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Abstract

The exponential growth of data-centric computing has imposed fundamental limitations
on electronic computing systems, with power dissipation and heat generation emerging
as major barriers. At the system level, data movement between memory and processing
units now consumes more energy and time than computation itself, a challenge further
intensified by the latency and bandwidth constraints of electrical interconnects caused
by resistive—capacitive delays and signal integrity issues. At the device level, transistors
approaching atomic length scales suffer from increased leakage, variability, and reduced

energy efficiency, signaling the physical limits of conventional scaling.

In this context, integrated photonics offers a compelling alternative, providing low-loss,
high-bandwidth, and low-latency information transport with reduced energy per bit, and
enabling scalable parallelism through wavelength-division multiplexing to alleviate the

interconnect and power constraints of modern electronic architectures.

Motivated by the fundamental power, bandwidth, and data-movement limitations of elec-
tronic computing, integrated photonics has emerged not only as an enabling technology for
energy-efficient interconnects but also as a platform for realizing new computational and
signal-processing paradigms. In particular, the deliberate engineering of loss, coupling,
and nonlinearity in photonic systems—traditionally viewed as detrimental—has opened

new opportunities through non-Hermitian and nonlinear device physics.

In this context, this thesis presents a comprehensive analytical, numerical, and experi-
mental investigation of non-Hermitian and nonlinear photonic devices based on silicon
microring resonators and waveguide couplers. Using temporal coupled-mode theory,
transfer-matrix methods, and reduced-order models, we develop quantitative frameworks
that connect physical coupling mechanisms, intrinsic loss, and nonlinear feedback to ex-
perimentally observable spectral and dynamical behavior. These models are validated
through systematic characterization of foundry-fabricated devices. First, an optimized
3 x 3 silicon waveguide coupler is designed and experimentally demonstrated as a com-
pact and reconfigurable photon-routing primitive. Full nine-port characterization reveals

controlled outer-to-outer crossing, equal three-way splitting, and arbitrary output distri-
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butions, with extracted coupling and detuning parameters quantifying fabrication-induced
non-idealities. Second, a p-n integrated silicon microring is studied in the non-linear
regime, where coupled carrier and thermal dynamics give rise to self-pulsing oscillations.
By electrically tuning the free-carrier lifetime via reverse bias, the self-pulsing frequency

is widely and rapidly controlled, reaching oscillation frequencies up to ~190 MHz.

The thesis then investigates non-Hermitian Taiji microrings and Taiji-based coupled-
resonator optical waveguides (CROWSs), revealing how intentional asymmetry competes
with parasitic backscattering to shape spectral response and transport. A reduced coupled-
mode “hopping” model is introduced to extract practical design rules, demonstrating that
robust non-Hermitian operation requires the engineered inter-resonator coupling to exceed
roughness-induced backscattering. Finally, a dynamically reconfigurable microring circuit
is presented that enables continuous and programmable control of mode coupling. This
platform allows on-demand transitions between diabolic points and exceptional points, co-
herent suppression of backscattering, and electrically tunable optical chirality approaching

unity.

Together, these results establish experimentally validated device-level frameworks for
understanding and controlling asymmetry, loss, non-linearity, and coupling in silicon pho-
tonic systems. By transforming traditionally parasitic mechanisms into tunable resources,
this work advances scalable and reconfigurable non-Hermitian photonic architectures for

integrated signal processing, routing, and dynamical control.

Declaration of generative AI and Al-assisted technologies in the writing process. During
the preparation of the thesis, the author used ChatGPT in order to improve language.
After using this tool, the author reviewed and edited the content as needed and takes full

responsibility for the content of the publication.
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Introduction

From the earliest forms of long-distance communication, light has served as a funda-
mental carrier of information. Ancient optical signaling systems—such as beacon fires,
heliographs, and line-of-sight visual codes—enabled the transmission of discrete infor-
mation well before the emergence of electronic technologies. With the development of
written language and organized transport, communication gradually became decoupled
from physical proximity, culminating in the telegraph and telephone, which marked the

transition to electrically mediated information transmission.

By the mid-twentieth century, electronics had become the dominant platform for com-
munication and information processing. Integrated circuits enabled information to be
encoded, manipulated, and transmitted using controlled electrical signals, while advances
in semiconductor fabrication led to rapid increases in device density and speed. The
exponential scaling of transistor counts and the concurrent reduction in power density, for-
malized by Moore’s law and Dennard scaling, drove unprecedented growth in electronic

communication capacity [1, 2].

As device dimensions approached deep-submicron scales, however, electronic intercon-
nects emerged as a primary bottleneck. Resistive—capacitive (RC) delays, cross-talk, and
Joule heating imposed fundamental limits on bandwidth, latency, and energy efficiency,
shifting the performance constraint from computation to data transport. This transition
has renewed reliance on optical transmission, which now underpins modern information

systems ranging from long-haul fiber networks to short-reach and on-chip interconnects.

The growing demand for fast and energy-efficient information transfer has reshaped tech-
nologies far beyond communication itself. Transportation systems, healthcare infrastruc-
ture, and large-scale industrial and urban networks increasingly rely on dense, real-time
data exchange to maintain performance and stability [3, 4]. At the same time, the slow-
down of Moore’s law and the rising cost of data movement have exposed fundamental
limits of electronic hardware [3, 5]. A prominent manifestation of these limits is the
memory wall, in which the performance gap between processors and memory continues to

widen, making data transport a dominant bottleneck. In data centers and Al accelerators, a

vii
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substantial fraction of energy and latency is now consumed by moving data across memory

hierarchies and interconnects rather than by computation itself [4, 6].

Integrated photonics offers a compelling pathway to address these limitations by im-
plementing optical functionality on compact, chip-scale platforms. Using light as the
information carrier enables high data rates, low latency, and reduced energy per bit, while
minimizing electrical-optical conversion overheads [7-9]. Among available platforms,
silicon photonics has emerged as a leading technology due to its CMOS compatibility
and strong optical confinement, despite the presence of intrinsic loss and other non-

conservative effects.

Rather than treating loss as a limitation, non-Hermitian photonics provides a framework
in which gain, loss, and asymmetry are deliberately exploited as design parameters [10—
12]. By engineering these effects, non-Hermitian systems enable unconventional spectral
responses and directional light control beyond the constraints of passive Hermitian de-
vices [10-12]. A central concept in this framework is the exceptional point (EP), where
both eigenvalues and eigenvectors coalesce, giving rise to nontrivial dynamical and topo-
logical behavior [13]. Optical realizations of parity—time (PT) symmetry breaking and
EPs have demonstrated controlled mode transitions, nonreciprocal transport, and enhanced
sensitivity [14—18].

Alongside non-Hermiticity, optical non-linearity provides an additional and powerful de-
gree of freedom for controlling light—matter interactions. In non-linear photonic systems,
the system response depends on optical intensity, enabling effects such as bistability,
self-pulsing, frequency conversion, and dynamical symmetry breaking [19-22]. When
combined with non-Hermitian design, non-linearity can strongly amplify asymmetries,
induce new operating regimes, and give rise to rich dynamical behavior that is inaccessible

in linear systems [23-25].

These combined effects have been extensively explored in integrated resonant platforms,
particularly microring and microdisk resonators coupled to waveguides. Such structures
naturally enhance optical non-linearities through strong field confinement while simulta-
neously allowing precise engineering of loss, gain, and coupling. Both active and pas-
sive implementations have demonstrated unidirectional transport, linewidth control, non-
linear mode interaction, and topological mode conversion near exceptional points [26—-30].
Coupled-resonator optical waveguides (CROWs) further extend these concepts to scalable
lattices, enabling the study of asymmetric transport, non-linear mode competition, and

collective interference effects in non-Hermitian systems [31, 32].

Furthermore, dynamic encircling of exceptional points has revealed asymmetric mode evo-

lution and topologically protected state transfer [33, 34], while EP-enhanced sensitivity has

viii
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been exploited for ultra-responsive optical sensing [35, 36]. In non-linear regimes, these
effects can be further amplified, leading to threshold-dependent responses and enhanced

controllability of system dynamics.

While exceptional-point physics, PT-symmetry breaking, and chiral scattering phenom-
ena—including Taiji-type non-Hermitian ring configurations—are now well established
experimentally [15, 16, 18, 26], most demonstrations remain proof-of-principle, with
limited emphasis on device-level engineering constraints. Key open challenges include
quantitative calibration of non-Hermitian parameters such as asymmetric couplings, ro-
bustness against fabrication-induced disorder, scalable circuit integration, and electrically
reconfigurable control of coupling. Similarly, carrier- and thermally induced self-pulsing
in silicon microring resonators has been widely reported [37-39], yet often without a
unified framework linking optical non-linearity to electrical control in a reproducible
and quantitatively validated manner. The approach developed in this thesis addresses
these gaps by combining electrically tunable non-Hermitian design with systematic, port-
resolved characterization and quantitative modeling, enabling controlled exploration of
non-linear dynamics, asymmetry, reconfigurability, and scalability in integrated photonic

circuits.

Resonant building blocks such as microring resonators, directional couplers, and coupled-
resonator optical waveguide lattices therefore provide compact and versatile platforms for
realizing advanced non-Hermitian and non-linear functionalities in integrated photonic
circuits [40-42].

Motivation. As silicon photonic systems grow in scale and functional complexity, their
performance increasingly depends on understanding how coupling, loss, non-linearity,
and fabrication-induced variations shape device behavior. Compact and reconfigurable
routing elements, such as 3x3 waveguide couplers [43], are essential for large photonic
fabrics, yet their practical utility is limited by asymmetric coupling, propagation mis-
match, and sensitivity to fabrication imperfections. Accurate, experimentally validated
multiport models are therefore required to transform these couplers from components
into reliable routing primitives. At the same time, high-confinement silicon microrings
exhibit strong non-linear carrier—thermal feedback, leading to behaviors such as bista-
bility and self-pulsing that offer opportunities for tunable oscillators and neuromorphic
photonic elements. Realizing these functionalities demands a predictive understanding
of how detuning, intrinsic loss, and electrical bias interact to shape non-linear dynamical
states. Non-Hermitian resonator structures, including the Taiji ring (a simple microring
with S-Shape waveguide inscribed in it) [44] and Taiji-based CROWs [45], further high-

light the role of asymmetry and parasitic backscattering in determining system response.
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These devices rely on a delicate balance between intentional and unintentional coupling
pathways to access exceptional points, chiral mode evolution, and robust non-reciprocal
transport—behaviors that require quantitative models linking physical imperfections to
non-Hermitian spectral signatures. Building on this perspective, a photonic micro ring
circuit that demonstrates controlled and tunable mode coupling can enable programmable
non-Hermitian interactions, including continuous transitions between diabolic points and
exceptional points and the realization of on-demand optical chirality. Achieving such
levels of reconfigurability calls for experimentally controlled platforms capable of mod-
ulating effective coupling with high precision. Across these varied systems, a common
need emerges: to develop device-level frameworks that explain how asymmetry, loss, non-
linear feedback, and tunable coupling shape the observable behavior of silicon photonic
components. By addressing this need, one can convert mechanisms traditionally viewed
as parasitic into functional resources for scalable, high-performance, and reconfigurable

photonic systems.

Scope and approach. This thesis combines analytical modeling, numerical simula-
tion, and experimental characterization to study non-Hermitian photonic and non-linear
microring resonator devices implemented in foundry-fabricated silicon platforms. Ana-
lytically, I employ temporal coupled-mode theory, transfer-matrix methods, and reduced-
order models that capture the essential coupling and non-linear dynamics [46—48]. Ex-
perimentally, my work focuses on: (i) Taiji microrings and Taiji-CROWs to investigate
non-Hermitian intra-ring coupling and inter-ring transport; (ii) three-waveguide (3 X 3)
couplers as compact, reconfigurable routing primitives; (ii1) p-n-integrated microrings to
explore carrier- and thermo-optical non-linearities, including self-pulsing and its tunabil-
ity through electro-optic control [21, 49]; and (iv) a reconfigurable microring-resonator

circuit that enables symmetric and asymmetric mode control on-chip.

Structure of the thesis. This thesis is organized into four main device- and function-

oriented chapters, each describing specific contributions:

Chapter 1. I begin by introducing the fundamentals of silicon photonics. Starting from
Maxwell’s equations, I build the foundations for understanding light transport in integrated
waveguides and introduce the concept of power flow. I then review coupled-waveguide
theory and introduce microring resonators as the key building blocks of integrated pho-
tonics. This leads to the definitions of Hermitian and non-Hermitian photonic systems.
As examples, I describe a Hermitian microring resonator operating at a diabolic point and
the non-Hermitian Taiji microring that supports exceptional-point dynamics. The chapter
concludes with an overview of the current state and open challenges in non-Hermitian

silicon photonics.
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Chapter 2. In this chapter, I present design and experimentally demonstrate an optimized
3 x 3 silicon waveguide coupler for optimized photon routing. I demonstrate the device
supports (1) outer-to-outer crossing, (i1) equal three-way splitting, and (iii) arbitrary output
distributions. I report full experimental characterization across all nine input—output paths
and explain the results using a compact coupled-mode model. From the fits, I extract
coupling and detuning parameters and quantify fabrication-induced non-idealities. This
establishes a simple and tunable routing primitive for large-scale integrated photonic

circuits.

Chapter 3. In this chapter I investigate a p-n integrated silicon microring that exhibits self-
pulsing (SP) behavior due to coupled carrier—thermal feedback at high optical powers. By
applying a reverse bias, I deduce the free-carrier lifetime and thus suppress the carrier non-
linearity, enabling fast and wide tunability of the SP frequency. Experimentally, I achieved
oscillations up to ~ 190MHz at =5V bias, consistent with a coupled carrier—thermal
model. These results demonstrate a compact, bias-tunable pulse source suitable for on-

chip non-linear dynamics and photonic signal processing.

Chapter 4. I then develop a theoretical and experimental framework for understanding
Taiji microrings and Taiji-CROWs using coupled-mode theory (CMT) and transfer-matrix
analysis. I first characterize individual Taiji microrings to reveal how backscattering and
small detunings shape their transmission spectra. Building on this, I study a two-ring
Taiji-CROW connected by a link resonator. By fitting measured spectra with a reduced
“hopping” CMT model, I derive a practical design rule: robust operation requires a mini-
mum ratio between the intended inter-resonator coupling and the parasitic backscattering
rate. This provides clear tolerance targets for mitigating roughness-induced limitations in

larger ring arrays.

Chapter 5. In this chapter, I present the Dynamically Reconfigurable Unified Microres-
onator (DRUM), consisting of a ring coupled to two independently tunable side waveg-
uides equipped with Mach—Zehnder interferometers (MZIs) and phase shifters (PS). This
architecture allows independent, promotion and then control over the amplitude and phase
of counter-propagating mode coupling, enabling a continuous transition between diabolic
points (DPs) and exceptional points (EPs). I experimentally demonstrate coherent sup-
pression of backscattering to realize an ideal DP, as well as tunable chirality reaching
normalized values of +1 at EPs. Measured results are in excellent agreement with tem-
poral CMT predictions, establishing a compact and reconfigurable platform for exploring

(non-)Hermitian dynamics on-chip.

Chapter 6. Finally, I present a summary of the main results and discuss future perspectives

X1
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and directions for further research.
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Chapter 1

Non-Hermitian Silicon Photonics

1.1 Introduction

As transistor dimensions continued to shrink, the dominant cost of computation shifted
from the switching of individual devices to the movement of information across and
between chips. Global electronic interconnects increasingly dictated system latency and
energy consumption, while wiring congestion and resistive—capacitive effects imposed
fundamental constraints on bandwidth and overall efficiency [3, 5, 6]. These limitations
have consequently motivated the exploration of photonic interconnects, which intrinsically
exhibit low crosstalk, high bandwidth density, and the potential for attojoule-class signaling

when carefully engineered [4].

