

3.5.2 Waveguide Parameters

Designs were submitted for fabrication to IME Singapore (IME) and the
Nanofabrication Facility at University of Washington (UW). The designs
submitted to IME used rib waveguides for the SMWG directional couplers
and the MMWG straight segments. The designs submitted to UW were
entirely strip-waveguide based. All chips were glass clad for waveguide pro-
tection and IL reduction.

Table shows the values for effective and group indices for various
strip waveguide geometries. Table summarizes the propagation loss
parameters for various types of waveguides used during this iteration. In
the case of the rib MMWGs, the propagation loss estimation was based on

the experimental results obtained in the previous iteration.

Table 3.14: Theoretical values of effective and group indices at Ay =
1550 nm, for strip waveguides of various geometries. In all cases the strip
height is Hgtrip = 220 nm.

Strip width [nm] | Radius [pm] | Mode Teff Ng
500 0 TE-like | 2.4435 | 4.1772
500 00 TM-like | 1.7703 | 3.7043
500 20 TE-like | 2.4432 | 4.1769
500 20 TM-like | 1.7708 | 3.7005
1750 00 TE-like | 2.8121 | 3.7343
1750 00 TM-like | 2.7087 | 3.8709
3000 00 TE-like | 2.8343 | 3.7064
3000 00 TM-like | 2.7993 | 3.7517
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Table 3.15: Parameter estimations for different glass-clad waveguides

Parameter WG SM strip | SM rib | MM rib | MM strip
Strip width (nm) T 500 500 3000 3000
Slab width (nm) - 2600 5100 -
ags (B [9, 15, 56, 78] 24-3 [22-34] ~0085 | 0.1-1

3.5.3 Measurements
E-beam MMWG Propagation Losses

Following the same procedure described in Subsection |3.4.3, spectral sweeps
were carried out for MMWG TSs on an e-beam sample. An average propa-
gation loss of 0.55 dB/cm was estimated for the e-beam MMWGs. Figure

3.62| shows the spectra and the propagation loss for these devices.
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-15H L=2.34mm
=2.34mm
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_os5l L=116 mm

= Experimental data
— Linear fit
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U
N
N
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Figure 3.62: Spectra of similar MMWG propagaqtion loss test structures,
for e-beam samples, with a SMWG loopback as a zero-length reference.
Insertion loss as a function of length, showing an MMWG propagation loss
of 0.55 dB/cm.
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Dual Resonator Device Characterization

Figure schematically depicts an experiment for characterizing the
dual ring devices. The input signal is split off-chip using a 50/50 PM splitter.
Spectral sweeps were carried out for both rings simultaneously. After these
spectral sweeps, the laser wavelength was tuned to fixed wavelength val-
ues to perform time-domain tests under various conditions. Figure
shows the spectra obtained at various sweep speeds for a dual resonator
set. The gyro resonator has a length Ly = 32.8 mm, and the reference
resonator has a length Lo = 11.4 mm. One can see that the sweep speed
impacts the measurement noise in a counter-intuitive manner. Specifically,
the slowest sweep speed, with the greatest integration time, produced the
noisiest spectra. Figure [3.64] shows the @, ER, FSR, and group index as
functions of wavelength for this device, as well as resonance curve fits and
fit parameters. The wavelength sweep step was 0.1 pm. Outlying @) factor
values above 12 x 10 were discarded as they were considered to be unreliable
estimations, due to the minimum wavelength resolution of the laser.

When compared to the resonators characterized in the previous itera-
tion, one can notice that the Q factor values for these newer samples are
smaller, and that the values of the FSR and the group index show greater
variations, which impeded obtaining reliable fits of these two figures of merit
as functions of wavelength. This could be due to greater levels of backscat-
tering [10]. We conducted further experiments using one circulator per res-
onator to assess the backscattering in our devices, as per the block diagram
in Fig. Figure [3.66| shows the experimental spectra of the forward-
and backward-propagated signals for a dual resonator set. For both res-
onators, the back-propagating signals are ~ 15 dB weaker than the for-
ward signals. This assessment was qualitative, as the GCs also contribute
to backreflections on the order of ~ —16 dB [138]. Nevertheless, the evi-
dence of backscattering and its impact on the figures of merit motivated us
to develop the backscattering model described in Subsection [3.5.4. Based
on the spectral sweep results, an appropriate wavelength value was chosen

(A = 1550.3432 nm) to record signals for both rings off-resonance in the time-
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domain. A considerable improvement of the SNR in the forward-propagating
signals was noticed when the microscope light was turned off, namely, from
—0.4 dB to 19.25 dB. In contrast, the SNR for the back-propagating signals
decreased slightly, from 2.21 to 2.05 dB.

IL [dB]

-45{ — GyroRing1 LHS Port, 0.5 nm/s
—RefRing1 RHS Port, 0.5 nm/s
— GyroRing1 LHS Port, 5 nm/s
——RefRing1 RHS Port, 5 nm/s
5011 — GyroRing1 LHS Port, 10 nm/s
RefRing1 RHS Port, 10 nm/s

— GyroRing1 LHS Port, 20 nm/s
—RefRing1 RHS Port, 20 nm/s

-55 ! . :
1555.96 1555.98 1556 1556.02 1556.04 1556.06 1556.08 1556.1
Wavelength [nm]

(b)

Figure 3.63: (a) Experimental block diagram, and (b) spectra at rest at
various TLS sweep speeds, for a dual resonator system fabricated in e-beam
technology. Gyro resonator length: L; = 32.8 mm. Reference resonator
length: Lo = 11.4 mm.
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Figure 3.64: Figures of merit for a 32.1 mm-long resonator fabricated using
e-beam lithography. (a) Q factor, (b) ER, (c) FSR, and (d) group index.
(e) Curve fits for various resonance troughs. (f) Curve fit parameters.
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Figure 3.65: Experimental block diagram for a dual resonator system.