Against this backdrop, silicon photonics leverages CMOS-compatible fabrication to trans-
late the fast, low-loss transport familiar from optical fibers into on-chip components. In
this platform, light is guided, split, combined, and filtered by passive building blocks
(waveguides, directional couplers, multimode interferometers) and controlled by active
elements (modulators, detectors), all realized within the same manufacturing ecosystem
as electronics [4, 7-9]. The silicon-on-insulator (SOI) stack provides a strong index con-
trast (Sivs. Si0,), enabling tight bends and compact functional elements such as microring
resonators (MR), Mach—Zehnder interferometers (MZI), and multimode-interference cou-
plers (MMI) [40-42, 50].

Building on these foundations, non-Hermitian photonics explicitly harnesses engineered
gain, loss, aymmetric coupling and openness—rather than treating them as imperfec-
tions—to access phenomena such as parity—time symmetry, exceptional points, and non-
Hermitian topological effects. These phenomena open new degrees of freedom for on-chip

control of light and motivate their implementation in silicon-compatible architectures [51—
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54].

This chapter first reviews the essentials of silicon photonics including nonlinearities in
silicon, then introduces the core concepts of non-Hermitian physics, traces key photonic
demonstrations such as microring resonator, and finally surveys current challenges and
future outlook [51-54].

1.2 Fundamentals of Silicon Photonics

1.2.1 Why Silicon Photonics?

Silicon photonics has emerged as a leading platform in integrated optics because it com-
bines the scalability of modern semiconductor technology with the precision and flexibility
of photonic design. Its full compatibility with complementary metal-oxide—semiconductor
(CMOS) fabrication enables wafer-scale production with high yield, reproducibility, and
low cost [4, 8, 9, 55]. This scalability ensures that once a photonic design is validated,
it can be mass-produced using the same industrial processes that revolutionized micro-
electronics [1, 2, 5]. The ability to fabricate complex optical systems using existing
foundries makes silicon photonics not only a research platform but a practical route to

commercialization [8, 9].

A defining feature of silicon photonics is the high refractive index contrast between
crystalline silicon (ng; ~ 3.48) and its silicon dioxide cladding (nsio, = 1.44) at telecom
wavelengths around 4 = 1.3-1.55 um, enabling strong optical confinement in submicron
waveguides [7]. This contrast allows tight optical confinement, enabling light to be guided
through structures only a few hundred nanometers wide [40]. As a result, extremely
compact devices such as MR, MZI, and grating couplers can be integrated densely on a
single chip [40, 56, 57]. The high confinement also enhances non-linear effects, providing
a pathway to study intensity-dependent phenomena in compact geometries [21, 58]. Thus,
the index contrast of silicon is a key enabler for both miniaturization and enhanced optical
functionality [7, 40].

Equally important is the maturity of the silicon photonics ecosystem. Over the past two
decades, a comprehensive catalog of passive and active components has been established,
including waveguides, couplers, resonators, modulators, and photodetectors, all com-
patible with standard CMOS processes [8, 40, 55]. This maturity reduces the barriers
between design and fabrication, allowing to focus on new optical functionalities rather

than basic material or process development [9]. Consequently, silicon photonics offers a
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millimeter scale (103 m)

meter scale

* | micrometer scale
~\J (10 m)

Figure 1.1: From tabletop optics to Integrated Silicon Photonics. Top-left: meter-scale
experimental setup with an external laser coupled to the chip (e.g., via lensed fiber or
grating couplers) our lab picture. Right: zoom of millimetre-scale silicon photonic chip.
Insets/highlights show micrometre-scale components—single-mode WG and MR

unified platform where new physics can be explored without sacrificing manufacturability
or scalability [8, 9].

This technological readiness makes silicon photonics particularly well-suited for exploring
non-Hermitian. The platform allows controlled engineering of loss, gain, and asymmet-
ric coupling—key ingredients for realizing non-Hermitian Hamiltonians on chip [10, 11,
59]. By embedding such effects in established silicon architectures, one can investigate
exotic optical behaviors such as exceptional points, non-reciprocity, mode conversion,
and enhanced sensing within a stable and repeatable environment [12, 51]. Represen-
tative structures, including coupled-resonator optical waveguides (CROWs), Taiji ring
resonators, and multiport couplers (e.g., 3x3 devices), provide natural testbeds for these
phenomena [43, 60—65].

The experimental relevance of silicon photonics lies in its ability to translate abstract
theoretical models into tangible, chip-scale devices. The same structures that describe
non-Hermitian Hamiltonians in theory can be fabricated and characterized experimentally
with high precision [10, 51]. As illustrated in Figure 1.1, the transition from meter-scale
optical benches to millimeter-scale integrated chips demonstrates how silicon photonics

bridges the gap between fundamental physics and scalable implementation [8, 9, 43].

1.2.2 Design Principles and Modeling

Designing non-Hermitian photonic circuits in silicon requires bridging the physical layout

with its underlying mathematical description through coupled-mode theory and scattering
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matrix formalism. Non-Hermiticity can be introduced deliberately through several mecha-
nisms: spatially distributed optical loss or gain (via absorption, carrier injection, or hybrid
III-V integration) [66, 67], radiative leakage to external ports [68, 69], or dynamically
modulated coupling that induces effective non-reciprocal energy transfer [70—76]. These
mechanisms allow the implementation of tailored non-Hermitian Hamiltonians, where

complex eigenfrequencies capture both resonance shifts and dissipative dynamics [51].

Typical design paradigms include parity—time (PT) symmetric dimers and lattices, exceptional-
point (EP) encirclement schemes, and coherent perfect absorber (CPA)-laser configura-
tions [77, 78]. In silicon photonics, such configurations can be realized using MR, CROW
structures, or hybrid waveguide-resonator systems, where the balance and interplay be-

tween loss, coupling, and feedback determine the system’s spectral response.

Temporal coupled-mode theory (TCMT) and transfer-matrix methods (TMM) are key
modeling tools that connect the physical geometry of the device—such as waveguide
separation and interaction length (which set the coupling strength), path-length or effective-
index mismatch (which determines detuning), and the coupling to access waveguides or
ports (which defines external loading)—to experimentally measurable quantities including
transmission and reflection spectra, resonance linewidths, and quality factors [46, 79].
These analytical frameworks not only predict device performance but also reveal the
location of scattering poles and zeros in the complex frequency plane- such as diabolical
and exceptional points, providing insight into critical transitions between Hermitian and
non-Hermitian regimes. Consequently, silicon photonics serves not only as a practical
fabrication platform but also as a fertile ground for fundamental exploration of non-

Hermitian physics at the chip scale.

1.2.3 Waveguides

In integrated photonic circuits the waveguide serves as the most fundamental and indis-
pensable component, as it provides the physical pathway for guiding light into, within,

and out of the photonic circuit.

A waveguide confines and transports optical energy through solutions of Maxwell’s equa-
tions within a dielectric medium. In silicon photonics, waveguides are typically realized
on a silicon-on-insulator (SOI) platform, which consists of a high-refractive-index silicon
(S1) guiding layer atop a low-index silicon dioxide (SiO;) substrate, with either air or oxide

serving as the upper cladding.

The large refractive index contrast between silicon (ng; ~ 3.48 at 4 = 1550 nm) and

silicon dioxide (nsio, ~ 1.44) enables strong optical confinement within submicron-
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Figure 1.2: Schematic of an optical waveguide . (Left) Light enters from a region of
lower refractive index into a higher-index core and propagates through the waveguide via
total internal reflection. (Right) Cross-sectional view showing the waveguide core and
cladding structure.

scale dimensions, allowing for tight bending radii, dense integration, and efficient mode
manipulation. This tight confinement also enhances non-linear effects and facilitates
compact device designs, making silicon waveguides a cornerstone for both classical and

non-Hermitian photonic circuits.

A rectangular single-mode waveguide on this platform typically has a cross-section of
width w ~ 450 nm and height 4 = 220 nm, supporting fundamental quasi-TE and quasi-
TM modes. Light propagates along the longitudinal axis (z-direction), confined by total

internal reflection at the Si/SiO, interfaces.

1.2.4 Light Transport in a Dielectric Slab Waveguide

In a lossless, translationally invariant dielectric waveguide (invariant along the z-axis), the
monochromatic electromagnetic fields at an angular frequency w satisfy the source-free

Maxwell equations,
V X E = iwuoH, V xH = —iwson’(x,y)E, (1.1)

where uo and gy denote the permeability and permittivity of free space, and n(x,y)

represents the local refractive index profile of the waveguide structure.

For a waveguide uniform along z, guided modes can be expressed as separable field

solutions of the form
E(x,y,z) = E,(x,y) ePm? H(x,y,z) = Hy,(x,y) ePm? (1.2)

where f3,, is the propagation constant (or longitudinal wavenumber) of the m™ guided
mode, and E,,, H,, are its corresponding transverse field distributions. Each guided mode

satisfies the vector Helmholtz equation with appropriate boundary and radiation conditions
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at material interfaces.

The discrete set {B,,, E,;, H,,} constitutes the orthogonal modal basis of the waveguide,

satisfying the power orthogonality condition
1
(m,n):Z/(meHZ+E:me)-2dA:Pmémn, (1.3)

where P, denotes the power carried by mode m along the z-direction (per unit width for

a 2D structure), and 6,,, is the Kronecker delta.

In high-index-contrast photonic platforms, such as silicon-on-insulator (SOI), modes are
often classified as TE-like (transverse electric) or TM-like (transverse magnetic), depend-
ing on whether the dominant field component is electric (E,) or magnetic (H,). For
a planar slab waveguide that is invariant along y, this polarization separation becomes
exact: TE modes possess Ey, # 0 with E, = E, = 0, whereas TM modes have H, # 0 with
H,=H,=0.

Consider a symmetric SOI slab waveguide composed of a silicon (Si) core of refractive
index n; = 3.48 and thickness ¢ along x, surrounded by silicon dioxide (SiO,) cladding of

index ny = 1.44. Assuming TE polarization, the fields can be written as
E(x,z) = §'Ey(x)eiﬁz, H(x,z) = H,(x) X+ H,(x) Z. (1.4)

Substituting these expressions into Maxwell’s equations and eliminating H, and H, yields

a scalar Helmholtz equation for the electric field component E, (x):

2

E
dxzy + (n*(x)k% - B*)E, = 0, (1.5)

where ko = 27/ Ay is the free-space wavenumber and A is the operating wavelength.
For the core region (|x| < t/2), define k, = /n%k% — 32, and for the cladding (x| > ¢/2),
define @ = /B - n%k%. Applying boundary conditions of field continuity at x = +¢/2

yields the even TEy mode solution:

Eqcos(kyx), |x| <t/2,
Ey(x) = ! (1.6)
Egcos(kyt/2) e”@W=t12) x| > 1/2,

with the corresponding dispersion relation

kit
ks tan(%) o, K2+aP= P -nd)kd. (1.7)
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The dimensionless frequency parameter

V = kot[n? —n3, (1.8)

known as the normalized frequency or V-number, determines the number of supported
modes. For a symmetric slab waveguide, TE modes exist for V > mn, where m is an

integer. Thus, the structure supports a single guided mode (TE( only) when
V<nm. (1.9)
In this single-mode regime, the general field solution simplifies to
E(x,y,2) =§ Eo(x)e’™,  H(x,y,2) = Ho(x)e'™, (1.10)
where Eq(x) is the TE field profile and 3 is the effective propagation constant determined

by Eq. (1.7).

The time-averaged Poynting vector, representing the local power flow density, is given by
S = %‘R{E x H*}. For the TE mode,

. dE
Ho=L k., m-—2 s P pwe (1.11)
WO wpo dx 2wpg

The total guided power (per unit width along y) is then

p= [ sac=sE [Cip WP (1.12)

00 2(1)/10 00

The fraction of the optical power confined within the silicon core, often called the con-

finement factor, is expressed as

2 .
/t/ |E |2 dx £ + Sln(kxt)
_J)2 ' _ 2 4k,
e a B i 2 . (1.13)
/ E e Ly sin(ksd) | cosT(kst/2)
—00 Y 2 4kx o

For an SOI waveguide with ¢t = 220 nm, n; = 3.48 (Si), np = 1.44 (Si0), and Ay =
1550 nm, the free-space wavenumber is kg = 27/1y ~ 4.053x10° m~!. The corresponding

V= kotw/n% - n% ~283<m,

confirming that the structure supports a single TEp mode.

normalized frequency is
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Solving Eq. (1.7) numerically gives k, ~ 8.09 x 10 m™! and @ ~ 1.00 x 10’ m~!. The

effective propagation constant and refractive index are then
B =nk2 -k}~ 1.155%x10" m™", ner = B/ ko ~ 2.85.
Using Eq. (1.13), the optical power confinement factor is
I'tg = 0.78,

indicating that approximately 78% of the mode power is confined within the silicon core.

Assuming an input power of P(0) = 1 mW and a propagation loss coeflicient ajoss (in
nepers per meter, Np/m, describing exponential power attenuation along the waveguide),

the transmitted power after a distance L is

P(L) = P(0) e~ sl

For a typical SOI loss of 2 dB/cm, which corresponds to @jpss = 200 dB/m X 1“2(1)0 ~

23.03 Np/m, the power after a 70 um propagation length is
P(70 um) = 1 mW x e 23037010 & 998 mwy,

equivalent to an attenuation of only ~ 0.014 dB.

This analysis demonstrates that over micrometer-scale propagation lengths, the power loss
in a high-quality SOI waveguide is negligible. The TEy mode propagates with nearly
constant amplitude, with most of its optical energy confined within the silicon core, as

quantified by I'rg.

1.2.5 Coupling and Mode Excitation

A major practical challenge in integrated photonics is the efficient transfer of light between
an external optical source and the submicron waveguides on a silicon photonic chip and for
the detection of light out of the chip. Typical laser sources are delivered through single-
mode optical fibers whose fundamental mode area is orders of magnitude larger than that
of a silicon waveguide. The mismatch in spatial extent and numerical aperture leads to
poor mode overlap and significant insertion losses unless dedicated coupling structures

are implemented.

For a quantitative comparison, the effective mode area of a standard single-mode fiber
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(SMF-28) at 1550 nm is approximately
Acfr fier ~ 80—100 pm?,

corresponding to a mode-field diameter of about 10-11 um. In contrast, the effective

mode area of a single-mode silicon waveguide on an SOI platform is typically
Aeﬂ-"WG ~(0.5-1 ,umz,

nearly two orders of magnitude smaller due to the high index contrast between silicon
(nsi = 3.48) and silicon dioxide (nsio, ~ 1.44). Direct butt-coupling from fiber to
waveguide would therefore result in poor efficiency, as only a small fraction of the incident

optical field would match the confined TEy mode supported by the waveguide.

To overcome this mode-size and phase-matching mismatch, grating couplers are com-
monly employed to couple light between an optical fiber and the on-chip waveguide. A
grating coupler consists of a periodic modulation of the refractive index (or surface cor-
rugation) with period A, designed to scatter the incident fiber mode into the guided mode
at an appropriate angle. Efficient coupling occurs when the phase-matching condition

between the in-plane momentum of the incident beam and the guided mode is satisfied:
2
Kofgiver sin 8 + Xﬂ - B, (1.14)

where 6 is the fiber tilt angle (typically 8—15°), ngper is the refractive index of the fiber
mode, S is the propagation constant of the guided TEy mode, and the sign accounts for
upward or downward diffraction. The grating period A and etch depth are optimized
to maximize the overlap between the scattered field and the desired guided mode while

minimizing reflections.

Once the phase-matching condition is met, the coupling efficiency into the fundamental

guided mode can be described by the field overlap integral

// Ein(x, y) - Egq(x, y) dx dy

Nin =
\/ / [y Pdx dy \/ / By Pdx dy

where E;, is the incident electric field distribution from the fiber and Ey, is the guided

) (1.15)

mode field of the waveguide (for the single-mode case, Ey; = Eo). This expression follows
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directly from the power orthogonality relation introduced in Eq. (1.3) and quantifies the

fraction of optical power projected from the input field onto the guided-mode basis.

For a single-mode TE waveguide, Ey, is dominated by its y-component Eg ,(x,y), as
obtained from Eq. (1.5). Therefore, the overlap integral effectively measures how well the
polarization, spatial profile, and phase front of the incoming field match those of the TE
mode. Perfect overlap (5, = 1) requires both mode-field and phase matching, which is

practically limited by fabrication imperfections, reflection losses, and angular alignment.