Figure |3.67] compares the PSD plots for time-domain signals recorded
with the microscope light on and off, for the forward- and backward-propagating
signals for the 32 mm-long gyro resonator. The trends shown by these plots
are consistent with the SNR readings. Measurements for both rings off-
resonance followed, to determine whether there was correlation between the
signals of both rings. The cross-correlation of the forward-propagating sig-
nals for both resonators was 0.92 and 0.82, with the microscope light on
and off, respectively. This indicated that the sources of noise for these rings
were strongly correlated, and that the microscope light was a common-
mode noise source, and should be turned off during experiments. The high
cross-correlation also indicated that the use of a reference ring could help

ameliorate the quality of the signal reading.
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Figure 3.66: Spectra for the forward- and back-propagating signals of a

dual resonator device. L1 ~ 32 mm, Ly ~ 12 mm. For both resonators, the

back-propagating signals are ~ 15 dB weaker than the forward-propagating
signals.
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Figure 3.67: Normalized power spectral density comparison with micro-

scope light on and off, for (a) forward-propagating and (b) back-propagating
signals in a 32 mm-long gyro resonator.
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Fibre Array Attachment and Dynamic Tests

Figure [3.68| shows the block diagram for the rotational experiments. A

voltage signal proportional to the turntable speed was monitored via the
FPGA FIFO. An external photodetector was also monitored via the FPGA
FIFO to measure any backscattering from the main 50/50 splitter.
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Figure 3.68: Experimental block diagram for rotational tests

onator system.

a dual res-

The chip was held with vacuum, and optimal alignment coordinates were

recorded using the LabVIEWT™ positioning VI. The fibre array was raised

so as to allow for deposition of low shrinkage UV-curable adhesive (Dymax

4-20418 [41]), then returned to its original optimal position. The adhesive

was cured in various cycles of progressive duration, as previously described

in Subsection [3.3.4] The vacuum pump was turned off after curing. Figure

shows spectra for forward- and backward-propagating signals before

and after fibre array attachment. An increase in the power of the backward-
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propagating signals was observed (cf. IL ~ —35 dB without adhesive to

IL ~ —25 dB with cured adhesive).
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Figure 3.69: Gyro and reference resonator spectra of forward- and back-

propagating signals. (a) Before adhesive deposition. (b) After adhesive
deposition, before curing. (c) After adhesive curing. (d) Narrow-range
sweep after adhesive curing.

In this iteration I decided not to re-adjust the pitch angle, to ensure
optimal alignment when lowering the array back to its original position.
This produced a blue shift in the working wavelenths, (cf. Figs. and
. One can see that the power of the back-propagating signals became
comparable to those of the forward-propagating signals after adhesive de-

position. Figures|3.69(c) and [3.69(d)| show, respectively, wide- and narrow-
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range spectra after adhesive curing. The IL of the forward-propagating
signals is approximately the same before and after fibre attachment.
Subsequent spectral sweeps after fibre attachment showed no variation
of the spectra at input power levels between —13 dBm and 3 dBm, as shown
in Fig. . Figure shows a narrow spectral sweep at rest, with
P, = 0 dBm, for wavelength selection prior to a rotational test. For clarity,

only the forward-propagating signal of each resonator is shown.
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Figure 3.70: (a) Spectra for the forward- and backward-propagating signals
of a 32 mm-long gyro resonator at various input power levels, after fibre
attachment. (b) Narrow spectral sweep of the forward-propagating signals
for the same gyro resonator, and its reference ring.

The TLS was tuned to a wavelength A = 1513.3805 nm with P, =
0 dBm. The SNR at rest for the forward- and backward-propagating signals
of the gyro resonator were, respectively, 8.68 dB and 6.54 dB. The turntable
was rotated sinusoidally with a maximum angular speed €2 = 20 dps at a
frequency fi, = 0.5 Hz. Figure compares the normalized turntable
angular speed to the unfiltered normalized optical signal of the gyro res-
onator. A delay of ~ 1 s between the signals is due to the asynchronous
acquisition times of the FPGA FIFO and the photodetector LabVIEW ™™
VIs. Fig. [3.71(b)|shows the PSDs of these two normalized signals, where one
can see the optical signal has considerable high-frequency noise. Based on

these PSDs, we chose to use a low-pass filtering scheme to eliminate noise in
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the optical signal at frequencies above the dominant frequency components
of the turntable signal. A 6th order Butterworth low-pass filter (LPF) with

a 5 Hz cutoff frequency was implemented for this purpose.
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Figure 3.71: Comparison of normalized time-domain signals and their PSD
plots. Time-domain plots (a) and PSDs (b) for the angular speed and the
unfiltered optical power signal. Time-domain plots (c) and PSDs (d) for
the angular speed and the filtered and shifted optical power signal.

The cross-correlation of the time-domain signals was obtained to de-
termine the time delay between them (At = 0.9 s), and shift the filtered

signals accordingly in Fig. 3.71(c). Figure 3.71(d) compares the PSDs of

the turntable and the filtered optical signal. According to our theoretical
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calculations (2.4.5), the optical signal variation is too large to be due solely
to a Sagnac phase shift. Therefore, vibration and stress have a significant
influence on the optical amplitude variation, despite the fibre array attach-

ment.

3.5.4 Effects of Backscattering

As exemplified in Figs. [3.48 and in our measurements we observed
that the @ factor and the ER of our device spectra changed considerably
as the wavelength was varied. As shown in Fig. [3.72] for devices with
splitting/merging couplers, we observed that the mixed-through port had
a non-zero transmission at rest, which exhibited resonances coinciding with
those of the return signal at the input port. As shown in Fig. the
return signal in these devices also showed considerable variation in its @
factor and ER. This motivated us to develop a distributed backscattering

model for our resonators.
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Figure 3.72: Measured wavelength spectra for the return signal (top, pink)
and mixed-through signal (bottom, blue) of a device with a 37 mm-long
resonator.
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Figure 3.73: @ factor and ER as functions of wavelength for the return
signal spectrum of Fig.

Figure[3.74) shows a schematic of the reflection that occurs in a waveguide
segment of length Az with a backscattering per unit length b and forward
transmission f = W . The backscattering coefficient at each point
is considered to be a random complex number, b = g(z)ejg(z), with amplitude
Z(z) normally distributed with mean 0 and root mean square magnitude
03(2), and with a phase g(z) equal to 0 or m with equal probability. In our
model, we estimate that the backscattering coefficient ratio between SMWGs
and MMWGs is the same as their propagation loss ratio, since both arise
from scattering. Based on this model, the electric fields shown in Fig.

are related by the matrix equation:

Et(z+Az)| Et(z) (3.28)
E~(z) | |E (z+Az2)]’ '
where the matrix B is defined by:
B fe-ikta: bAzemi( Az 3.29
- _b*Aze—j(kjL;ki YAz f*efjk’Az ’ ( ' )
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where k% = 2mneg(), 2) /A — ja(z) £ ®5/L, neg(N, 2) is the effective index,
and «(z) is the field loss coefficient. At rest, k™ =k~ = k = 2mneg(A, 2) /A —
ja(z). By re-arranging Eq. (3.28) and taking the limit as Az goes to zero,

we have:

E* Et
OB py| BT (3.30)
0z | B (2) E(2)
where the propagation matrix, P(z), is given by:
kKt gb | |ET
Pl)=—j| "’ (=) (3.31)
gb* =k~ | |E~(2)

For a z range starting at zp over which P(z) is constant, the solution to Eq.

(3.30)) is given by:

E:L(z) _ z20)P(2) E+(ZO)] (3.32)
E~(z E~(20)

. P .

BT o e BT+ A

| E7(2) -p*Az| g |baz B2+ A2)

- h— D

| «—> |

! Az |

Figure 3.74: Backscattering model schematic.