If light is launched from a fiber with input power Pj,, the optical power coupled into the
on-chip TEy mode is nj,Pi,. After propagating a distance L along the waveguide with

attenuation coeflicient ajos (in Np/m), the remaining guided power is
P(L) = minPine™ " (1.16)

If an identical grating coupler is used for out-coupling, characterized by efficiency 1oy,

the transmitted optical power at the output fiber is

Pou = Tlinﬂouthe—““’“L. (1.17)

For the 70 um waveguide analyzed in the previous subsection (ajoss ~ 23.03 Np/m),
the propagation factor e™@esL ~ 0.998, indicating negligible internal loss. Hence, the
overall efficiency is dominated by the coupling terms 7;, and 7,y. For instance, with
grating couplers of ni, = nou = 0.6, the total fiber-to-fiber transmission is approximately
0.36 mW for 1 mW input power; using optimized couplers with r;, = 1oy = 0.8 increases

transmission to ~ 0.64 mW.

Design strategies for efficient coupling.

* Mode-size transformation: The grating or taper geometry can be engineered to
expand the on-chip TEp mode laterally and vertically, improving overlap with the

larger fiber mode.

* Phase matching: The grating period A is chosen according to Eq. (1.14) to match
the in-plane propagation constants.

* Apodization and back-reflection minimization: Gradual modulation of the grating
duty cycle (apodization) and the use of anti-reflection coatings enhance unidirec-

tional coupling efficiency.

* Polarization alignment: Proper alignment ensures that the incident polarization

10
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(usually linear, horizontal) excites the TEy mode rather than higher-order or TM

modes.

1.2.6 The Mach-Zehnder Interferometer (MZI)

Reference arm

Figure 1.3: Schematics of The Mach—Zehnder Interferometer (MZI)

The Mach—Zehnder Interferometer (MZI) consists of two 50:50 beam splitters connected
by two optical paths as shown in the Figure 1.3. An input electric field Ej, = Ep is divided
equally, so each arm carries a field of amplitude Ey/V2. As the fields propagate, they
accumulate a phase

3 2nnL
=k

, (1.18)

where 7 is the refractive index, L is the arm length, and Ay is the free-space wavelength.

In the reference arm, the phase is

_ 2nnoL
=%

1 : (1.19)

while in the heated arm a micro-heater induces a refractive index change An through the

thermo-optic effect, resulting in

2n(ng + An)L
p= — .

o (1.20)

The resulting phase difference is

2nAnL
Ao

Ap = ¢ — ¢1 = (1.21)

with

11
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Figure 1.4: Simulation. Output intensity variation as a function of the phase difference
A¢ in one arm of the Mach—Zehnder interferometer. The interference pattern follows
Tout = Iin cos? (A¢/2), illustrating how phase modulation controls the output transmission.

where 5—; is the thermo-optic coefficient and AT is the temperature rise in the heated arm.

At the second beam splitter, the two optical fields interfere, and the output field at output

port is

1 . .
Eou = 5Eo (e701 + 72, (1.23)

resulting in the output intensity

Tout = Iin cos? (%) = I, cos? (nA_nL) . (1.24)

2 Ao
This expression shows that the output intensity depends only on the relative phase between
the two arms as shown in the Figure 1.4. Constructive interference occurs when A¢ = 2mr,
giving maximum transmission, while destructive interference occurs when A¢ = (2m +
1)r, resulting in zero output. A & phase shift is required to switch between maximum and

minimum transmission, corresponding to

Ao

Any = 22
Y

(1.25)

Therefore, by controlling the heater power, and consequently the temperature and refractive
index, the MZI provides a precise method for tuning optical intensity through thermo-

optic phase modulation. In the last chapter, this MZI configuration will be used inside an

12
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integrated microring resonator to achieve chiral light routing.

1.2.7 'Two Coupled Waveguides

When two silicon waveguides are brought in close proximity (typically separated by a few
hundred nanometers), their evanescent fields overlap, allowing optical power to exchange
between them. This phenomenon, known as evanescent coupling, forms the basis of
directional couplers, multimode interference (MMI) devices, and microring—bus coupling
sections in integrated silicon photonics, as shown in Figure 1.5.

= —————— —

K
2 =

IIIII*
z

Figure 1.5: Schematic of two evanescently coupled waveguides. Optical power oscillates
between the guides along the propagation direction z.

The total electric field in a system of two evanescently coupled waveguides can be expressed

as a superposition of the guided modes of the isolated waveguides,
E(r,z) = A1 (2) Ei(r) €% + Ay(2) Ea(r) €7, (1.26)

where Aj(z) and A;(z) denote the complex modal amplitudes of the guided fields in
waveguides 1 and 2, respectively, E;(r) and E;(r) are the normalized transverse electric-
field profiles of their fundamental modes, and 8 and 3 are the corresponding propagation

constants.

Assuming that each waveguide supports only its fundamental mode and that the coupling
is sufficiently weak so that higher-order modes can be neglected, the evolution of the modal

amplitudes along the propagation direction z is governed by the coupled-mode equations

dA A
d—l = —ZITBAI — iKAZ,

< (1.27)
dA; A+ 'AﬁA
— = —IK 1— A,
dz tmimy e

where A = 31 —f3, represents the propagation-constant mismatch between the two isolated
waveguides, and « is the coupling coefficient describing the evanescent interaction between

the modes.

The evanescent coupling originates from the spatial overlap of the guided modes in the

region where the waveguides are brought into close proximity.

13



Chapter 1. Non-Hermitian Silicon Photonics

Under the weak-coupling approximation, the coupling coefficient between two parallel

waveguides is given by

Ag(r)E;(r) - Eo(r) dA
K= 9/ : , (1.28)

EN TS

where w is the angular frequency of the optical field, E|(r) and E;(r) are the electric-

field mode profiles of waveguide 1 and waveguide 2 calculated for the isolated (uncoupled)
waveguides, and Ag(r) represents the permittivity perturbation induced by the presence of
the adjacent waveguide. The integration is carried out over the transverse cross-sectional

area A.

Here P, and P, denote the optical powers carried by modes 1 and 2, respectively. In

general, the optical power carried by the m-th guided mode is defined as

1
P, = 5Re {/ [E.(r) x H, ()] -idA}, (1.29)
where H,, (r) is the magnetic-field profile associated with the m-th mode and Z denotes
the unit vector along the propagation direction. With this power normalization, the
coupling coefficient « has units of inverse length and appears naturally in the coupled-

mode equations written along the propagation direction z.

In matrix form:

d |A AB/2 A
| A|__|AB2 al (1.30)
dz [A, Kk =ABJ2| | A2
Diagonalizing this matrix yields the normal-mode eigenvalues +€2, where
2
A
Q=1/k*+ (7'8) . (1.31)

These correspond to the even and odd supermodes of the coupled system with propagation
constants 5. = § + Q, where 8 = (81 + 5)/2.

If only waveguide 1 is excited at z = 0, i.e.,

A(0) =1, Ax(0) =0,

14
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Figure 1.6: Theory. Power distribution in coupled waveguides at different detuning values
shown in the title of the the subplots. Top to bottom for different values of detuning

the field amplitudes evolve as:

A1(z) = cos(Qz) — i?—g sin(Qz),

Ay(2) = —ié sin(Qz).

The corresponding optical powers are

2
K= .
Pi(z) = |Ai(2)? =1 - 7 sin’(Qz),

2
K= .
Py(z) = |A2(2)|* = & sin’(Q2),

satisfying total power conservation Py + P, = 1.

15
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For identical waveguides (Ag = 0), the system simplifies to
Pi(z) = cos*(kz), Pa(z) = sin*(xz),
and complete power transfer occurs after the coupling length
L.=—. (1.34)
When Ag # 0, the maximum transfer efficiency decreases to

K2

K2+ (AB/2)2 (1.3)

P2,max =

Power oscillation between the two guides results from interference between the even and

odd supermodes, which propagate with 8, = 8 + Q. The corresponding beat length is

dl . (1.36)

L= =
Bi—B- 20

This coupled-mode formalism provides the foundation for the design of directional cou-
plers, ring—bus interfaces, and reconfigurable photonic circuits in silicon platforms, where
kx and AB can be engineered by adjusting waveguide separation, width, or local refractive

index modulation.

1.2.8 Non-Linear Optics

When an electric field is applied to an optical medium, it induces an electric dipole moment
within the material. The resulting polarization P, defined as the induced dipole moment
per unit volume, quantifies this response. In the linear (low-field) regime, the induced

polarization is directly proportional to the applied electric field E [19, 20].

P = xVE,

where ¢ is the vacuum permittivity and y (! is the linear susceptibility, which in general
is a complex quantity: yV = ' +iy”(M)_ The real part y’(") determines the phase
velocity of light and hence the refractive index, while the imaginary part y”(!) accounts for

absorption (or gain) within the material. The refractive index and absorption coefficient

n=Al+ 0, =20
c

16

are related to y(!) through:
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For silicon at telecom wavelengths, the imaginary part is negligible, resulting in a low
propagation loss and a real refractive index of approximately ng ~ 1 + y(1) ~ 3.48 at
1.55 um [19, 20, 80].

As the electric field increases the relationship between the induced dipole moment and the

applied field is no longer linear. The material now responds as:
P=¢ ()((I)E +)((2)E2 +)((3)E3 + - ) ,

where ") are the n-th order susceptibilities. In centrosymmetric materials like crystalline
silicon, which has a diamond lattice structure with inversion symmetry, even-order suscep-
tibilities such as )((2) are zero [21]. This occurs because under spatial inversion (r — —r),
the material’s atomic structure remains unchanged, and the induced polarization must
reverse direction when the electric field E is inverted (E — —-E), i.e., P(-E) = —-P(E).
In the power-series expansion of P in terms of E, this symmetry condition eliminates
all even-order terms that would not change sign upon field reversal. As a result, bulk
silicon lacks second-order non-linear processes such as second-harmonic generation or
the Pockels effect, and its non-linear optical response is dominated by third-order ef-
fects associated with y®. However, an effective y® non-linearity can be induced in
silicon through symmetry-breaking mechanisms such as strain engineering, interface ef-
fects in silicon—silicon nitride or silicon—oxide heterostructures, and electric-field-induced

second-harmonic generation [4, 81, 82].

The dominant non-linearities in silicon arise from the third-order susceptibility y ¥, which

is a complex tensor quantity:
X = R} +i 3V}

The real part R{y®} governs refractive effects such as the Kerr-induced index change,
whereas the imaginary part 3{y®} accounts for non-linear absorption, predominantly
two-photon absorption (TPA). Both parts are strongly wavelength dependent, and their
interplay determines the balance between non-linear phase shift and non-linear loss in
silicon devices [22]. Moreover, the free carriers generated by TPA modify the complex
refractive index, introducing additional real and imaginary perturbations—free-carrier
dispersion (FCD) and free-carrier absorption (FCA)—that dynamically couple back to the
optical field.

17
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1.2.8.1 Kerr Effect

The Kerr effect refers to the intensity-dependent modification of the refractive index arising
from a third-order non-linear optical response. When an optical field of sufficiently
high intensity propagates through a medium, it induces a non-linear polarization term
proportional to the cube of the electric field amplitude. As a result, the refractive index

acquires an intensity dependence,
n(l) =ng + nyl, (1.37)

where ng is the linear refractive index, n, is the nonlinear refractive index coefficient, and
I denotes the optical intensity, defined as the time-averaged power per unit area of the

guided mode. The latter is related to the real part of the third-order susceptibility y ) as

3R

ny = # (1.38)

4ngeoc
For crystalline silicon at 4 ~ 1.55 um, ny ~ 4.5 X 10718 m?/W [21, 22]. The Kerr effect
becomes significant when the optical intensity is high and absorptive processes do not
suppress the non-linear phase accumulation. In tightly confined silicon-on-insulator (SOI)
waveguides with sub-micron mode areas, the non-linear interaction strength is quantified
by

wny

= , 1.39
Y A (1.39)

where A.g is the effective mode area. For A.g ~ 0.1-1 ,umz, v can reach hundreds of

W~!m~!, enabling pronounced non-linear effects even at milliwatt power levels [22, 80].

The Kerr-induced refractive index change underlies key non-linear processes such as self-
phase modulation (SPM), cross-phase modulation (XPM), and four-wave mixing (FWM)
in integrated waveguides [40, 58]. While the Kerr response in silicon is ultrafast and
purely refractive, it is typically accompanied by competing carrier- and absorption-related

non-linearities in practice.

1.2.8.2 Two-Photon Absorption

The imaginary part of y(® leads to two-photon absorption (TPA), a non-linear absorption
process where two photons of energy %w are simultaneously absorbed to excite one

electron-hole pair across the indirect bandgap (27iw > E,). The intensity-dependent, loss

18
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Figure 1.7: Schematic illustration of the two-photon absorption (TPA) process.

is expressed as
dl

dz
where « is the linear absorption coefficient and Stpa is the TPA coefficient, related to

I{x¥} by

= —(a + Breal)l,

3w

I{x?}.

Brea = e
At A = 1.55 um, Brpa typically lies between 0.44 and 0.9 cm/GW [22, 83]. TPA is
responsible for non-linear losses that limit the efficiency of Kerr-based processes but

simultaneously generate free carriers that trigger secondary non-linearities.

1.2.8.3 Free-Carrier Effects: FCD and FCA

Two-photon absorption generates free carriers (electrons and holes), whose density N

evolves as
dN _ Breal> N

dt 2w Tfe ’
where 7/ is the carrier lifetime. These carriers alter both the real and imaginary parts of
the refractive index, respectively through free-carrier dispersion (FCD) and free-carrier

absorption (FCA). Empirical relations at 1.55 um [22, 84] are
Ang. = —(8.8 X 107N, + 8.5x 107¥ND®),  Aag = 8.5x 108N, + 6.0 x 1078,

with carrier concentrations in cm™ and @ in cm~!. The FCD term Ang, produces a negative
index shift (blue detuning), while FCA Aay,introduces additional optical loss. Since
carriers persist for nanoseconds to microseconds, they contribute a non-instantaneous,

cumulative non-linearity that couples to both optical and thermal dynamics.
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1.2.8.4 Thermal non-linearity

Absorption due to two-photon absorption (TPA) and free-carrier absorption (FCA) gen-
erates excess energy in the silicon core, which is subsequently released through car-
rier—phonon and phonon—phonon interactions, leading to localized heating. This temper-

ature rise gives rise to a slow thermo-optic effect, resulting in a refractive-index change

dn
Ang, = — AT,
Nth aT

where 42 ~ 1.86x 10~* K~! [22, 80]. Because the thermal relaxation time in micron-scale
waveguides and resonators ranges from microseconds to milliseconds, the thermo-optic
non-linearity dominates under continuous-wave (CW) or high-duty-cycle operation. It
can lead to optical bistability, resonance hysteresis, and self-pulsing behaviors observed

in silicon microrings [58].

1.2.8.5 Combined non-linear Response

The total change in the effective refractive index is therefore a superposition of Kerr,

carrier, and thermal contributions:
Aneg = nol — Ang. + Any,.

In high-confinement waveguides this variation modifies the propagation constant S =
2nnes/ A, leading to power-dependent phase shifts and spectral broadening. In microring
resonators, the high-Q cavity (The quality factor Q characterizes how long light remains
stored in the cavity and is defined as the ratio between the resonance frequency and its
linewidth, Q = wo/Aw. ) enhances the internal intensity by orders of magnitude, amplify-
ing all non-linear effects. The interplay of instantaneous Kerr and delayed carrier/thermal
non-linearities gives rise to complex dynamics, including resonance shifts, optical bista-
bility, self-pulsation, and frequency-comb formation [22, 56, 58].The modulation of these
self-pulsing frequencies through electro-optic control will be discussed in detail in Chap-
ter 3. These combined effects make silicon a unique platform for studying both ultrafast

and slow non-linear optical phenomena on a CMOS-compatible chip.

1.2.9 Microring Resonators

A silicon microring resonator (MRR) is a closed waveguide loop, typically with radii of a

few pm, side-coupled to one or more bus waveguides on a silicon-on-insulator (SOI) plat-
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form. The large Si/SiO; index contrast enables tight bends and dense, CMOS-compatible
integration with mature fabrication processes [8, 9, 40]. At resonant frequencies, circu-
lating fields build up and interfere coherently, enabling narrowband filtering, switching,

delay, modulation, and enhanced light—matter interactions in a compact footprint [40, 41].

MRRs have been demonstrated as compact notch and add—drop filters on SOI [56]; ana-
lyzed as resonant channel add/drop elements via coupled-mode theory [85]; and arranged
as coupled-resonator optical waveguides (CROWs) for on-chip routing and dispersion engi-
neering [60, 86]. They underpin micrometre-scale electro-optic modulators exploiting free
carriers [87], as well as performance-enhanced coupled-ring modulators [88]. Ultrahigh-Q
silicon microrings provide narrow-linewidth refractive-index and biosensing [89]. non-
linear applications include two-photon generation in silicon rings [90] and microcomb
generation in monolithic microresonators [58, 91]. At the system level, a microprocessor
communicating optically via integrated MRRs highlights platform maturity [9]. More
recently, dispersion- and topology-aware multiport couplers and coupled-resonator net-
works have been engineered for asymmetric transport and exceptional-point physics [43,
65].

Light couples into a microring through a directional coupler as shown in the Figure 1.8
, which splits the input field between the through path and the circulating mode inside
the ring. Once inside, the intracavity field acquires a round-trip phase ¢ = B(w)L and
experiences attenuation determined by intrinsic losses (e.g., scattering, absorption) and
out-coupling to the bus waveguides [40]. Resonance occurs when the round-trip phase
matches an integer multiple of 27 (¢ = 2rm, m € Z), allowing successive passes to add
constructively and leading to strong field buildup in the cavity [40, 41]. At the output,
interference between the directly transmitted field and the out-coupled cavity field produces
Lorentzian or Fano-like line shapes, with depth and linewidth governed by the balance
between intrinsic loss and external loading (critical, under-, or over-coupling) [40, 46].
Furthermore, active mechanisms such as free-carrier plasma dispersion and the thermo-
optic effect in silicon, along with non-linear responses including Kerr and two-photon
absorption, provide dynamic tuning and open access to non-linear optical phenomena [8,
21, 49].

1.2.9.1 Temporal coupled-mode theory (TCMT).

The temporal coupled-mode theory (TCMT) [92-94], which will be employed through-
out this thesis, provides an effective description of the optical field dynamics in driven
resonator systems. It describes how energy is coupled into, stored within, and dissipated

from a resonant cavity under continuous excitation. Physically, the theory applies to an
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Figure 1.8: Schematics of the microring resonator coupled to a bus waveguide. The
incoming and outgoing fields are denoted by the subscripts “in”” and “out”, while the labels
L and R indicate left and right sides, respectively.

open through-flow system, where an external optical drive injects power into the cavity,
the field circulates internally, and energy is continuously exchanged between the resonator

and the bus waveguides through coupling and loss channels.

In this driven regime, the intracavity field reaches a steady or quasi-steady state in which the
total stored energy remains constant on average. The internal dynamics are then governed
by the balance between input coupling, intrinsic dissipation, and output extraction. Within
TCMT, these processes are characterized by the coupling rate I', intrinsic loss rate 7,
and the total decay rate y;, = I' + y. To ensure the validity of the temporal description,
all physical rates governing these energy exchanges must remain much smaller than the

optical resonance frequency wg, namely
max{l’, v, |A|} < wo, (1.40)

where A = w — wy is the detuning between the drive frequency w and the cavity wy.

Working in those limitation , let us now consider an input electric field Ej, ; with complex
amplitude &;, 1 entering the bus waveguide from the left port, as illustrated in Fig. 1.8.
The field is expressed as

Eins = Einpe ™,
This field couples to the microring resonator positioned adjacent to the bus waveguide,
thereby exciting the counter-clockwise (CCW) mode. The circulating field inside the ring
can then be written in complex form as

_ —iwt
Qcew = deew € .
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In the coupled-mode picture, the temporal evolution of the CCW and CCW mode amplitude

inside the microring is governed by following set of the equations:

Ein,L

Ein,R

. d

o (1.41)

a’ccw] B [(UO — iy 0

a’ccw] B \/ﬁ

Aew

Tew 0 wo — i7t

The output fields from the left and right ports are related to the input fields through the

following relations:

Eout,R = Ein,L + V2l eews (142)
Eout,L = Ein,R +iV2I' Qew - (143)
Undercoupled (I'<v) Critical (I'=v) Overcoupled (I'>7)
. T r r r r r r r
0.9
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Figure 1.9: Theoretical response of a microring resonator in the undercoupled, crit-
ical, and overcoupled regimes. All frequency-related quantities are expressed in GHz.
Here, I' denotes the coupling rate between the bus waveguide and the microring, and
v is the intrinsic loss rate of the ring. The three panels (left to right) correspond to
I' = 0.5y (undercoupled), I' = y (critical coupling), and I" = 2y (overcoupled). The
coupled-mode-theory calculations are performed using normalized parameters v = 1,
wo = 0, and left input field amplitude Ej, ;, = 1. A physical frequency scale is introduced
by mapping one normalized frequency unit to 10 GHz. The horizontal axis shows the
detuning Aw = w—wq in GHz, swept over the range Aw € [—67y, 6y]. Each panel displays
the power transmission T = |¢g|? (solid blue) and the intracavity counter-clockwise field
intensity |acew|? (dashed orange) as functions of detuning.

Now our idea is to find the transmission through the “through” port. By dividing Eq. (1.42)

by Ei, 1 we obtain

E
OULR _ | 4 V2D LV = . (1.44)
in,L Ein,L

We define the transmission to the right as Tg = |tg|*.
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Hence our transmission #x takes following form:

2r

tp=1+i———,
wo — W — iy,

(1.45)
When the laser is tuned at w = wg and the ring is set at critical coupling y = I', the
transmission to the right becomes

tg = 0. (1.46)

and the ring field amplitude inside the ring becomes

8.
= il (1.47)

Aeew = — .
« V2T

This condition corresponds to complete destructive interference in the through port with

incoming field through a bus waveguide, resulting in zero transmission at resonance, as
showed in the middle panel of Figure 1.9. At the same time, the amplitude of the field
inside the microring builds up to maximum. The left and right panels in the Figure 1.9
show the transmission and amplitude inside the ring correspond to the cases I' = 0.5y
(undercoupled) and I" = 2y (overcoupled), evaluated using normalized parameters y = 1,
wo = 0, and left excitation amplitude E;,; = 1. The buildup of the field inside the
microring under this condition allows us to characterize the resonator in terms of its

quality factor, photon lifetime, and linewidth , which I will define now.

Transmission [a.u.]
=
N
T

- -

=
N ’———-————————

1549  1549.5 1550 15505 1551

A [nm]

Figure 1.10: Free spectral range (FSR), full width at half maximum (FWHM), and
extinction ratio (ER) from the transmission spectrum.

The quality factor, Q of a resonator describes how efficiently it stores optical energy

relative to its losses. It is defined as the ratio of the stored energy to the energy lost per
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optical cycle:

Energy stored  wo

0 = wy (1.48)

Power loss 2y,
Where wy is the resonance angular frequency, and y, = I' + 7y is the total decay rate that

accounts for both intrinsic loss (y) and coupling loss (I).

The full width at half maximum (FWHM) of the resonance is related to the decay rate by

Awrwam = 27y, (1.49)

and in frequency units,

Aw
A frwm = % - % (1.50)

The photon lifetime 7, represents the characteristic time over which the stored energy

decays to 1/e of its initial value. It is inversely proportional to the total loss rate:

1
Tph = 2—% (151)

Using the definition of Q, it can also be expressed as

Ton = wg (1.52)
0

During this time, the photon circulates inside the ring multiple times before decaying.
The number of round trips N that a photon completes can be estimated by comparing its
lifetime with the round-trip time 7}, = é, where L = 2nR is the ring circumference and
Vg is the group velocity:

Tph Vg

Ni= — = ——, 1.53
NS 0L (1.53)

For a silicon microring resonator operating near A9 = 1550 nm, the angular frequency is

2
wo = =€ ~ 1.22 % 10" rad/s.
Ao

Assuming a measured linewidth of A fpwpm = 20 GHz, the total decay rate is
v: = 1 Afewnm = 7 X 20 X 10° ~ 6.28 x 10'° rad/s.

The quality factor is then

wo 1.22 x 101 3
=_— = ~9.7x 10°.
0 2yt 2x6.28x 1010
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The corresponding photon lifetime is

1
T = 5~ 7.96 x 10712 s.

Another important parameter of the microring resonator is the Free Spectral Range (FSR),

which represents the frequency spacing between two consecutive resonance modes. It is

given by ; . .
Afesr = 7 = L TR (1.54)
In wavelength units, the FSR can be approximated as
2
Adpsg ~ —2. (1.55)

ngL

The ratio between the FSR and the resonance linewidth determines the finesse  of the

resonator:

A frsr 1.14 THz
7: AfFWHM 20 GHz ( )

A higher finesse indicates better spectral selectivity and stronger field confinement within

the microring cavity.

1.2.9.2 Backscattering in Microring Resonators

Sidewall roughness and microscopic interface disorder in integrated microring resonators
unavoidably induce coupling between the two degenerate counter-propagating eigenmodes,
as first modeled in [95, 96]. This parasitic mode conversion manifests as resonance split-
ting, coherent hybridization of clockwise (CW) and counter-clockwise (CCW) fields,
and excess insertion loss, consistently observed and quantified in [97]. Such symmetry-
breaking reduces Q and degrades extinction ratios in filtering applications [96], and
compromises the spectral stability required for laser stabilization, frequency-comb forma-
tion, and routing systems that rely on high coherence rings [98]. From a fundamental
perspective, uncontrolled backscattering obscures the intrinsic modal topology of the ring
and hinders faithful realization of physical effects that rely on directional purity — includ-
ing non-Hermitian degeneracies, chirality, and reciprocity breaking — as made explicit in

recent chiral and EP-based suppression schemes [99, 100].

The origin and impact of CW—-CCW coupling were first captured analytically using
coupled-mode theory, which connected resonance doublets to Rayleigh-type scattering

induced by nanoscale roughness [95]. Classical mitigation strategies consequently aimed
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at suppressing the underlying disorder. Surface smoothing through optimized etching and
thermal oxidation was shown to reduce the intrinsic backscattering strength [96]. Deter-
ministic scatterer placement was later explored to gain controlled coupling between the
two modes and restore spectral symmetry, rather than allowing random perturbations to
dictate hybridization [97]. In parallel, geometric countermeasures — such as asymmetric
rings, angled bus couplers, and split-ring topologies — were introduced to lift the degen-
eracy between CW and CCW trajectories and thereby minimize coherent back-reflection
at the design level [101].

A more recent class of works does not attempt to eliminate scattering, but instead ex-
ploits coherent interference to neutralize its effect. Svela er al. showed that adding
a precisely engineered auxiliary scatterer can destructively interfere with the intrinsic
roughness-induced coupling and recover a single Lorentzian peak, effectively erasing the
backscattering signature [98]. A conceptually distinct non-Hermitian strategy was later
implemented using low-loss Mie scatterers to create a chiral exceptional point in silicon
microrings; in that regime, mode coalescence enforces unidirectionality and suppresses
CW-CCW hybridization without post-fabrication tuning [99]. Complementarily, Li and
Bogaerts introduced a cancellation design that suppresses resonance splitting by engineer-
ing the contra-propagating coupling pathways such that destructive interference occurs
intrinsically at the device level [100]. Along the same direction of “cancellation rather
than elimination,” Aslan et al. demonstrated that the backscattering channel itself can be
coherently controlled and tuned in situ, enabling suppression or deliberate enhancement
of the CW-CCW coupling by phase-matched auxiliary perturbations [45]. In our this
work the engineered perturbation allows the system to transition continuously between
Hermitian and non-Hermitian coupling regimes, granting tunable chirality and access to
exceptional-point dynamics, while at the same time providing a control knob to erase or

reinstate the spectral signatures of backscattering without modifying the fabricated device.

Backscattering in a microring resonator can be modeled by introducing complex coupling
terms between the two counter-propagating modes (CW and CCW). In a fabricated device,
inevitable sidewall and surface roughness induce coherent backscattering; alternatively,
a preferential backscattering channel can be intentionally engineered, as will be shown
later. In either case, optical power circulating in one direction is scattered into the opposite
direction. Experimentally, this intermodal coupling manifests as resonance doublets in
the through- and drop-port transmission spectra. Fig. 5.4(a) in Chapter 5 shows the
asymmetric doublet that results from non- hermitian backscattering couplings.Whereas

the hermitian backscattering results in symmetric doublet.

To model this behavior we use time-domain coupled-mode theory for the two intracav-
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ity amplitudes, including both backscattering and coupling to the bus waveguide. The

dynamics are governed by

. d

dt

accw wo— iyt —iPBs,12| |@ccw

- Var

Ein
’L] . (1.57)

acw —ifBBsp1 wo—iy| | acw Einr

Here Bgs.12 and fBgs2; are the complex backscattering coefficients. For reciprocal (Her-

mitian) backscattering we use
,BBS,ZI = _,835’12, (158)

In contrast, a non-Hermitian backscattering channel corresponds to a violation of these
equalities, i.e.
BBs21 # —Bgs 125 (1.59)

which generally produces asymmetric CW«CCW coupling and enables chiral or EP-

mediated transport regimes as shown in Fig. 5.4 in Chapter 5.

In the coming sections, we will demonstrate in detail how backscattering—whether orig-
inating from fabrication-induced disorder or from intentionally engineered coupling—
transfers energy between counter-propagating modes, converting CCW into CW and vice
versa. The discussion will proceed from Hermitian backscattering in a conventional mi-
croring resonator to non-Hermitian backscattering, allowing a clear distinction between

the two regimes.

1.3 Non-Hermitian Physics: Concepts and Tools

1.3.1 Hermitian vs Non-Hermitian

The law of conservation of energy states that, in a closed system, the total energy remains
constant over time. In other words, the energy of a system can only change if energy enters

or leaves the system.

As a simple example, consider a simple harmonic oscillator (SHO) consisting of a mass
m attached to a spring of stiffness constant k, placed on a frictionless surface. The system
comprises the mass, the spring, the frictionless surface, and the fixed support to which
the other end of the spring is attached. When the mass is displaced from its equilibrium
position and released, it oscillates back and forth, continuously converting the potential

energy stored in the spring into the kinetic energy of the moving mass.

In an ideal, perfectly frictionless system, the total mechanical energy remains constant over
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time. The notion of time here refers to the continuous evolution of the system during which
kinetic and potential energies exchange periodically. The relative increase and decrease of
the kinetic and potential energies are perfectly balanced—the evolution of the system back
and forth in energy space is symmetric. In this relative sense, the dynamics of the system
appear timeless: the process of energy exchange repeats indefinitely and identically, as if
time itself does not exist within the confines of the system’s energy balance. The total

energy of the oscillator is given by

1 1
E(t)=T+V = mez + Ekxz, (1.60)
where T = %mxz is the kinetic energy associated with the velocity of the mass, and
V= %kx2 is the potential energy stored in the spring due to displacement from equilibrium.
In the absence of dissipation, E(f) remains constant, and the system exhibits perfect

periodic reversibility.

This idealized symmetry is related to the concept of time-reversal symmetry, which exists in
both classical and quantum mechanics. In a closed system with no dissipation or external
driving, the dynamics are governed by a Hermitian Hamiltonian with real eigenvalues
corresponding to physically observable energies. Such a Hamiltonian generates a unitary
time-evolution operator,

U(t) = e HHIM (1.61)

which satisfies the unitarity condition
Ur(u@) =U@U (1) = L. (1.62)

Unitarity ensures that the norm of the quantum state—and by analogy, the total energy in

the classical oscillator—remains conserved throughout the evolution.

In the classical picture, this manifests as a reversible trajectory in phase space: if time
is reversed, the system precisely retraces its path. In the quantum picture, unitarity
implies deterministic and reversible dynamics—the system can evolve forward or backward
in time without loss or gain of information or energy. Thus, Hermitian Hamiltonians
not only conserve energy but also embody the fundamental symmetry of time itself.
Their evolution is unitary in the quantum domain and energy-conserving in the classical
sense, revealing a profound correspondence between Hermiticity, conservation laws, and

temporal reversibility [102, 103].