By dividing the resonator of length L shown in Fig. into N segments

and letting N — oo so that each segment is considered to have a constant
propagation matrix, using Eq. (3.32) we have:
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Laser

Adiabatic 50/50
splitting/merging coupler

Figure 3.75: Schematic of resonator formed by rib SMWGs (brown), rib
MMWGs (cyan), and linear SM to MM converters (purple). The total res-
onator length is 37 mm. The variable z denotes the position along the
length of the ring, starting at the point coupler. Left inset: Adiabatic split-
ting/merging coupler, formed by strip (orange) and rib (blue) waveguides.
Right inset: Point coupler model.
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where the matrix X is given by:

A L mlL

X= A}gnoo [};{0 exp {N - P (N) }] (3.34)

In Eq.|3.34 P (mTL) is the propagation matrix of the m' segment and the

product of matrix exponentials is evaluated from right to left with increasing

m. For computational simplicity, the horizontal and vertical MMWGs were

divided into 3500 and 4900 segments, respectively. The SMWGs and their

tapers were divided into 700 segments. The number of segments was chosen
using convergence testing.

The matrix equations governing the electric fields on the way in and on

the way out of an ideal adiabatic splitting/merging coupler are, as referred
to the insets of Fig.

Bl [ ] B (B 5.35)
Ef| v2 -1 1| |Ef| T |Ef '
Ey 1|1 —1]|Bs by

== =Mt (3.36)
E; V2 (1 1| |E; E;

The fields at the point coupler are related by:

By t el [E5] Ey
= A B A S (3.37)
E8 —IK t Elo Elo
B — K B (3.38)
Ef Eg

where t and k are real numbers and represent, respectively, the magnitudes
of the field through-coupling and the field cross-coupling. Assuming that

the coupler is lossless, x? + t? = 1.
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Based on Egs. (3.28) through (3.38)), E7 and Ey are related by:

EZ EF
T= v (3.39)
Eq Ly
where:
Ao | OV X+ W Xt R, (3.40)
t—w? (W' X +Wh'Xy)  &2W5
The fields entering and leaving the device are thus related by:
ET Ef
1 = q)stl‘M_l(I)ribA(I)riqu)Str [Ei] . (341)
2 2

where &4, and ®,4, are matrices that represent, respectively, the phase shifts

undergone by travelling through the strip and rib routing waveguides of the
splitting/merging coupler (see Fig. |3.30(a)|), and are given by:

e J str,rib rl,r4 0
Dy rib= , 3.42
StI‘,I‘lb 0 e_j kstr,rib LT277‘3 ’ ( )

where k,, = 2mn_ /A — ja,, and k, = 2mn /A — jo ., are, respec-
tively, the strip and rib SMWG propagation constants, L,; and Lo are,
respectively, the lengths of the strip SMWGs routing the grating couplers
GC; and GCs to the adiabatic coupler, and L,3 and L,4 are the lengths of
the bottom and top segments of the rib SMWG loop.

As described in Subsection theoretical estimations of the effective
indices of the SMWGs and MMWGs of these devices were carried out using
MODE Solutions™ eigenmode solver. The field propagation loss values
used in our model for the SMWGs and the MMWGs were, respectively,

asy =345 m™ P and appyp =1 m™!

, in agreement with previously reported
experimental results [9, 15, 56, 78].

For our initial simulations, we used a SMWG backscattering value of
Oy = 5.8 mm~!, estimated based on [89, 92]. However, as shown in Fig.
3.80, our simulation results showed a greater agreement with the measured
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spectra for Tjans

nefi(A, 2), a(z), and o3(2) for the waveguide tapers were obtained by linearly
interpolating between the SMWG and the MMWG values.

= 18 mm~! and Ohmt = 0.522 mm~!. The values of

Unbalanced Adiabatic Couplers

As shown in Fig. [3.79, the simulated spectra obtained assuming an ideal
50%/50% power splitting ratio at the adiabatic coupler showed non-zero sig-
nals in the mixed-through port due to backscattering, but did not resemble
the measured spectra. Thus, we investigated the effects of non-ideal power

splitting ratio values in the adiabatic coupler, by generalizing its matrix as:

\/Tac Vv 1 _Tac

VISTe VT | 4

M(Ty)=
where Ty /(1 — Tye) is the power splitting ratio. At this stage in the model,
the phase relationships between the ports of the adiabatic coupler are still

considered ideal.

Directional Coupler Imperfections

Figure |3.76| shows the schematic of a waveguide directional coupler with
reflections. For clarity, Fig. only depicts the propagation directions and
corresponding S parameter coefficients for the case EF = 1. After algebraic
manipulation, the equation governing this subcomponent is, according to

the transfer matrix (T-matrix) formalism [51]:

=] [+ ] [t ]
br e -yt -] |77 b

+ ) . + +
Eqg _ t —IK € -7 Eg _D Eg (3.44)
Eg| |-iv e —jr t ||Eg Eg '
Ef, -kt =)y € || By El,

In order to ensure this point coupler is passive and power-conserving, D must

be unitary. Thus, assuming real values for ¢ and &, the following restrictions
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Figure 3.76: Point coupler with straight through transmission ¢, cross-
coupling k, back-reflection ¢, and contra-directional coupling ~.

apply:
t,k,v,e € R (3.45)
| (3.46)
1— ,}/2 — 2
N 3.47
T 347
€= K/t (3.48)

In order to determine the theoretical values of the return loss (RL)
and the contra-directional coupling S parameters in various WDCs, finite-
difference, time-domain simulations were carried out using FDTD Solutions™.
According to our simulations, as-designed directional couplers with 7 pm-
long parallel waveguides show theoretical RL values on the order of —48 dB.
In contrast, the measured RL levels are on the order of —20 dB. However,
one must note that the experimental results also include the grating coupler
RL, which cannot be separated from the directional coupler RL. After S
parameter obtention, the WDC phase shift contribution was neglected in

the rest of the model (i.e., the WDCs were treated as point couplers).
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Measurements vs. Simulations

For all the simulation results shown in this section, Efr =1 and E; =0,
and all of the results shown will be referred to a device consistent with that
shown in Fig. with a 37 mm-long resonator, unless explicitly stated
otherwise. Figure |3.77 shows normalized measured spectra for the mixed-
through and the return port for the DUT. The data used to generate this
plot is the same used to create Fig. However, the wavelength range
has been restricted to clearly show some features of the mixed-through port

spectrum, such as lobe skew and near-resonance spikes.
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Figure 3.77: Normalized measured spectra for the DUT.