However, in a realistic scenario, this idealization does not hold - perfect time symmetry

does not hold. As the mass slides, friction from the surface and air resistance gradually
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dissipate energy from the system. Consequently, the amplitude of oscillation decreases
over time, and the system eventually comes to rest, having transferred its mechanical
energy to the surrounding environment in the form of heat and sound. The damped

oscillator can be described by the equation of motion
mix + bx + kx =0, (1.63)

where b is the damping coefficient. The total energy,

1 1
E(t) = mez + 5kx2, (1.64)
decays according to
dE(t) 2
= —bx~, 1.65
7 X (1.65)

indicating that the rate of energy loss is proportional to the square of the velocity. The
negative sign reflects that energy is continuously dissipated into the environment, breaking
time-reversal symmetry. If time were reversed, the system would not retrace its trajectory,
as the lost energy cannot be recovered without external input. In the language of Hamil-
tonian dynamics, this breaking of energy conservation corresponds to the transition from
a Hermitian to a non-Hermitian system. The effective Hamiltonian of such a system can
be expressed as

Heg = Hy — il (1.66)

where Hj is the Hermitian (energy-conserving) part and I" represents loss or gain. The
imaginary component —iI" introduces exponential decay or amplification in the system’s

evolution, corresponding to non-unitary dynamics.

In photonic systems, such as optical microrings, this non-Hermitian behavior emerges
naturally through intrinsic and coupling losses. For instance, the effective Hamiltonian
for the clockwise (CW) and counter-clockwise (CCW) modes of a symmetric microring
resonator can be written as the effective Hamiltonian given in Eq. (1.41) governing the

intracavity field dynamics is given by

wo — 1y; 0 .
off = [ = (wo —iy:) I, (1.67)

0 wo — Iyt

A Hamiltonian H is said to be Hermitian if it satisfies

H =H, (1.68)
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where H' denotes the complex conjugate transpose of H. Taking the adjoint of H.g, we

obtain
. wo + 1y 0
H = ’ e (1.69)
0 wo + 1Yy
It is clear that
H'. # Hey since —iy, # +iy, fory, > 0. (1.70)

Nevertheless, since both CW and CCW modes have the same resonance frequency wg and
decay at the same rate v,, and there is no coupling term between them, the two modes evolve
independently and identically. Therefore, although the original H.g does not satisfy the
Hermitian conjugate condition, it can be regarded as an effectively Hermitian Hamiltonian
because the uniform decay affects both modes equally and does not alter their relative
dynamics. Physically, the system behaves as two identical, uncoupled, exponentially
decaying oscillators with no energy exchange between the CW and CCW modes. Hence,
the system exhibits trivial non-Hermiticity—the global energy decays exponentially, but

the relative dynamics of the modes remain time-symmetric.

The transition from Hermitian to non-Hermitian dynamics thus marks a shift from per-
fectly reversible, energy-conserving evolution to open, dissipative behavior where time
symmetry is broken. This fundamental distinction underlies a wide range of phenomena
in optics and photonics, including mode coalescence, exceptional points, and asymmetric
energy flow in coupled resonator systems [10-12, 15, 16, 23, 35, 36, 59, 79, 104-106].

a, (t) a,(t)

a,(t)
K 3
K
az(t)

Figure 1.11: Schematic of two evanescently coupled photonic resonators (Left) (or
waveguides (Right). The modal amplitudes are a (¢) and a,(7), the resonance frequencies
are w; and wy, and the two modes are coupled with a Hermitian coupling coefficient «.

In a coupled photonic system such as two evanescently coupled resonators or two coupled
waveguides as shown in Figure 1.11. let a;(¢) and a;(¢) denote the complex modal

amplitudes. In the lossless, reciprocal case the coupled-mode equations take the form

d [a; w] K ai
; = 1.71
l dt (az) (K* a)z) (az) ’ &
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where w1, w, € R are the isolated resonance frequencies and « is the complex coupling
coeflicient. Reciprocity in a passive, time-reversal symmetric, lossless structure implies
k € R, so that

=H" (1.72)

w1 K
H =
K W2
This is exactly the generic Hermitian two-level Hamiltonian with @ = wy, § = w7, B = «.

The total optical power

P(1) = lai(1)|* + laa (1) %, (1.73)
obeys
dP
PTG (1.74)

so power is conserved. The supermode frequencies are real and given by the eigenvalues

_ 2
Q- @rter, \/ B w75

The expressions derived for the Hermitian or non—Hermitian exchange of energy between
the counter—propagating modes are physically meaningful only in the driven regime, where
energy is continuously supplied to the resonator and a nonzero intracavity field is sustained.
In this regime the system behaves as an open through—flow channel: input power is injected,
redistributed internally by the coupling, and extracted by loss/output. In particular, the
distinction between Hermitian and non—Hermitian coupling is manifested only through
this redistribution of energy under sustained drive; it is the manner of energy exchange
(reciprocal versus phase—biased or unidirectional) that operationally distinguishes the two
cases. Once the external drive is switched off and the fields free—decay to zero, the
total energy simply undergoes exponential extinction; the internal exchange terms vanish
trivially with the amplitudes, and the phase—dependent routing between modes ceases
to have operational significance. Thus, Hermitian versus non—Hermitian behavior in this
context is not a property of the late—time decay tail, but of the driven steady or quasi—steady

operating regime in which internal energy circulation is sustained.

1.3.2 Diabolic and Exceptional points

In a fabricated microring, inevitable sidewall and surface roughness induce coherent
backscattering between the clockwise (CW) and counterclockwise (CCW) propagating
modes [107-109]. Alternatively, the scattering process can be intentionally engineered to
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realize preferential or asymmetric backscattering, for example through tailored scatterers
or asymmetric resonator geometries, as demonstrated in dedicated non-Hermitian micror-
ing designs [105, 110]. In both cases, optical power circulating in one direction is partially

scattered into the counterpropagating mode, leading to an effective intermodal coupling.

Experimentally, this coupling manifests as a splitting of the resonance into doublets in
the through- and drop-port transmission spectra, as well as asymmetric reflection spectra
when the backscattering is direction dependent [107, 108, 110].

To model this behavior, we use time-domain coupled-mode theory for the two coun-
terpropagating intracavity amplitudes, including backscattering and coupling to the bus
waveguide. The dynamics and input—output relations are governed by the following pair

of equations [111]

. d

dt

Ein,L

Oéccw] B [wo — i —iﬁBs,n]

—ifPBs21 Wo— iVt

04
CCW] _ \/ﬁ

acw

] , (1.59)

acw Einr

and the input—output relations

Eout,r Einr accw

= +iV2I

(1.60)

Eout,L Ein,R acw

while fgs 12 and Bps 21 are the complex backscattering couplings between CCW and CW.

For a Hermitian (reciprocal) coupling we write
Bes.i2 = Bl ™, Besa1 = —|Ble. (1.76)

Let k = V2I" and at exact resonance Aw = 0. Solving Eq. (1.59) in steady state gives

(iv: EinL — i BBs.12 Eingr) » (1.77)

(ive Eing — i PBs21 EinL) » (1.78)

accw =

acw =

Ol =T =

with the (phase-independent) denominator

D =y} - Bes.12Bes21 = v + |BI% (1.79)

Equation (1.79) shows that magnitude effects of backscattering enter via |3|; the coupling

phase 6 appears only in the numerators.
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Figure 1.12: Theory. Left panel: Eigenfrequency splitting as a function of Hermitian
coupling magnitude |8|, swept from O to 5 ;. Right panel: resonant circulating energies of
the CCW mode, CW mode, and their sum versus || under single-sided excitation; the ver-
tical marker denotes |3| = ;. Common parameters for both panels: wg = 193,414 GHz,
v: = 0.967 GHz, I' = y; = 0.484 GHz, and input power Pj, = 0.100 mW.

We then define the intracavity powers
2 2
Pcew = lacewl”, Pew = lacw!, Pyt = Pccw + Pew.

For the single-sided excitation - from the left (Ej,z = 0, Einr # 0), power circulating in
CCW and CW become

Ky |EinLl? &% 181 1EinL|?
Pcow = ———2—, cw=—757—7-7, (1.80)
(v +181%)? (y7 +1B1?)?
KO+ 1BP) 1Ein Ll (1.81)
tot — .
(v +1BI1?)?

Both modal powers share the same enhancement factor, so Pccw and Pcw reach their

maxima at |8| = ;.

Under critical coupling (I' = ), one has y; = 2" and D = (2I')? + |3|>. The apparent
peak occurs at |B] =y, = 2I.

Their ratio is therefore

Pcew _ b - (ﬁ)2 (1.82)
Pcw B> \IBI) |

which is independent of the input amplitude and the coupling phase 6. Equivalently, the
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power fractions in the two counterpropagating modes are

Pecw _ v? Pcw _ 1812
Prot 7t2 + |,3|2, Prot )/tz + |B)? i

(1.83)

so the modal partition is governed solely by the ratio “loss : coupling” (y; : |8|). This
means (in weak backscattering) as shown in the right panel of Fig. 1.12 |B8| < vy;:
Pccw > Pcw and the ring predominantly stores energy in the driven (CCW) mode; the
CW component is a small leakage set by |3|/vy;. In the case of |3| = y,: the two powers are
equal, Pccw = Pcw, i.€., the ring circulates the same power in both directions. In stronger
intermodal coupling || > 7y;: the CW share exceeds the CCW share, Pcw > Pccw;

intermodal scattering dominates over damping.

Thus, by tweaking either the total loss y; (e.g., via absorption, radiation, or external
coupling I') or the backscattering strength |3| (set by surface roughness or engineered
scatterers), one can continuously steer the power distribution between the counterpropa-
gating modes , In particular, increasing |3| at fixed v, transfers a larger fraction of power
into the CW mode; increasing vy, at fixed |3| suppresses the CW content and restores CCW
dominance.

wo —iyr —ifBs21
—ifBBs,12 W0 —iY:
Bes.12 = |Ble" gives eigenvalues 115 = wo — iy; F | B, i.e., a symmetric real-frequency

In the Hermitian case with Bpso1 = _ﬁEs p, and H = , taking

splitting +|8| at a common decay rate y,. Under single-sided excitation from the left at
exact resonance, Sip g = 0 and w = wy, the steady-state traveling-wave amplitudes reduce
to accw = kiy; Ein/D and acw = « (i|B|) Ein,L/D, with D = ytz + |B|? for this sign
convention. Consequently, the modal power ratio is Pccw/Pcw = (v:/|8)?, independent
of the coupling phase and common prefactors, so the power partition is governed solely
by the competition between total loss and intermodal coupling as shown in the right panel
of Fig. 1.12. This connects directly to the spectral picture: at |3] = 0 the eigenvalues
as can be seen in the left panel of Fig. 1.12 are degenerate also known as the diabolical
point and only the driven traveling wave (CCW) carries power as we saw this in earlier
subsection 1.2.9 . As |B] increases, the eigenfrequencies split while the total intracavity
build-up at wq decreases as 1/D, yet the CCW/CW partition remains fixed by (y,/|8])%;
and precisely at | 8| = y, the powers become equal, Pccw = Pcw, because the drive at wg
projects equally onto the two split hybrids even though the overall stored energy is reduced

by the larger D.
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Figure 1.13: Schematic of the Taiji Microring Resonator (TMR). The indices R and L
denote excitation from the right and left sides, respectively, while ports 1 and 2 correspond
to the designated input/output channels. The fields Ej, and E,y represent the injected and
extracted optical fields.

1.3.3 Taiji Microring as Non-Hermitian Device

The Taiji microring resonator (TMR) extends the simple microring by introducing an in-
tentional path imbalance or asymmetric coupling that enables effective non-Hermitian in-
teractions between the counter-propagating modes, thereby functioning as a non-Hermitian
device [23, 24, 61, 62]. This is realized by inscribing an S-shaped waveguide inside the
ring, as shown in Fig. 1.13, which acts as an internal feedback channel. The resulting
geometry breaks the spatial symmetry between the clockwise (CW) and counterclockwise
(CCW) modes, allowing tunable non-reciprocal coupling within a passive photonic plat-
form. The feedback branch re-injects part of the circulating field in a direction-dependent
manner, leading to complex intermodal coupling that manifests as both frequency and
linewidth splitting.

The TMR has been exploited in several ways. TMR is employed to realize 2D topo-
logical laser for the preferential chirality and suppression of the backscattering [112,
113]. Calabrese et al. reported unidirectional reflection in an integrated Taiji microres-
onator [61]. Munoz de las Heras et al. proposed a non-linear Taiji resonator supporting
unidirectional lasing, where Kerr non-linearity enhances direction-dependent gain compe-
tition [114]. Subsequent experimental work confirmed non-linearity-induced reciprocity
breaking and asymmetric transmission [24]. Franchi ef al. analyzed how bus-induced
loss and Fabry—Pérot interference modify the linear and non-linear response of Taiji de-
vices [115]. More recently, Biasi et al. directly measured the complex eigenvalues of
Taiji resonators using an interferometric method, quantifying the non-Hermitian coupling
strength and phase [116]. Moreover, the TMR has been proposed for high-sensitivity
sensing near exceptional points [62]. Building upon these studies, the dynamical behavior
of the ideal Taiji microring can be formulated within the temporal coupled-mode theory

(TCMT) framework, following the same notation for the counter-propagating modes as
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Figure 1.14: Theory: Taiji microring resonator (TMR) transmission and reflection
spectra. The total loaded loss is y; =y + ' + 2I's with y = 4.144 GHz, I = 5.973 GHz,
and I's = 1.000 GHz. Taiji coupling of magnitude is set to |3;| = [ with phase ¢, =
5.897 rad is included as the only coupling mechanism, while intrinsic backscattering is set
to (B12 = B21 = 0). The detuning axis is defined as A = w — wo with wg = 2.89465 THz.

introduced earlier:

ii accw| _ (Wo =1V _ZBT accw _\or Ein.L , (1.84)
dt \ acw 0 wo =1yt \ acw in,R
E E;
outR| _ [EinL +i\ar @cew , (1.85)
Eout,L Ein,R acw

where I is the extrinsic decay rate, and the total loss rate is given by y; = y + I" + 2I’s.
Here, y represents the intrinsic decay rate due to absorption and scattering losses, while
I's denotes the coupling rate between the microring and the S-shaped waveguide. The

term f; is the effective coupling rate from acw to accw. Specifically,
Bi = 4Tse'?, (1.86)
where ¢ is the phase accumulated by the field as it propagates through the S-shaped

waveguide.

37



Chapter 1. Non-Hermitian Silicon Photonics

The corresponding Hamiltonian for the TMR is

H:(‘”O_iy’ ~ipi ) (1.87)

0 wo — 1Yy

From the Hamiltonian in Eq. 1.87, it is evident that the coupling between the counter-
propagating modes is asymmetric, as indicated by the presence of the oftf-diagonal term.

The eigenvalue problem for H yields

A=A =wy—1iy, VI=Vvy= ((1)) . (1.88)
These results show that the eigenvalues are degenerate while the eigenvectors also coin-
cide, indicating their coalescence. Since |[(vi|v2)| = 1, the two eigenstates are linearly
dependent. The simultaneous degeneracy of eigenvalues and eigenvectors signifies that
the system operates at an exceptional point (EP)—a hallmark of non-Hermitian physics.
Therefore, the TMR not only exhibits asymmetric (non-Hermitian) coupling between the
counter-propagating modes but also inherently resides at an exceptional point under these

idealized conditions.

Following the TCMT formulation, the steady-state intracavity field amplitudes for the

counter-propagating modes can be expressed as

iv2r iVv2I' 3,
— — & — ————— Einr, 1.89
accw iAo + v: in,L (—iAw N ’)/;)2 in,R ( )
iVv2r
=— Eiur. 1.90
acw = ——— 5, Gink (1.90)

Using the input—output relations in Eq. 1.85, the corresponding transmission and reflection
coefficients can be derived for excitation from both sides of the resonator. The power

transmission from left to right (7 g) and from right to left (7 ) are identical and given by

&—rl? Tor = |Ermrl® - 4(y, -DI'

Tir = =TrL = =
|Ein.|? |Ein.r|? Aw? +y2

(1.91)

which shows the Lorentzian dependence of the transmission on the frequency detuning
Aw.

The reflections at the left and right ports, denoted as R; and Rg, are
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&l

RL = -
|Ein.|?

0, (1.92)

C|8rorl? | ATHBP 4AT2(4Tg)%e2Imld]

Reo = = =
K |Einrl?  (Aw? +y?)? (Aw? + y})?

, (1.93)

where we used B; = 4Ise’® and |B,|> = (4T)2|e?|? = (4g)%e2mI4] since for a
complex phase ¢ = ¢ + i¢; one has |¢/?|? = |e/PRe™?1|? = ¢ 201 = =2 Iml¢],

Equation 1.93 indicates that the right-side reflection arises from the non-Hermitian cou-
pling 3; between the counter-propagating modes and depends exponentially on the imag-
inary part of the phase ¢ accumulated in the S-shaped feedback waveguide. In contrast,
the left reflection R, vanishes, consistent with the unidirectional nature of coupling in the

Taiji configuration.

As shown in Fig. 1.14, the Taiji-coupled microring exhibits asymmetric forward and
backward spectral responses under the fitted loss and coupling parameters. A non-zero
Taiji coupling (|3;] = I, ¢, = 5.897 rad)- parameters used from the Table 1.1 induce
mixing between CW and CCW modes even in the absence of intrinsic backscattering (
intentionaly set to) (812 = B21 = 0). The system is in a lossy (non-Hermitian) regime, with
total loaded decay rate y; = y +1"+2Is, where y = 4.144 GHz (intrinsic), I" = 5.973 GHz
(bus coupling), and I's = 1.000 GHz (S-waveguide-induced loss). Under these conditions,
the transmission dip and the residual reflection are determined by the interference between
the driven CW mode and the Taiji-induced coupling into the CCW mode. Unlike the
lossless critical-coupling limit, finite intrinsic and coupling-induced losses prevent perfect
unidirectional reflection, but still produce clear asymmetry: excitation from the right
couples light to the CCW mode through the Taiji branch, producing a measurable reflection,
whereas excitation from the left does not induce a reciprocal coupling process. The
increased total decay rate compared to a bare microring arises from the embedded S-

shaped branch.

1.3.4 Taiji Microring Resonator Experimental Results and Discus-
sion

A TMR resonator was characterized at the operating wavelength 1o = 1536.04 nm by

fitting the measured transmission and reflection spectra to the TCMT of Eq. 1.84, adding

extra terms on the off-diagonal couplings: an intrinsic contra—directional backscattering

B12, an independent counter backscattering 31, and the Taiji S-link coupling 5;. Our
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Figure 1.15: Measured (dotted) and fitted (solid) spectra of the Taiji microring.
Excitation is applied from port 1 and port 2, and the corresponding transmission (12, 21)
and reflection (11, 22) responses are shown. The data demonstrate reciprocal transmission
and strongly asymmetric reflection, consistent with the fitted model.

choice of phases for the each complex couplings are given in the Table 1.1 which also
provides the fit parameters. In our fitting procedures, all four experimental output signals
corresponding to each input-output combination were used simultaneously to increase the
overall confidence in the fitting. This combined fitting was performed with the parameters
allowed to vary freely. The fit was done to the four scattering channels (transmission and
reflection from ports 1 and 2), shown in Fig. 1.15, returned the parameters summarized in
Table 1.1.

Let us now express the transmission (7) and reflection (R) coeflicients corresponding to
excitations from ports 1 and 2. As before, the first subscript denotes the excited port, while
the subsequent second digit indicates the detected port. A = D —wgpandy; = y+1 +2I%.
With the shorthand

D(A) = Bio (B +B1) + (A+iy),
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Table 1.1: Extracted Taiji fitting parameters at 49 = 1536.04 nm. All coupling and loss
parameters are reported in units of GHz, while phases are given both in radians and in
multiples of 7.

Parameter Extracted value
Backscattering magnitude |B12] = 8.55 +0.02 GHz
Backscattering phase ¢1p =4.37+0.02rad (1.39+0.01) 7
Counter backscattering magnitude |B21| = 14.54 + 0.03 GHz
Counter backscattering phase ¢21 =4.69+0.02rad (1.49+0.01)x
Taiji (S-link) coupling magnitude |B:| = 1.22 £ 0.01 GHz

Taiji (S-link) coupling phase ¢ =5.90+0.03rad (1.88+0.01)x
Resonance center wo = 2.89+0.01 THz

Total loaded loss ve = 12.12 £ 0.03 GHz

Loss partitions I's =1.00 £ 0.01 GHz

I'=5.97£0.02 GHz
v =4.14+0.02 GHz

Normalization factors np =0.99 +£0.01, np; =1.02+0.01

the complex amplitudes are then

Bia(Ba1 + B) + (A+iy)(A-2T +ivy)

t2(A) = D) , (1.94)
ri(d) = %, (1.95)
m(a) = BRPa A (i;(;)%) a-2T+iy) (1.96)
rn(8) = 2 (ﬁg&f’) L (1.97)
The measured powers with normalizations are
Tio = np |12, Rip=np |l To1 = np1 |[t1]*, Roz = np1 |rof.
Since t12 = tp1 analytically, reciprocity follows immediately:
Ty, = :—:1 Ty = Ty (1.98)

because np, ~ np; =~ 1.

From the expressions above,

Ry o« |B1al%, Ry o |81 + B
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Using the fitted parameters from Table 1.1, we obtain the backscattering magnitudes

Bl =8.55GHz, 1B + Bl = | IBle™ +15]e| ~ 15.01 GHz.
we obtain
2 2
Rn _ my 1B+ AP 1.0220X(15.0139) -
R Ty PP 0.9948 ~ \'8.5481

1.e., the model predicts and the data confirm Ry, > Ry;.

Because the contra-directional coupling channels are complex and not phase-aligned
(¢12 = 1.3971, ¢21 = 1.497, ¢, = 1.88m), the hybrid supermodes formed by the combined
interactions {f12, 821, B:} acquire unequal effective decay rates. Quantitatively, the port-
1-weighted combination entering the 11 pathway has a large effective coupling strength
|B21 + B¢| = 15.01 GHz, whereas the port-2 pathway samples only |B12| ~ 8.55 GHz.

In the transmission spectra, this non-Hermitian modal imbalance produces an asymmetric
resonance doublet: the dip associated with the more strongly coupled supermode is
broader and shallower (superradiant), while its companion mode is narrower and deeper
(subradiant). The resulting spectral skewness is deterministic, being set by the controlled
complex interference among S12, 321, and B, and does not rely on fabrication-induced
disorder. Meanwhile, the cross-port responses 77, and 751 remain reciprocal, differing

only through the normalization factors nj; and np.

The S—-link coupling obeys the relation
IBI = 4FSel¢9

from which the S-link coupling rate is extracted as

I's = Vi—l' ~ 0.30 GHz, ¢~ ¢, ~1.88m.

Comparing with the dissipative S—link loading from the linewidth partition (I's = 1.00 GHz
iny =y + '+ 2[g), the S—section contributes both coherent contra—directional coupling
and dissipative loading. Tuning the S-path (length or thermo-optic phase) rotates §; in
the complex plane, steering its interference with 81> and ;; to control the 22/11 contrast
and which transmission lobe in the doublet is narrower vs. broader—all while maintaining

12 = 21 reciprocity.
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For excitation from port 2, the normalized intracavity modal amplitudes are

ar(A) = iV2 (Ba1 + BIVT [Bra(Bar + Br) + (A +iv)?] (1.99)
ar(A) = —V2T (A +iyy) [Bia(Bar + B) + (A +iy)?] ™, (1.100)

so the total normalized energy in the ring is

U(A) o |ai|* + |azf*.

With detuning A = D —wq and total loaded loss y; = y+I"+2I's, the common denominator

of all channels in our model is

D(A) = Br2 (Bar + B1) + (A +iy)*. (1.101)

The complex poles of the scattering response are obtained by setting the denominator
D(A) = 0, yielding

A = —iye £ V=Ba(Ba1 + By). (1.102)

These poles determine the complex eigenfrequencies of the effective non-Hermitian two-
mode system and directly govern the resonance structure observed in transmission and

reflection spectra.

An exceptional point (EP), characterized by the simultaneous coalescence of eigenvalues

and eigenvectors, occurs when the square-root term in Eq. (1.102) vanishes, i.e.,

Bra(Bu+B)=0| =  either frz=0 or B+ =0.  (1.103)

At this condition, the two poles collapse into a double root
Agp = — iy, (1.104)

and the effective 2 x 2 non-Hermitian Hamiltonian becomes defective, admitting a Jordan

normal form rather than a diagonal representation.

At the EP, the characteristic denominator reduces to

D(A) = (A +iy) (1.105)
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Figure 1.16: Eigenvalue splitting as a function of perturbation strength, comparing
exceptional-point (EP) and diabolic-point (DP) regimes. The EP exhibits a square-root
response, while the DP shows a linear splitting.

Using the fitted channel expressions,

_ Br2(Bar + Br) + (A +iy) (A =21 +iyy)
t12(A) = D) , (1.106)
ri(A) = _12)'?1:;, rn(A) = W, (1.107)

and imposing the EP condition (1.103), the transmission simplifies to

(A+iy)(A=2T +iy) _ AT

=1- . 1.108
(A + i')/t)z A+ l’yt ( )

EP
y (8) =

Equation (1.108) describes a single-pole resonance, demonstrating the complete collapse

of the mode doublet at the exceptional point.

The reflection response depends on which coupling channel is nulled:

2 + B)T
EPvia 12 =0: rﬁgp) =0, rgp)(A) = _M’
(A +iy)?
28T (1.109)
ia B . (EP) _ (EP) 12
EP a + = 0 * = O’ A = -
v 2 M () (A +iy,)?

Thus, at the EP one reflection channel is completely suppressed, while the opposite channel
exhibits a second-order pole, reflecting the chiral and direction-dependent nature of the

non-Hermitian coupling.

Accordingly, the Taiji spectrum shown in Fig. 1.14 (obtained by setting 12 = 0, 521 =0,
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and B; # 0) corresponds exactly to the first exceptional point. The resonance doublet
collapses into a single unsplit dip; the reflection coefficient r1 is identically zero, while r2»

remains finite. This behavior directly signatures eigenvalue and eigenvector coalescence.

The nature of this degeneracy is revealed by perturbing the system away from the EP
and comparing it with a diabolic point (DP), as illustrated in Fig. 1.16. In the Taiji
platform, a physically relevant perturbation corresponds to a controlled imbalance in the

backscattering channels 812 = s, 12, which we parameterize as hermitian perturbation

BBs.12 = —Pgea; =0, (1.110)

where ¢ is taken to be a small real parameter. This form preserves the anti-Hermitian
structure of the perturbation and naturally arises from weak, direction-dependent scattering

processes.

Introducing the perturbation in Equation (1.102) into the EP condition Equation (1.103),

the square-root term in the pole expression (1.102) becomes proportional to d, yielding
Ay — Agp o« V6. (1.111)

As a result, even an infinitesimal perturbation leads to a pronounced splitting of the
complex eigenvalues, reflecting the characteristic square-root response of an exceptional

point.

By contrast, when the microring is prepared at a diabolic point (DP), where the coupling
matrix remains Hermitian and the eigenvectors are orthogonal, the same perturbation

produces a linear eigenvalue response,
A: —App « 6. (1.112)

This difference shown in Fig. 1.16 between the square-root scaling at the EP and the linear
scaling at the DP underlies the enhanced sensitivity and non-trivial topology of exceptional

points in non-Hermitian Taiji microring resonators.

In the final chapter, we will show that this same EP behavior is observed experimentally
in the dynamically reconfigurable unitary microring resonator (DRUM) by the control of

the model coupling externally applied electric power.
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1.4 Challenges and Future Directions

A primary obstacle for non-Hermitian (NH) silicon photonics is the absence of native
optical gain in silicon. Realizing controlled gain—loss distributions typically requires het-
erogeneous bonding of III-V materials, erbium- or ytterbium-doped dielectrics, or para-
metric gain in non-linear waveguides, all of which introduce process complexity, thermal
parasitics, and deviations from the ideal linear NH Hamiltonian [8, 21]. Moreover, gain
elements inherently bring saturation dynamics, amplified spontaneous emission, thermal
drift, and carrier-induced refractive-index changes that distort the target non-Hermitian
spectra. Maintaining a stable, bias-controlled PT-symmetric point or exceptional point
(EP) in the presence of such non-linearities remains a nontrivial engineering and materials
challenge [51]. Future progress therefore hinges on developing CMOS-compatible gain
media with lower noise, improved thermal handling, and more predictable small-signal be-
havior, alongside passive methods for engineering controlled loss that do not compromise

device reproducibility.

Noise, stability, and metrology near EPs. Although exceptional points offer enhanced
sensitivity, they are simultaneously accompanied by amplified noise, increased suscepti-
bility to fabrication disorder, and linewidth broadening [11, 12]. Thermal fluctuations,
free-carrier dispersion, and back-reflections in silicon perturb the delicate balance of gain

and loss, shifting EP conditions and generating instability.

Fabrication tolerance and calibration. Precise control of coupling coefficients, waveguide
widths, asymmetric scattering, and spatial gain/loss profiles is essential in NH photonic
designs. However, nanometer-scale variations in etch depth or gap spacing significantly
perturb the intended NH Hamiltonian, causing device-to-device variability and shifts in the
exceptional point location [8, 40]. As a result, post-fabrication calibration is unavoidable.
Thermal tuning, carrier-injection trimming, and bias-dependent refractive-index tuning are
emerging as indispensable tools for restoring PT symmetry or compensating asymmetric
loss/gain imbalances [51]. At the circuit level, on-chip reference structures and inverse-
design-assisted calibration strategies may become necessary to ensure reproducible NH

behavior across wafers.

Most current NH demonstrations involve single resonators, dimers, trimers, or small
coupled cavities. Extending NH physics to large-scale circuits—switch meshes, photonic
processors, or multi-stage signal-conditioning networks—remains an open challenge. Cas-
cading multiple NH elements introduces nonlocal interactions mediated by thermal effects,
carrier diffusion, and back-reflections, complicating the preservation of a designed NH

spectrum under feedback. Ensuring that EP-enhanced performance survives within a
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larger architecture requires circuit topologies that mitigate parasitic resonances and main-
tain directional biasing. Recent demonstrations of EP-assisted switching and nonreciprocal
modulation in silicon indicate promising paths toward NH-enabled photonic fabrics [54],
but full-scale integration will require both system-level models and fabrication-tolerant

designs.
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Chapter 2

Coupled Waveguides - Light Routing
with a silicon 3 x 3 waveguide coupler

2.1 Introduction

In free space, an electromagnetic wave expands in three dimensions without constraint,
and its intensity decays according to the inverse-square law. In other words, such waves
are solutions of Maxwell’s equations in media free of charges and current densities.
A waveguide, by contrast, is a structure that confines and directs the propagation of
electromagnetic waves along a specific path. The field inside a waveguide evolves in
discrete propagation modes, which are solutions of the Helmholtz equation under the
boundary conditions imposed by the guide’s geometry and refractive index contrast. While
waves in free space spread isotropically, waveguides restrict and channel this energy,

enabling controlled light—matter interactions.

Coupled arrays of integrated waveguides provide a versatile platform to explore and de-
ploy diverse phenomena, including non-Hermitian transport, quantum walks, and photonic
neural computation [15, 117-121]. A central challenge in such systems is the deterministic
routing of optical power among multiple paths. Conventional approaches rely on multi-
mode interferometers (MMIs) [50], directional couplers [64], and ring-based devices [88].
Robustness in these schemes can be further improved through techniques such as adiabatic

passage and shortcut-to-adiabaticity protocols [122—124].

For n-port functionality, one strategy is to cascade multiple 2 x 2 elements; alternatively,
one may directly couple n single-mode waveguides [65, 125-127]. Beyond silicon photon-
ics, 3 X 3 couplers have been investigated in platforms such as lithium niobate (LiNbO3),

indium phosphide (InP) MMIs, and related material systems. However, these implemen-
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tations often lack thermal tunability or target distinct operating regimes, which motivates
a dedicated study of silicon-based 3 X 3 couplers with a comprehensive theory—experiment

comparison.