Figure |3.78| shows the theoretical spectra for a DUT with ¢ = 0.938,
AMX = 0.1 pm, perfect adiabatic and point couplers, and a backscatter-free
ring, i.e., Ty, = 0.5, Tt = Tt = 0mm™', v = 0. The slight ER variations
are due to the minimum wavelength step of our laser, AX = 0.1 pm.
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Figure 3.78:  Simulated spectra with AX = 0.1 pm for a DUT with a
backscatter-free ring and a perfect adiabatic coupler.

Figure|3.79 shows simulation results for a DUT with T,. = 0.5, t = 0.905,
Ty = 5.8 mm~!, v = 0, and A\ = 0.2 pm. The noticeable ER variations
in the return signal are in this case due to both backscattering and the
non-zero value of AX. A non-zero mixed-through signal is observed due to
backscattering. However, there is no resemblance of the simulated signal to
its experimental counterpart. Therefore, simulations for adiabatic couplers
with various non-ideal splitting ratios were investigated until a close match
between the experimental and theoretical spectral baselines was found. Sev-
eral simulations with various levels of backscattering were performed until
the spectral features of our simulations resembled the phenomena observed
in our measurements. The variations of () and ER in our model are greater
for higher backscattering levels. Since each backscattering profile is ran-
dom, it is practically impossible to perfectly recreate all the spectral features
of our measurements in one simulation. Rather, phenomenological resem-

blances can be observed in each of many simulations created using the same
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parameters. Several simulations were performed and showed resemblances
to the measured spectra, such as skewed lobes and resonance spikes instead
of troughs. However, for the sake of briefness, only selected plots have been
included in the document. Simulations to investigate the impact of greater
reflections at the point coupler were performed. According to our simula-
tions, v should not exceed ymax = 0.3, to ensure that the () and ER value
ranges of the simulations resemble those of our experiments.

Figure 3.80|shows simulation results for a 57% /43% splitting ratio, oz =
18 mm™1, 0.9057 and v = 0. Figure ShOW/S simulation results foisidhe
same parameters, except for t = 0.932, and v = 0.1, whereas Fig. shows
simulation results for the same parameters, except for ¢ = 0.938, and v = 0.1.
One can see resemblances between the baseline ratios and near-resonance
spikes when comparing the measured spectra to each simulation. Figure
3.83(a)| compares the forward- and backward-propagating output signals for
the same ring backscattering profile used to create Fig. i.e., it compares
the signals exiting the ring for E;r =1, £y =0 and for E;r =0, By =1
(see Eq. ) Figure shows the output spectra in the CW and
the CCW directions for the same ring, for a unit-magnitude input evenly
split and simultaneously injected in both directions of the ring (hence the
—3 dB baselines). Although the effects of v # 0 are very noticeable when
comparing the output spectra for CW- and CCW-propagating signals in the
resonator alone (Fig. , according to our simulations the impact of
this parameter is not as significant on the spectrum of the full device, except

for the need to adjust the value of ¢ to match port baseline levels and to

ensure sensible values of ) and ER. Figures [3.84(a)| and [3.84(b)| compare

the measured values of () and ER with those obtained in various simulations

with different parameter values and random backscattering patterns.
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Figure 3.79: Theoretical spectra for a DUT with T, = 0.5, t = 0.905,

Ty = 5.8 mm~!, O = 0.084 mm~!, v =0, and A\ = 0.2 pm.
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Figure 3.81: Theoretical spectra for a DUT with T, = 0.57, t = 0.932,
or =18 mm™1, o5, = 0.522 mm ', v =0.1, and A\ = 0.1 pm.
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Figure 3.82: Simulated spectra for a DUT with T,. = 0.57, ¢ = 0.938,
oy g(2) =18 mm™ o5 v (2) = 0.522 mm~', v = 0.1, and A\ = 0.1 pm.
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Figure 3.83: Theoretical spectra for a 37 mm-long ring resonator with
t = 0.938, 03 g (2) = 18 mm™, o3, (2) = 0.522 mm™', v = 0.1, and
AX = 0.1 pm. (a) Normalized transmitted power in forward- and backward-
propagating directions for CW- and CCW-direction input beams. (b) To-
tal output spectra in CW and CCW directions for simultaneous counter-
propagation excitation. The power is referred to the total input power.
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Figure 3.84: Comparison of measured values of (a) @ factor, and (b)
ER with those obtained in various simulations. In all cases, T,. = 0.57,
oy gu(2) =18 mm ™, 0, (2) = 0.522 mm ™!, and AN = 0.1 pm.

3.5.5 TIteration Challenges and Conclusions

The devices studied in this iteration consisted of two adjacent resonators.
Both resonators combined SMWGs and MMWGs. Devices were fabricated
at two facilities: IME and UW, using two-etch and single-etch fabrication

175



3.5. Fifth Design Cycle

methods, respectively. Device spectra were obtained for devices from both
fabrication batches. The devices fabricated at IME showed higher propa-
gation losses due to fabrication-related issues. The devices with the best
figures of merit belonged to the e-beam lithography batch. These devices
were used for the remainder of the static and dynamic tests. The aver-
age ER and ) of these resonators were, respectively, ER ~ 19 dB and
Q ~ 1 x 105. The estimation of the propagation loss for the strip MMWGs
was agqp ~ 0.55 dB/cm. Using Eq. with ng ~ 3.8 at A\g = 1.55 ym,
the average field and power attenuation values are ag.y ~ 0.0077 mm~!
and oy ~ 0.0154 mm !, respectively. As expected due to the use of e-beam
lithography, the propagation losses are higher than in the previous iteration.
Nevertheless, it was possible to achieve high quality factor values.

For the gyro devices fabricated during this iteration, the power of the
backward-propagating signals increased approximately 10 dB after adhesive
deposition and curing. Rotational tests were performed, and the normalized
angular speed and optical signals were compared in the time- and frequency-
domains. A filtering scheme (6th order Butterworth low-pass filter with a
5 Hz cutoff frequency) was implemented to eliminate high frequency noise.

Despite the significant improvements as regards mechanical actuation
and fibre attachment (in comparison to our first rotary setup), the amplitude
variations of the optical signals are still dominated by vibration and stress.
These variations are still considerably greater than those due to the Sagnac
effect.

In order to improve the readout and reduce backscattering effects [67,
71, 82], significant efforts were made to implement frequency tracking using
the phase modulation techniques described in Section 2.5 Unfortunately,
the available signal generators were unable to simultaneously produce ramp
signals with the necessary amplitude and frequency values. Specifically, for
our latest resonators, Q ~ 1 x 10%, thus FWHM=~ 200 MHz. In order to
produce the necessary frequency excursion Af ~ 100 MHz between points
B and C in Fig. ramp signals must be generated with frequencies
fi =~ 100 MHz and 2f; ~ 200 MHz. The V, voltage of the Thorlabs™
LN65s-FC phase modulators intended for this purpose is V; = 4 V [128§].
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Therefore, the required peak-to-peak ramp amplitude is V,, = 8 V, i.e.,
the sawtooth root-mean-square (RMS) voltage is Vams = 4/v3 V ~ 2.3 V.
Since the input impedance of these modulators is Ry, = 50 €2, the driving

power required is:

Vius/ RL

Fapm = 10log (1><103[W]

) = 20.3 dBm (3.49)
The fastest arbitrary waveform generator (AWG) available to me was a
Fluke™ 294. Although this instrument can generate signals with sufficient
amplitudes, its maximum linear ramp frequency is 500 kHz [26], i.e., 400
times lower than the required maximum frequency. To overcome the power
and bandwidth limitations faced when trying to implement serrodyne phase
modulation techniques used in previous work [62, 118], sinusoidal modula-
tion schemes are envisioned as part of future work.

A backscattering model has been developed to explain the non-zero sig-
nals detected at the output ports of our devices. Our simulations indicate
that the appearance of signals at the mixed-through port is not only due
to waveguide backscattering, but it is also due to an imperfect splitting ra-
tio at the as-fabricated adiabatic couplers. Suitable value ranges for key
parameters of various DUT subcomponents have been found, in order to
phenomenologically match the simulations and the experimental data. Due
to the stochastic nature of the backscattering profile distribution, each simu-
lation run provides a unique case in which a combination of various spectral
behaviours can be found. Our model shows that the variations of () and ER
are coupling-, backscattering-level-, and backscattering-profile-dependent,

and that these variations are greater for increasing values of backscattering.
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Chapter 4

Summary, Conclusions, and

Suggestions for Future Work

4.1 Summary

In this thesis, we have reviewed the state of the art of passive optical gyro-
scopes, developed analytical models for design parameter optimization, and
iteratively designed and improved both SOI gyroscopic devices and charac-
terization setups.

We introduced the concept of optical gyroscopes and described the state
of the art in Chapter [1. In Chapter [2| we presented a theoretical study with
a thorough device-level optimization. Based on this study, we concluded
that the most crucial design parameter for the gyroscope resonators is the
propagation loss, «. This parameter dictates the optimal values for the
resonator length, Loy, the field coupling, Kopt, and the detuning, ¢opi. Our
study showed that for each resonator configuration, the product aLgp is a
constant. For lengths above L, the resolution deteriorates at a noticeably
faster rate than for decreasing length values, below Lps.

Taking into account the resonator size constraints imposed by the fabri-
cation technology, we obtained optimized coupling and detuning for L. < L,
with o and L as parameters. In all cases, the best resonator design is an
under-coupled, all-pass configuration. In order to assess the design robust-
ness, normalized parameter bandwidths for the length, the coupling, and
the detuning of all-pass and drop-port resonators were obtained. For each
port configuration, these bandwidths were identical for all values of . How-

ever, when these parameters are denormalized, lower values of « allow for
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wider tuning ranges. On the system level, the impact of insertion loss and
signal-to-noise ratio on resolution are described. Based on our theoretical
study, large-area resonators were designed and fabricated on SOI wafers, as
part of MPW runs.

Complex mechano-opto-electrical characterization setups were created
to test the fabricated devices, and both the resonator designs and the char-
acterization setups were improved during the five design iterations described
in Chapter |3. Our initial experiments motivated us to combine SMWG di-
rectional couplers and SMWG resonator corners with straight MMWG seg-
ments, in order to reduce the resonator round-trip loss. Figure [4.1|shows the
average propagation loss and average ) value for each design cycle. Based
on our prior theoretical study and on the experience gained through various
fabrication iterations, we were able to design large-area resonators with @
factors as high as 4.5 x 10% and 2 x 108, with and without thermally-tuned
coupling, respectively. The latter have been published in [56]. To the best
of our knowledge, these are the highest ) factor values reported to date for
SOI resonators fabricated using standard CMOS-compatible processes. Our
resonators met or exceeded the specifications for () factor and propagation
loss of resonant structures reported in the literature, fabricated in other
materials (e.g., InP [23, 28]) and also intended for gyroscopic applications.

Regarding the characterization apparatus, LabVIEW™ FPGA inter-
faces were created to control the rotation speed and patterns of a first
rotational setup. Preliminary gyroscopic measurements were carried out,
allowing for identification of limitations regarding alignment repeatability,
speed range, environmental noise, mechanical vibration, and stress. In order
to address these limitations, I built a second rotational setup with support
of CMC Microsystems. Its main features consisted of an enclosure that
reduced air motion and ambient light, auto-alignment capability, lower vi-
bration, and improved rotational speed control. Continuous spectral sweeps

were implemented in order to observe the behaviour of resonance over time.

The initial LabVIEW™ FPGA interfaces were improved so as to al-

low for observation and recording of time-domain signals from up to six
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Figure 4.1: (a) Average ring propagation loss, and (b) average ring Q
factor vs. design cycle.

different photodetector channels and from the turntable’s angular speed en-
coder. Fast Fourier Transform plots and power spectral density plots were
also obtained automatically upon measurement completion. Based on the
spectral characterization results, filtering schemes were implemented. This
work resulted in the creation of the Microsystem Integration Platform for
Silicon-Photonics (Si-P MIP). This characterization platform is, to the best
of our knowledge, the only characterization platform of its kind available
in Canada, and is now being commercialized by CMC Microsystems for
academic and industrial applications.

We have performed repeatable, amplitude-based tests for angular speeds
above 20 dps. However, despite the mechano-opto-electrical improvements,
the detected signals were still dominated by effects of system vibration and
stress at the bond between the chip and the array during rotation. Efforts to
achieve better resolution by implementing frequency tracking schemes were
explored, however, their implementations were hindered by signal distortions
in the amplification stage. RF amplifiers with gain values between 27 and
30 dB were indispensable to achieve the required 27 phase shift per ramp
cycle in the phase modulators. High frequency ramp signals require at least

100 harmonics to ensure acceptable sharp features. Thus, a flat 30-dB gain
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across a full bandwidth from DC to 20 GHz would be required to properly
amplify the 200 MHz ramp signals required to track a resonance with a
100-MHz linewidth (consistent @ ~ 2 x 10%). As none of the the available
RF amplifiers had such high, flat gain over such a wide frequency range,
all high-frequency ramp signals were unavoidably distorted. An alternative
scheme, based on sinusoidal signals, is proposed and analyzed in detail in
Section 4.3, as part of future work suggestions.

A backscattering model has been developed to explain the non-zero sig-
nals detected at the output ports of our devices. Our simulations indicate
that the appearance of signals at the mixed-through port is not only due
to waveguide backscattering, but it is also due to an imperfect splitting ra-
tio at the as-fabricated adiabatic couplers. Suitable value ranges for key
parameters of various DUT subcomponents have been found, in order to
phenomenologically match the simulations and the experimental data. Due
to the stochastic nature of the backscattering profile distribution, each simu-
lation run provides a unique case in which a combination of various spectral
behaviours can be found. Our model shows that the variations of () and ER
are coupling-, backscattering-level-, and backscattering-profile-dependent,
and that these variations are greater for increasing values of backscattering.