In this chapter, we demonstrate a compact silicon 3 X 3 waveguide coupler that (1) crosses
signals between the outer guides while leaving the central guide essentially unperturbed,
(ii) enables nearly uniform three-way splitting, and (iii) provides reconfigurable routing
via a micro-heater over the middle guide. By globally fitting all nine input—output combi-
nations to a coupled-mode model, we retrieve wavelength- and power-dependent coupling

and detuning parameters and quantify small fabrication asymmetries.

2.2 Light Routing with a silicon 3 x 3 waveguide coupler

2.2.1 Experimental Samples and Setup

The 3 x 3 waveguide coupler device as shown in Figure 2.1 is based on 450 nm X 220 nm
silicon waveguides embedded in a silica cladding. The input and output ports are provided
by grating couplers. These allow coupling only the Transverse Electric (TE) mode. The
waveguide cross section is designed to ensure single-mode operation. The device was
fabricated in a run at the IMEC/Europractice facility as part of a multi-project wafer
program. The coupling region of the device has waveguide lengths of 60 pm and an
inter-waveguide gap of 0.25 pm. Note that the gap and length of the coupling region rule
the energy exchange that occurs via the evanescent field. In addition, the device is tunable
via current injection through a micro-heater positioned above the central waveguide.
Alternatively, one can use a p-n junction across the waveguide to achieve a faster tuning.
The metal used for the microheater is Titanium Nitride (TiN), which operates as a 345 Q
resistor. The micro-heater is operated with an injected electrical current from O mA to
16 mA.

We explore the transmission through the output ports under two distinct conditions: (1) in
the absence of electrical current flow through the microheater, where the device is passive,
and (2) with an injected electrical current, where the device is active. Measurements are
performed using a tunable continuous-wave laser in the 1490-1640 nm range. Optical
power is defined at the chip input and calibrated by subtracting fiber-to-chip coupling
losses extracted from reference waveguides fabricated on the same chip. The input
polarization is adjusted to the TE mode using a fiber polarization controller and confirmed
by maximizing the signal. Device temperature is stabilized to within +0.01°C using a

thermoelectric controller. Port-resolved transmission spectra are recorded using calibrated
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Figure 2.1: The 3x3 coupler device. The three grating couplers on the right (triangles
labeled 4—6) serve as the input ports, while the three on the left (triangles labeled 1-3) serve
as the output ports. These ports are interconnected by a 3x3 directional coupler of length
L. The light orange pads denote the electrical contacts used for current injection. The red
rectangle highlights the three equally spaced and equal-length coupled waveguides, with
a micro-heater (transparent brown layer) fabricated on the central waveguide for thermal
tuning.

photodetectors. Coupling parameters and refractive index mismatches are extracted by
fitting the measured spectra coupled-mode-theory model. A write-board (Measurement
Computing USB-3106) with an amplification stage controls the current applied to the
micro-heater. The optical chip is placed on a thermostat holder whose temperature is
controlled by a proportional-integral-derivative controller connected to a Peltier cell and
a 10k thermistor.

2.3 Theory and Design

We examine a configuration of three coupled waveguides, which are equally spaced
and of equal lengths, as shown in Fig 2.1. We employ coupled mode theory (CMT), a
method highly effective for characterizing the behavior of weakly coupled three-waveguide
directional couplers with a constant coupling coefficient [128, 129]. Additionally, the
theory assumes that the external waveguides do not interact with each other due to the

exponential decay of their coupling fields.

We aim to establish a general method, as described in [129], to relate the electric field
at the waveguides entry at z = 0 to the electric field at their exit, at z = L, where z
represents the propagation direction of the wave and L is the length of the coupling section

of the waveguides in the structure, as shown in Fig 2.1. To achieve this, we construct a
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transformation matrix, 7', to show the field propagation in three coupled waveguides in the

following way:

E(z=L)=TE(z=0). 2.1)

Due to the lateral separation between the waveguides, the segments of each waveguide
from the grating couplers (numbered pads in Figure 2.1) to the coupling section are
assumed to be negligible in influencing light propagation. To obtain 7', we begin by
defining the coupling matrix M, which encapsulates the interactions within the system

using the following set of differential equations [130-132],

dE(z)
dz

—i = ME(z) (2.2)
Here, E(z) is a vector associated with the electric field for each waveguide as a function
of propagation distance z, i.e., E(z) = [E1(2); E2(z); E3(z)]. M is the coupling matrix
governing the interactions in the coupled system [132],

p1 ki O
M=k B ko
0 k2 B3

Where 3, are the propagation constants for each waveguide (from top to bottom: n =
1,2,3), k; is the coupling coefficient between the top and middle waveguides, and k»
is the coupling coefficient between the middle and bottom waveguides. The coupling
coefficients are related to the fields overlap from the waveguides. The couplings between
the waveguides are assumed to be Hermitian, and the coeflicients are considered to be real

and positive.

We then compute the eigenvalues A; and the eigenvectors v; of the M matrix. These
calculated eigenvalues A; and associated eigenvectors v; of matrix M form the foundational
components for the transformation matrix 7. By using the eigenvectors, we construct the

modal matrix M, which is the transpose of the matrix formed by the eigenvectors.

The evolution matrix U is calculated using the expression:
U=e P, 2.3)

where D is the diagonal matrix of the eigenvalues. The exponential term e~*P% represents

the evolution of the three supermodes of the system under the influence of the eigenvalues
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A; over the spatial coordinate z.

Finally, the transformation matrix 7 takes the following form:
T =M,UM;". (2.4)

Through the construction of this transformation matrix 7, we establish a linear relation
that maps the field from the initial position z = O to the final position z = L, thereby

providing a systematic approach to calculate the outputs of the fields.

In general, the knowledge of T allows relating any input to any output. In the specific
example we are showing in Fig. 2.1, matrix 7 has a simplified expression. In fact, given
the symmetry of the external waveguides, we can assume £ = 3. In addition, we define
AB = B2 — B1 = B> — B3. Additionally, we account for fabrication errors in the structure,
making AS an intrinsic property of our static device. Using these definitions, the coupling

matrix takes the following form:

0O k& O
My = ki AB k> (2.5
0 k& O

It is worth noting that changing the sign of AS does not affect the output intensities of
the structure. Note that the microheater placed on top of the central waveguide (Fig. 2.1)

allows tuning f,, 1. e. AB.

We then compute the transformation matrix 7 for matrix M; by following the procedure

outlined in equations (2.1) to (2.4). Consequently, 77 takes the following form:

ajgr asyp ael
Ty = |ag asy ae| » (2.6)

aq3 ds3 de3

where a;; are the complex amplitude coefficients with the first and second index referring
to the input and output ports, respectively. The explicit form of 7; is reported in the
appendix. Assuming that there is no loss and the incident light is distributed among the

waveguides, the following conditions hold true for each column of matrix 77:

2 2 2
lait|” + |aip|” + la|” =1,

wherei = 4, 5, 6 refer to each input port. This is the equation of a sphere in a 3-dimensional

space defined by a;1, a;2, and a;3. Thus, we have many solutions for the values of a;;, a;»,
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and a;3 that represent the points on the surface of this sphere. The specific solutions or
points on the sphere depend on how a;1, a;2, and a;3 are functionally related to ky, k7, and

AB. These parameters are real in our model.

Now, let us analyze a simple symmetric scenario when light is injected in port 4. We set
AB = 0 and k| = ko = k (three perfectly equal waveguides with the same gap between
adjacent waveguides). If we want to achieve a complete transfer of the input signal from

port 4 to port 3, we have to tune the 3 X 3 coupler parameters such that:

a1 (L)|* = lasnx(L)* =0, lagz(L)]*=1. 2.7)

This condition is met for discrete values of the coupling coefficient k£ given by:

k= (2m—1) ——, wherem =1,2,3,... 2.8)
V2L

Figure 2.2 illustrates the outputs for ports 1, 2, and 3 when the input signal is injected

into ports 4 (gray color scale) or 5 (cool scale) or 6 (autumn scale) as a function of the

x_
V2L
outputs as a point laying on a sphere, where the axis of the sphere are nothing else than the

coupling k, = ki = k value ranging from O to atz = L = 60 um. We can represent the
field mode intensities in each output waveguides. Consequently, the points representing
different combinations of input to outputs, normalized and summed to unity following the
energy conservation, form a surface on a unit sphere. Notice that, when the coupling
between the waveguides is equal to zero (k = 0, darker hues), the light remains in the same
waveguide. Consequently, |a41| = 1, |asz| = 1 and |agz| = 1 (left, top and right corners of
the eighth of the sphere).

In Fig. 2.2 (c), it is observed that when the system is excited from port 4, with increasing
k, the light passes from the top waveguide to the middle waveguide, fully reaching the
bottom one at k = ﬁ (from left to top corners of the sphere in Figure 2.2 (a)). Due
to the symmetry of the structure, the line corresponding to the excitation from port 6 is
similar to the one corresponding to the excitation from port 4, and so the output field
starts from the top corner and reaches the left corner of the sphere, see autumn color scale
line in Figure 2.2. On the other hand, as shown in Fig. 2.2(d), when light is fed from
port 5 (middle waveguide), increasing k, the electromagnetic wave passes symmetrically

from the middle waveguide to the external (top and bottom) waveguides reaching the

combination (|a;1|?, |ai2|?, |ai3)?) = (0.5,0,0.5) at k = 757+ As can be seen from the

cool color scale curve in Figure 2.2, after this point the light gradually returns to the
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Figure 2.2: Theory. Three dimensional visualization of the output combinations of the
structure for a single excitation from portsi = 4, 5, 6 as a function of the coupling parameter
k = ki = kp, ranging from 0 to k = ﬁ, where L = 60 um. Panel (a) shows the outputs

for excitation from port i = 4 (gray scale color), varying from k = O to k = ﬁ, along

with the excitation from port i = 5 (violet scale color) for k ranging from O to k = 5 \;%L.

Panel (b) shows the output for excitation from port i = 6 (cyan scale color), varying from

k=0tok = ﬁ, along with the excitation from port i = 5 (violet scale color) for k
ranging from k = > \;%L tok = ﬁ Panels (c) and (d) show the transmission outputs for

excitation from ports 4 and 5, respectively. Note: the output combinations for excitation
from port 6 can be inferred from panel (c) by replacing |a43| with |ag|, |asz| with |ag;|
and |aq;| with |ag3]
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x_
V2L’
corresponding to the excitation from port 6 and the second half of the excitation from port

central waveguide, exiting from port 2 for k = Note also that in this figure the lines

5 have been plotted in panel (b) to give a clearer picture.

It i1s worth noting that Figure 2.2 shows a very specific case, where the structure is
symmetric and AS = 0 (three equal waveguides). However, the solutions presented here
are general and can be used in cases where the structure is asymmetric and the waveguides

are different.

We report here the analytical functions derived from the matrix M; used in Eq. (2.5).

These functions are the elements of the transformation matrix 77 mentioned in Eq. (2.6):

Let us define a = \/Aﬁz + 4(k% + k%) for simplification.

1 1. . . I
_ —5i(AB+a)z 2 iz 2 iwzy,2 Siazy,2
a4 = ————|e 2 ABkS(—=1+ e + (k7 + " %ks + 2e2' k) ||, (2.9
41 2(kf+k§)a[ ( ﬁ 1( ) ( 1 1 2) ) ( )
2ie_%iAﬁZk1 sin (%az)
asp = — , (2.10)
a
1 . . . .
ap = —5——>— e—%l(A,Bﬂz)zklkZ(Aﬁ(_l + ela/z) +(1- 26%1(Aﬁ+(z)z + ezaZ)a,)]’
2(ki + k35)a
@2.11)
2ie_%iAﬁZk1 sin (%a/z)
as; = — , (2.12)
a
. . 1
' 1 IAB sin (Eaz)
asy = e~218B2 | cog (EQZ) -, (2.13)
(04

55



Chapter 2. Coupled Waveguides - Light Routing with a silicon 3 x 3 waveguide coupler

.1 .
2ie 2882k, sin (%az)

as3y = — . (214)
(07

1 1. . . P
— —5i(AB+a)z iaz iaz —5i(AB+a)z
agl = ————|e" 2 kik|AB(—1+e + (1 +e'"=2e2 all,

61 2(kf+k§)a[ 1 2( B( )+ ( ) )

(2.15)
2ie_%’N”Zk2 sin (%a/z)
aep = — , (2.16)
a
1 1 . . 1.

Qe = ——— e—jz(Aﬂ+a)z(A k2 —1 + 9% + k2 +ezazk2 +2k2k2€§l(Aﬁ+a)Z a,)]’

63 2([(% + k%)a 18 2( ) ( 2 2 2™ )

(2.17)

The transformation matrix 7 takes a simple form when the coupling is symmetric (k; =
ko = k) and detuning is zero (AS = 0):

cos? (k—;) ——iSin(\/\/;kZ) — sin? (%)
T = _”i“(j;’“) COS(\@CZ) _% (2.18)
) 2 ey

kz) _isin(«/ikz)

\S)

2.3.1 Results and Discussion

Figure 2.3 shows the experimental results and fitting parameters obtained using the theo-
retical model for an input signal at ports 4, 5, and 6. Panels (a) through (c) show the output
transmission at the different output ports as a function of input wavelength and their fit
when there is no electrical current applied to the micro-heater. In our fitting procedures,
all nine experimental output signals corresponding to each input-output combination were

used simultaneously to increase the overall confidence in the fitting. This combined fitting
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was performed with the parameters allowed to vary freely. For the device with no current
applied, the sum of the normalized Squared Residuals (SSR) with respect to the model
was found to be SSR = 1.1 x 107>, while when current is applied, SSR = 5.3 X 1073,
During the fitting, the experimental data were normalized to the sum of the transmissions
at the output ports for each input. Therefore, an SSR much smaller than 1 means a very
good agreement between the model and the measured data. Since the designed structure is
composed of three equal waveguides with the same gap, we simplify the general equation
using the assumption AS = B> — 1 = B2 — 3. In addition, we allow for k| # k> to
account for fabrication errors. The extracted parameters are illustrated in Panel (d). We
observe that the coupling coefficients k| and k;, although slightly different, increase with

increasing wavelengths.

This is particularly noticeable at longer wavelengths. This phenomenon can be attributed
to the enhanced mode spreading within the waveguides. Since the mode confinement in
each waveguide decreases for longer wavelengths, there is a greater extent of mode overlap

across the waveguides, facilitating stronger coupling.

Despite the structures being designed to exhibit identical coupling between the waveguides,
we observed a slight difference between the extracted k| and k. This suggests the presence
of imperfections arising from the fabrication processes and results in a nonzero AS term.
Note that AB ~ 0.05 1/um is easily explained by fabrication errors. In fact, it corresponds
to a change in waveguide width of about 7 nm (see Fig. 2.6. This value is in agreement with
the value of the standard deviation of the waveguide width declared by IMEC. Additionally,
the observed decrease in A as a function of increasing wavelength is coherent with the
relationship AS = %l_ﬂ(nefﬂz — nefr,1), Where neg; is the effective refractive index of the
waveguide number 7 and A is the wavelength. As shown in Panels (a)-(d) of Fig. 2.3,
changing the wavelength changes the parameters of the structure. This gives rise to a

variation of the ratio between the intensities at the output ports.

Let us now focus on two specific situations highlighted by the colored boxes in Fig. 2.3. The
first case is represented by the gray box at 4 = 1560 nm and corresponds to A ~ 0.029 +
1.56x 107 1/um, k1 = 0.022 +5.25x 107 1/um, and k» = 0.021 +5.67 x 107® 1 /um.
By injecting light into any of the input ports (4, 5, 6), the intensities at the output ports (1,
2, 3) are almost equal, indicating that the optical power is equally split among the output
channels, as shown in Panels (a)-(c). This equal distribution of optical power demonstrates
the symmetric behavior of the system at this specific wavelength, where each output port

receives approximately one-third of the input power, ensuring balanced operation.