A distributed backscattering model has been developed for our large
area resonators. The phase asymmetries between the CW and CCW signals
in the resonators create differences in their spectra. The non-zero output
signals at rest at the mixed-through port of our devices with adiabatic cou-
plers are due to waveguide backscattering and also due to imperfect split-
ting ratios at the as-fabricated adiabatic couplers. Due to the stochastic
backscattering profile distribution, each simulation run provides a unique
case, in which a combination of various experimental spectral behaviours
can be found. Due to the resonator lengths and coupling values used in our
devices, the impact of directional coupler reflections is negligible in compar-
ison to those of backscattering and imperfect splitting ratios. At its present
form, our backscattering model uses a combination of S parameters for the
point coupler and T-matrix formalisms, assuming ideal phase relationships

between the adiabatic coupler ports. Further steps to add complexity to the
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model include the incorporation of S parameters for the adiabatic couplers,

followed by modelling of DUTs with thermally tuneable couplers.

4.2 Conclusions

We have developed models for the optimization and robustness analysis of
the design parameters of ring resonator gyroscopes. We have achieved the
necessary @ factor values for making SOI gyroscopes feasible, and imple-
mented thermal tuning methods to compensate for fabrication-related cou-
pling variations. We have also created mechano-opto-electrical platforms
for frequency- and time-domain characterization of SOI gyroscopes, both at
rest and under rotation.

During time-domain tests, with the TLS directly connected to the detec-
tors using PM patch cords, the SNR improved marginally for longer averag-
ing times, and it was approximately constant as the input power was varied.
This suggested that the measurements at rest were limited by laser noise.
This qualitatively agrees with our initial theoretical study (see Fig. ,
considering that for our TLSs, the RIN=—145 dB/Hz [72]. However, the-
oretically the SNR = 67 dB, whereas experimentally the SNR ~ 30 dB.
As mentioned in Subsection the SNR has a significant impact on the
resolution.

Considering the vibration-related amplitude fluctuations, the experimen-
tal SNR values (SN R =~ 30 dB), resonator length, aspect ratio, propagation
losses, laser RIN, and lack of frequency tracking readout, the potential per-
formance of the system in its present state is approximately [092| > 920 °/s,
according to estimations based on the equations developed in Chapter [2|
Rotating the system at these angular rates is impractical, as both the setup
and the DUTs would unavoidably be damaged or destroyed. Moreover,
higher angular speeds cannot guarantee that the Sagnac-related signals will
overcome vibration- or stress-related ones, as the latter will also increase in
the present setup configuration.

In order to avoid the difficulties associated with amplitude variations,

frequency tracking readout schemes are indispensable. Since the resonance
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linewidth values of our resonators are on the order of 100 MHz, the imple-
mentation of a sinusoidal frequency-tracking readout scheme is necessary, in
order to avoid the distortion of the RF modulation signals observed during
our experiments.

Based on my findings, I conclude that with the implementation of si-
nusoidal frequency tracking techniques (further discussed in Section be-
low), and provided that the mechanical stress and vibration are reduced
(e.g., by releasing the fibre array from its metallic holder after curing the
UV adhesive), tactical-grade resolutions (for gyroscope resolution grades see
Table on the order of §Q ~ 3 x 1072 °/s should be feasible for square-
shaped SOI resonators with lengths on the order of 70 mm and Q ~ 2 x 106.
This is consistent with resolution predictions based on high-quality resonant
structures fabricated in other technologies [22].

Although other materials such as glass or SiN offer lower propagation
losses, the benefits of SOI technology lie on the lower fabrication costs as
well as its its compatibility with CMOS fabrication processes, which allow
for both larger production volumes and for easier integration with readout
electronics and other on-chip functionalities. For instance, in order to reduce
the resonance wavelength shifts due to ambient temperature variations, we
have developed wavelength tuning and stabilization schemes of microrings
to track the input signal wavelength using photoconductive heaters [69].
Similar schemes can be implemented in the large-area gyro resonators to
compensate for variations associated with temperature fluctuations. On-
chip phase modulation schemes can also be implemented, as long as the
lengths available for the phase modulators ensure that V; < 4 V and that
their modulation bandwidth is of at least 100 MHz.

Besides the implementation of frequency tracking readout techniques,
the most important obstacles to overcome are the amplitude variations as-
sociated with mechanical vibration and stress in the bond between the fibre
array and the DUT during rotation, as well as the low SNR values of our
currently laser-noise limited system.

Despite the use of sturdy optomechanics, compact fibre arrays, and UV-

curable adhesives, these amplitude variations remain considerably larger
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than any Sagnac-related variation. This results in any Sagnac-related ampli-
tude variation being buried in the aforementioned vibration-related signals.
As previously mentioned, due to the mass and shape of the optomechan-
ics (e.g., the 40 cm-tall, 3.8 cm-wide solid aluminium post that currently
holds the fibre array in place), as well as the use of optical fibres, continu-
ous rotation and high angular speeds are impractical in our characterization
setup.

The SNR value could be improved with the use of low Spontaneous
Source Emission (low SSE) laser sources, e.g., the Keysight ™ 816008 [73].
According to our theoretical study, a RIN ~ —160 dB/Hz is required in
order to achieve shot-noise limit. Thus, the use of low-RIN laser sources
(e.g., see [16, 47]) is advised.

In order to achieve better resolution, the optical interface for device
interrogation must be improved further. Device packaging will very likely
help, as it will in principle reduce the vibration- and stress-related amplitude
fluctuations. Tests should be performed before and during packaging in
order to ensure that the adhesives used for permanent fibre attachment do
not produce significant reflections due to refractive index mismatch. Care
must also be taken to ensure that the packaging itself does not produce
significant time-varying nor temperature-dependent stress on the chip, as
this would negatively impact the device performance. This, in combination
with the aforementioned on-chip functionalities of resonance stabilization,
phase modulation, and gyro signal readout, would significantly increase the
SNR and reduce the sensitivity to environmental fluctuations.

The IL and backreflection levels must also be reduced. Due to the small
size of the SOI waveguides, edge coupling tolerances are more stringent than
those of GC alignments. Therefore, GC schemes with reduced backreflec-
tion are advisable. GC designs with backreflections as low as —40 dB have
been proposed [132], and GC designs with —30 dB backreflection have been
designed and experimentally demonstrated for TE [7] and TM [59] polariza-
tion. Novel space-efficient approaches, such as lateral fibre coupling [3, 77],
could also be explored.

Other areas of potential improvement pertain to reduction of bend loss
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and propagation loss. Euler bends with effective radii of 100 pm and losses
of 0.005 dB/bend have been reported by the VI'T Technical Research Cen-
tre of Finland, where very-low loss SMWGs and custom electrical /optical

packaging options are available [134].

4.3 Suggestions for Future Work

4.3.1 Sinusoidal Phase Modulation

My principal suggestion for future work is the implementation of suppressed-
carrier sinusoidal phase modulation for both frequency tracking and for re-
duction of backscattering-induced noise [36, 63, 82, 121]. Although the use
of serrodyne and triangular wave phase modulation is considered to be more
advantageous than sinusoidal phase modulation [144], the driving frequency
and signal bandwidth requirements of sinusoidal phase modulation are con-
siderably less stringent than those imposed by serrodyne and triangular
phase modulation schemes [62, 118, 125]. In this scheme, the sinusoidal
signals driving the phase modulators for the CW and CCW beams are,
respectively:

Sew = V1sin(27 fit) (4.1)

Scew = Va sin(2w fot), (4.2)

where Vi and V5 are the peak voltages and f; and fo are the modulation
frequencies for the CW and CCW beam, respectively. The electric fields of
the phase modulated beams entering the resonator in the CW and CCW

directions are:

Ein . s
Eew = —J | 2mv1t + — - Sew 4.3
c TCIL eXp |: J < ™ V. Sc >:| ( )
E; ) s
Ecew = \/ﬁ eXp |:_] (27TV2t + Vﬂ' ’ SCCW>:| ) (44)

where Ej, is the amplitude of the TLS optical input field, the factor Cyy, rep-

resents the insertion loss, v1 and o are the central frequencies of the phase
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modulated beams travelling in the CW and CCW direction, respectively,
and V is the half-wave voltage of the phase modulators. Assuming that
V1 = Vo = V4, the input fields can be expressed in terms of Bessel functions
as follows [142]:

Ein  _jorut = —52
B ow = e Jom E Ju(m) - e~ I2muit 4.5
cw 201L et u( ) ( )
E; >
Ein — n —j2mvat J . 7j27ruf2t7 4.6
cew 72 o e UZE_OO u(m) e ( )

where J, (m) is the u'P-order Bessel function of the first kind, and m is the

modulation index of the phase modulators, given by:

7V
=I5 4.7
m 2 (4.7)

In order to suppress the carrier, Jo(m) must be zero, i.e., a modulation

index m = 2.405 is required [142]. In our particular case, V; =4V, so V, =
3.062 V, and Vyms = 2.165 V. Thus, based on Eq. , the required signal
power is Pypm = 19.72 dBm. Although this power level is similar to what
was required for the serrodyne implementation, in this case the driving signal
has (ideally) only one spectral component, which eases the implementation.
We have been able to generate sinusoidal signals of Pyp, = 20 dBm with
a quad-channel Fluke™ 294 signal generator [26], up to frequencies of 300
MHz without distortion and without requiring additional amplification. For
m = 2.405, the amplitudes of Ji(m) for |k| > 4 are considered negligible.

Therefore, the fields of the beams exiting the all-pass resonator are:

3
E; —j2m —j2m
Eout cw — \/ﬁe gamt u;g) J’u(m) e jmufit, SCW(Vl + kfl) (48)
B A 3 ,
Eout ccw — ﬁe—]%ﬂ/zt u;g Ju(m) ' 6_J2TFUf2t ' SCCW(VQ + kf2)7 (49)
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where S, and S..w are the Lorentzian spectral responses of the resonator
in the CW and CCW directions, centred at v.y and veew, respectively, and
defined based on Egs. ,, and . Considering the 6 rele-
vant spectral components for each beam, at the photodetectors we have the

following voltage signals [36]:

6
Vodi X |Eout CW\Q = Z Aqy - cos(2m - ufy - t) (4.10)
u=0
6
Vod2 X |Eout cew|? = ZAQU -cos(2m - ufy - t), (4.11)
u=0

where A1, and A, are the amplitudes of the spectral components of the
signals at the photodetectors Det; and Dety. Two LIAs, with reference
signals of frequencies f; and fs, respectively, must be used to demodulate
the signals Vj,q1 and Vpgq2. The output signal of LIA; will be proportional
to the component of V41 at fi. Similarly, the output signal of LIAy will be
proportional to the component of V42 at fo, with amplitudes A1 and Aoy,
respectively.

Figure shows the LIA output as a function of the frequency deviation
from resonance due to the Sagnac effect, for several modulation frequencies.
As shown in the figure, the slope and extension of the linear regime near
zero deviation varies with the modulation frequency. Figure [4.3| shows the
LIA output signal slope as a function of the modulation frequency, for a 40
mm-long resonator with a Q ~ 1 x 10, consistent with our latest designs.
As shown in the figure, the optimum sinusoidal modulation frequency is
fi = 35 MHz, which is feasible with our currently available equipment.
The output signal of LIA; is used as an error signal in a feedback loop to
either tune the laser frequency or to impart a thermal phase shift to the
ring resonator. The output signal of LIA; is used as an error signal that
is minimized by adjusting the value of fs. The rotation-induced frequency

shift A fsagnac is then proportional to f.
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Appendix B

Frequency-Stepped

Sinusoidal Patterns

The PWM duty cycle of the first turntable motor control is kept constant
during an integer number M of PWM signal cycles, in order to achieve a
gradual speed change. Thus, the sinusoid sample number, ng, and the PWM
cycle number, nyym, are related by npum = M - ng. The input duty cycle
resembles a sinusoid quantized at a sampling interval T, which is a multiple
of the PWM signal period, Tpym, i-e., Ts = M - Tpum. The quantized
sinusoid, with K samples per period, is depicted in Fig. B.1(a), and has the
form:

Sn(ns) = Pmag - SIn <2[§ . ns) , (B.1)

where S, is the normalized angular speed and py.q, is the maximum duty
cycle value. The sinusoid has a period T' = KTy = KMT),. The condition
mod (K, 4) = 0is required to ensure proper sampling of the sinusoid extrema
and zeros. At any given time, the sign of Eq. (B.1)) defines the rotation

direction. The frequency of this sinusoid is:

7l7 1 7fpwm
T  KMTpm KM’

f (B2)

where fpum = 1/Tpwm is the PWM signal frequency. Figure |B.1(b) shows
the ideal PWM duty cycle (red curve), the rotation direction signal (black
curve), and the experimental PWM duty cycle (blue curve). For easier
interpretation, the duty cycle values are signed according to the rotation

direction.
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Appendix B. Frequency-Stepped Sinusoidal Patterns
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Figure B.1: (a) Normalized angular speed, S,, as a function of sample
number, ng (bottom axis), and PWM cycle number, np,m, (top axis), for
Pmaz = 1, M =5, and K = 40. (b) Comparison of input and output signals
for a sinusoid of frequency f;, = 0.083 Hz. The red curve is the ideal PWM
duty cycle, the black curve is the rotation direction signal, and the blue
curve is the experimental PWM duty cycle.
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Appendix B. Frequency-Stepped Sinusoidal Patterns

In order to characterize the turntable frequency response, the sinusoid fre-
quency was stepped and the inputs and output signals for each frequency
value were recorded as a function of time. The input sinusoid was modelled

as:
z(t) = Snppa, SIN[27 fin (T — toin)], (B.3)

where S,

Nmazx

is the maximum normalized angular speed, f;, is the input
frequency, and tg;, is the input time delay. The reference gyroscope output

was curve-fitted to:

y(t) = Agie sin[27 frie (£ — togit)]; (B.4)

where Ay, frie, and top; are the fitted magnitude, frequency, and time
delay, respectively. The fit parameters are then compared to their input
signal counterparts. In all cases, fr;; and f;, were identical. The turntable

frequency response was then obtained using the following expressions:

A 7 in
|H(fm)|2 = 20log;, [W] (B.5)
LH(fin) =27 fin(tofit — toin)s (B.6)

where |H (fin)|?, in dB, is the magnitude response, and £ H(f;;,) is the phase
shift.
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Appendix C

Time-Domain Measurements

in Selected Components

Two polarization-maintaining circulators were used throughout our experi-
ments. They are referred to as red and blue, according to their fibre jacket
colours. Both circulators were tested injecting light in their port 1 and mea-
suring the output power at their ports 2 and 3. The optical output power at
port 2 for these devices showed insertion losses of ~ 0.01 dB and ~ 0.04 dB,
respectively. The SNR values measured at port 2 were ~ 40 dB and 34 dB,
respectively. During this test, the output power at port 3 was below the
noise floor for both circulators. Figure |C.1| shows the time-domain output
power signals measured at port 2 of these circulators, and the corresponding
Fast Fourier Transforms (FFTs). The rationale behind the obtention of the
FFTs was to identify the frequency range of deleterious signals producing

noise or drift.
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Appendix C. Time-Domain Measurements in Selected Components
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Figure C.1: Linear power vs. time and FF'T spectra for two PM circulators.
(a, b) Red (first) circulator. (c, d) Blue (second) circulator.
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Appendix D

Transfer Functions of

Resonators with
Thermally-Tuneable

Couplers

To obtain the tuneable coupler transfer matrix of the device shown in Fig.
3.33 K., we will assume that the input signal enters through port C; and
propagates towards ports F; and Fa. The matrices describing the propa-
gation through the adiabatic coupler regions and the arms are described,

respectively, by equations Egs. (3.13) and by:
e~J0 0
vl n) o

where 61 and 6, are, respectively, the phase shifts undergone after propa-

gation through the top and the bottom T-MZI arms. These quantities are

given by:
27 Ly, -
g, = 2L Teff (D.2)
A
6y = 27rLMi Meff2 _ 2m Lz, - (nfﬁi\_'_ ANthermal) =0, + A6, (D.3)

where neg1 and nege are, respectively, the effective indices of the top and
bottom arm waveguides, Lyiz is the length of both T-MZI arms, Anihermal
is the refractive index change due to the thermooptic effect, and Af is the

arm phase imbalance, produced by the optical path difference between both
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Appendix D. Transfer Functions of Resonators with Thermally-Tuneable Couplers

arms. Thus, we have:

Dt =MCt
Gt =ND™T
rt=M'gt B4
S FT =K.t =M1INMC*
Explicitly,
I e_j@ e 1% L% % % Cyt
BT e e¥ ¥ e o PP
This equation can be simplified to:
BTN e [Ha0) jrag)] |G D)
Rt jr(Af)  t(A) Cot |’ ’

where the tuneable through- and cross-coupling coefficients are defined, re-

spectively, as:

t(Af) = cos (A/2) (D.7)
k(Af) = sin (A6/2). (D.8)

For simplicity, in this particular model Af has been considered wavelength-
independent, as the length of the MZI (~ 200 pm) is considerably smaller
than that of the resonator (L ~ 40 mm), and therefore, for a wavelength

span equivalent to one FSR (~ 20 pm), we have:

®r2 — OR1 = 27 = 0k - negL (D.9)
= 0k = 27/ (nexL) (D.10)
5(A6) = 0k - AnthermalLMZ (Dll)
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Appendix D. Transfer Functions of Resonators with Thermally-Tuneable Couplers

Angpermal L
= §(Af) = o~ thermal ZMZ o (D.12)
Neff L

where ¢r1 and ¢gro are the phase values of two adjacent resonances, and §
indicates the change of a quantity over one period of the resonator.

When the tuneable coupler is connected to the resonator, as shown in
Fig. |3.35, the field Co* can be expressed in terms of the field Fb* as:

02+ = 6_j¢ri“gF2+ (D.13)

Thus, using Eqgs. through (D.13)):

+ _j(91+02)

Bt =e 772 [—jr(A)C1T + t(AG)Cy ] = el¥rins Oyt (D.14)

_jH(AG)e_jqbring

+ - .
=G = el (01462)/2 _ (Af)e I Pring

Cyt (D.15)

We can then express ;1 exclusively in terms of C1 as:

L ( ) Ae 2 7j¢rin
Rt = e g - SR e ()
e]T . t(Ae)e_]¢ring
L ey [HA0)T TP 12(g)e e — 2(p)ei%ins |
F1 =e /2 @ Cl
. (61+62) o
6‘7 2 — t(Ae)e J¢r1ng
(D.17)

Since x2(0) + t2(f) = 1, and by defining ®(0) = (61 + 02)/2, Eq. (D.17)
can be rearranged as follows:

13N ae) | H(AG) — eI (Bt 2O +25)

? = th(q)s) =e 1— t(Ae)e_j(<1>rmg+<I>(6)+<I>s)

(D.18)
Equation can be generalized for a T-MZI with imperfect adiabatic
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couplers of power splitting ratios Tac1/(1 —Tac1) and Taea/(1 — Tac2). In this

case, the matrix describing the adiabatic couplers is:

vV Tacl,Q 1- Tac1,2

M(T, =
( aC1,2) —/1 - Tacl,Z Tacl,2

, (D.19)

The generalized elements of matrix Ki. are given by:

. - A6
Kic1 = 6736 <eijT \/ 1-— Tacl)(l - Tac2) + ej 2 aclTac2> (D.20)
Kic12 =€ —i9 ( \/ acl ac2 + 6] 2 Tact TacQ) (D21)
Kico1 = e—j@ <_e_j7 (1 - Tacl)TaCQ + ej 2 acl Tac2 ) (D-22)

. - A0 FAY
Koo = 67]6 (67]7 V Tac1Toc2 + el 2 \/(1 - acl - Tac2)) 5 (D23)
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