In contrast, for the second case at 4 = 1637 nm, the power distribution exhibits selective

routing behavior. When light is injected into port 4, the signal is routed to port 3, as shown
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Figure 2.3: Experimental Results and Extracted Parameters. Panels (a) to (c) show the
measured transmission spectra (solid lines) and fit (dashed lines) for single excitation from
ports 4, 5, and 6, respectively. Panel (d) provides the values of k1, k,, and AS extracted
from the fit for a passive device (no electrical power applied). Panels (al) to (c1) [Panels
(a2) to (c2)] depict the measured (empty circles) and fit (dashed lines) output intensities
at 4 = 1560 nm [A = 1637 nm], as indicated with a grey [brown] bar in the top Panels,
as a function of the power delivered to the micro-heater. Panels (d1) and (d2) display
variations in k1, k7, and AB extracted from the fit as a function of the power delivered to
the micro-heater. The numbering in the legend: the first number refers to the input port
and the second to the output port.
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in Panel (a), while the intensities at ports 1 and 2 approach zero . Similarly, injecting light
into port 5 routes the signal to port 2, with the output at the ports 1 and 3 reduced to nearly
zero, as depicted in Panel (b). When light is injected into port 6, the signal is directed
to port 1, with output at ports 2 and 3 simultaneously approaching zero, as illustrated in
Panel (c). This selective routing indicates that at 4 = 1637 nm, the system preferentially
directs power to specific output ports based on the input port used, enabling cross-routing

between the external waveguides.

Starting from these initial states, as we increase the electrical power delivered to the micro-
heater, the parameters of the system are altered, leading to a redistribution of the output
field ratios, as illustrated in Panels (al)-(d1) and (a2)-(d2). Panel (al) demonstrates that
at an electrical power of 115.08 mW, the intensity at port 1 reaches 55%, while port 2
settles at 20% and port 3 decreases to 25% . When light is injected from port 5, as shown
in Panel (b1) with an electrical power of 115.08 mW, port 2 now has the output value of
60%, while ports 1 and 3 are reduced to values around 20%. Similarly, in Panel (c1), we
observe behavior akin to that in Panel (al): when light is initially coupled to one of the
external waveguides, more light remains in the same waveguide, while less light couples
to the others as the electrical power is increased. This is due to the design symmetry. Note
that the experimental points in the graphs are well-fitted by the theoretical model (dashed
lines). The extracted parameters from the fit are shown in Panel (d1). Notice that AS
increases to 0.045 1/um from 0.030 1/um with the application of approximately 115 mW
of electrical power. Since the micro-heater is positioned over the central waveguide, this is
expected because the increase of AS means a faster increase of the effective refractive index
of the central waveguide with respect to that of the external waveguides. Additionally,
at 1560 nm, the coupling coefficients k| and k, remain almost constant as a function of
the electrical power. This stability is attributed to the high confinement of the optical
mode within the waveguide at this particular wavelength, which remains relatively stable
despite the temperature changes induced by the micro-heater. Panels (a2)-(d2) of Fig. 2.3
show the results at 4 = 1637 nm. At this wavelength, when the light enters from port 4
exits almost entirely through port 3, the light from port 5 exits through port 2, and the
light from port 6 exits through port 1 (see Panels (a), (b), and (c)). In essence, light
traverses (crosses) between the external waveguides while remaining confined within the
middle waveguide. However, when the micro-heater is activated, the light distribution at
the output ports changes for the same input. As a result, some of the light that previously
exited through one of the external waveguides (port 1 or port 3) is now routed through the
middle waveguide and exits at port 2. Additionally, only a very small percentage of the
input light exits from the same waveguide (i.e., output port 1 (3) for input port 4 (6)) as

illustrated in Panels (a2) and (c2). In fact, for these two cases, the observed distribution
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of light at the output ports is 70% , 25% and 5% at 115 mW of electrical power. On the
other hand, when the light is injected into the middle waveguide (port 5), some of the
light that previously exited through the same waveguide (port 2) is equally routed through
the external waveguides and exits at port 1 and port 3 (see Panels (b2)). The observed
distribution of light at the output ports is 40%, 30% and 30% at 115 mW of electrical

power.

Panel (d2) shows the parameters extrapolated from the fit for 4 = 1637 nm. Here we
see that at longer wavelength, both k; and k, values exhibit a decrease as the electrical
power increases. This trend is not observed at 4 = 1560 nm (see Panel (d1) ). This
can be explained by the fact that, at longer wavelengths, the light confinement inside the
waveguide is lower and consequently the coupling coeflicients are more sensitive to the
variation of the effective refractive index of the waveguide. Panel (d1) shows an increasing
ApB as a function of the injected electrical power, while Panel (d2) shows a decreasing
behavior. The behavior of AS in Panel (d1) could be explained by the fact that 8 decreases
as a function of wavelength (making the AS variation less pronounced), and by the fact
that the optical mode of the waveguide is less confined and therefore less affected by local
temperature variations. On the contrary, the slight decrease of Ag as a function of power
in Panel (d2) cannot be explained in this way. This behavior may be due to either an
imperfect noisy fit or to the fact that coupled mode theory is valid for small couplings and
well-confined waveguide modes. In the present case, where the coupling is high and the
confinement of the light is low, the parameters obtained are not directly related to those of

the ideal case.

In Fig. 2.4 Panel (a), the output intensities are shown for signal input at ports 4, 5, and 6.
Output intensities are normalized and mapped onto the surface of a sphere as a function of
wavelengths and injected electrical power. The various colors, as shown in the color bars,
represent an increase in wavelength, while the size of the dots, from smaller to bigger,
indicates the increase of the injected electrical power. The distribution of points on the

sphere surface illustrates the range of output combinations achievable by the system.

From a fit of the experimental data, the characteristic device parameters are extracted.
Figure 2.4 (b) shows a wavelength dependent AS value increase with rising injected
electrical power. Furthermore, Fig. 2.4 Panel (c) reveals that at injected electrical power
lower than 60 mW, as the wavelength increases, the coupling constant values —though
slightly different— are consistently increasing. However, at higher injected power levels,
not only the difference between k| and k, widens for lower wavelengths, but also k; and
ko decrease before rising again with further increases in wavelength. This unexpected

increase of the coupling coeflicients at short wavelengths as the injected power increases
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Figure 2.4: Representations on a Sphere and Extracted Parameters. Panel (a) displays
the experimental outputs for combinations 4, 5, and 6, mapped onto the surface of a sphere
as a function of increasing wavelength values and injected electrical power from smaller
to larger dots. Panels (b) and (c) present the extracted AS values and coupling coeflicients,
respectively, derived from simultaneous fits of the output signals.
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could be due to the simplified model used to fit the data. In fact, we have assumed
that 81 = B3 and that the micro-heater is symmetrically positioned on top of the central
waveguide. However, as can be observed from Figures 2.3 (d) and 2.4 (c), at lower
wavelength we detect an asymmetry in the structure. This asymmetry is more relevant at
shorter wavelengths because the optical mode is more confined and thus more sensitive to
local perturbations. For these reasons, at shorter wavelengths, the fabrication errors e.g.,
in the symmetry of the waveguides and position of the micro-heater) and the simplified

model make the parameters obtained from the fit less physically meaningful.

2.3.2 Optical Power Loss

To evaluate the impact of power loss as a result of microheater heating when electrical
power is applied, we measured the sums of the transmitted signals from the three outputs
(41442+43, 51+52+453, and 61+62+63) and normalized them to their values at zero applied
electrical power. Figure 2.5 (a) illustrates how these sums evolve for 1560 nm, when
changing the applied electrical power. As depicted, random variations of about 3.3 %o
are observed. These variations are attributed to several factors: (i) mechanical relaxation
of the fiber holders during repeated measurements as the current increased from 0 to
16 mA, (ii) random fluctuations due to noise, and (iii) variations of the Fabry-Perot (FP)
oscillations resulting from reflections at the waveguide ends. This FP interference is shown
in the broad spectral sum transmissions shown in Figure 2.5 (b) whose overall lineshape
reflects the grating transmission. At longer wavelengths, the signal-to-noise ratio is lower,
and the FP fringes are more prominent compared to shorter wavelengths. The propagation
losses are estimated to be approximately 2dB cm™! at 1550 nm, according to the foundry
data. Given the short length of the 3x3 coupler waveguides (about 310 pm), the device

losses are negligible. We also observed a grating insertion loss of less than 3 dB.

2.4 Conclusion

In this chapter, we investigated, both theoretically and experimentally, a 3 X 3 waveguide
coupler device capable of routing light signals between three input ports (4, 5, 6) and
three output ports (1, 2, 3) in various configurations. For a specific coupling condition or
wavelength, we demonstrated that the device can cross the signals between the external
waveguides — that is, from input port 4 to output port 3 and from input port 6 to output
port 1 — while allowing the central waveguide signal to pass through. Additionally, the

device supports other routing functionalities, such as a balanced split of one input into all
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Figure 2.5: Thermal tuning response of the 3x3 coupler. (a) Sum of the three output
powers (41+42+43, 51+52+453, and 61+62+63), each normalized to its value at zero
electrical power, plotted as a function of the microheater power for 4 = 1560 nm. (b)
Measured spectrum of 51+52+53 for two heater powers, P = 0 mW and P = 115.19 mW.
The arrow indicates the wavelength used in panel (a).
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Figure 2.6: Simulation results showing the variation of AS (the propagation constant
difference) as a function of waveguide width and operating wavelength.
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Figure 2.7: Comparison between the proposed 3 X 3 coupler and a Mach—Zehnder Inter-
ferometer (MZI)-based 3 X 3 coupler.

three output ports (1, 2, 3), provided an appropriate choice of coupling values or operating

wavelength is made.

When a micro-heater atop the central waveguide is activated, it thermally modifies the
propagation constant of the central waveguide, inducing an effective modal index mismatch
with the external waveguides and dynamically altering the coupling coefficients. This
enables reversible re-routing of optical signals among different output ports. Through
our theoretical model, we extracted the key device parameters (coupling coeflicients and
propagation constants) as functions of both the injected electrical power and the signal
wavelength, providing a complete parameter map for the routing behaviors achievable in

the 3 X 3 coupler.

To assess the impact of thermal tuning on device loss, we analyzed the sums of the trans-
mitted optical powers from the three outputs under applied heating and normalized them to
the unheated case. Across the tuning range, the total transmission remained stable within
fluctuations of approximately 3.3%, originating primarily from mechanical relaxation
during repeated measurements, noise-induced variations, and Fabry—Perot oscillations at
the chip facets. Foundry specifications estimate propagation losses at 2dB cm~! near
1550 nm; given the short length of the device (~310m), these losses are negligible.
The measured grating insertion loss remained below 3 dB, confirming that the routing

performance is preserved without significant loss penalty under thermal actuation.

Comparable functionalities can also be realized with multi-mode interferometers or

Mach—Zehnder interferometers. However, the 3 X 3 coupler offers a compact footprint,
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simple design, and excellent tunability, making it especially promising for integration into
more complex photonic circuits such as photonic neural networks or quantum interference
architectures. Furthermore, because three coupled waveguides constitute a three-level
system, the same platform may serve future applications in quantum photonics using

path-encoded qutrit states [133].
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Chapter 3

Optical Non-Linear Control in
Microring Resonators - Investigation of
Self Pulsing in p-n Mircoring

Resonators

3.1 Introduction

Silicon microring resonators (MRRs) are foundational building blocks in integrated pho-
tonics, offering compact footprints, CMOS-compatible fabrication, and strong scalability
for applications ranging from optical interconnects and wavelength-division multiplexing
to sensing and all-optical signal processing [40, 55, 134, 135]. Implemented on silicon-on-
insulator (SOI) platforms, MRRs benefit from the large refractive-index contrast between
silicon and silica, which enables tight optical confinement and high quality factors. These
properties make microrings highly effective for wavelength-selective filtering, modulation,

and enhancing light—matter interactions in non-linear regimes [136, 137].

At high optical intracavity intensities, silicon MRRs exhibit pronounced non-linear be-
haviour because absorption and refractive-index changes occur simultaneously and on
different time scales. In particular, self-pulsing (SP) emerges when the coupled dynamics
of two-photon absorption (TPA), free-carrier generation, free-carrier dispersion (FCD),
free-carrier absorption (FCA), and thermo-optic (TO) resonance shifting form a delayed
non-linear feedback loop that destabilizes the steady state [38, 84, 138]. TPA generates
electron—hole pairs, modifying the refractive index through plasma dispersion (FCD) [84]

and introducing additional loss through FCA, while the associated absorption also heats
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the resonator, shifting the resonance via the thermo-optic coeflicient of silicon [138, 139].
Because carriers typically evolve on nanosecond time scales and thermal relaxation occurs
more slowly, the competition between these mechanisms can drive sustained limit-cycle
oscillations in the transmitted power without any external modulation [38, 140]. Such self-
generated oscillations provide a compact route to on-chip microwave-to-radiofrequency
tone generation and non-linear signal processing, leveraging the intrinsic dynamics of the

cavity rather than external electronic drivers [141].

A particularly powerful approach to control these nonlinear dynamics is to embed a p—n
junction—consisting of p-type and n-type doped regions separated by an intrinsic silicon
region—into the microring resonator. Electrical biasing of this junction modifies the
carrier dynamics by either injecting carriers under forward bias or sweeping them out
under reverse bias, thereby altering both the free-carrier—induced loss and the effective
carrier lifetime that sets the fast timescale of the nonlinear feedback [21, 49]. Such
electrical control enables direct tuning of carrier recombination and extraction processes,

which are otherwise fixed by material properties and device geometry

While self-pulsing has been extensively studied in passive silicon microring resonators
driven by the interplay of thermo-optic and free-carrier nonlinearities [38, 56], systematic
experimental demonstrations of electrically enhanced, high-frequency self-pulsing under
reverse-bias operation remain comparatively limited. In particular, key questions remain
open regarding the attainable oscillation frequency range and the quantitative relationship
between applied bias voltage, effective free-carrier lifetime, and the resulting nonlinear

dynamical response in practical p-n-integrated microring geometries [21].

To date, self-pulsing under reverse-bias conditions has been reported only in a small
number of experimental works. Notably, Shetewy et al. demonstrated self-pulsing in a p-
n-integrated silicon microring resonator, observing oscillation frequencies up to ~ 30 MHz
under relatively small reverse-bias voltages (1-100 mV) [142]. Earlier characterization
of the same platform reported self-pulsing frequencies up to ~ 20 MHz under similar
operating conditions [143]. Other diode-integrated microring studies, including those by
Morichetti et al. and Guha et al., employed reverse bias primarily for carrier extraction
or photodetection; although thermo-optic relaxation oscillations in the kHz—MHz range
were observed, high-frequency free-carrier-driven self-pulsing comparable to the Shetewy
results was not reported [144, 145]. Complementing these experimental efforts, Hamerly
et al. provided a theoretical analysis indicating that reverse bias can reduce the free-
carrier lifetime sufficiently to enable carrier-driven oscillatory instabilities, although no
experimental self-pulsing data were presented [146]. The studied literature indicates that

the highest experimentally verified self-pulsing frequency under reverse bias to date is
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on the order of ~ 30 MHz, and a systematic exploration of self-pulsing scaling at larger

reverse-bias voltages remains absent.

In this chapter, we address this gap by investigating self-pulsing in a p-n embedded silicon
microring resonator operated deep in the nonlinear regime at on-chip optical powers up to
36 mW. Experimentally, we demonstrate electrically tunable self-pulsing with oscillation
frequencies reaching ~ 190 MHz under a -5V reverse bias. By varying the reverse-bias
voltage while keeping the laser detuning and input power fixed, we observe a systematic
acceleration of the oscillation frequency, directly revealing electrical control over the
nonlinear limit cycle. To interpret these observations, we develop a temporal coupled-
mode theory model augmented by coupled carrier and thermal rate equations, and we
quantitatively link the bias-induced increase in self-pulsing frequency to a reduction of the
effective free-carrier lifetime resulting from enhanced carrier sweep-out. We then extract
the free carrier life time by matching the experimental SP frequencies to theoretical ones
at same power and detuning. Our method stands different from the previous studies of

pump and prope method in extracting free carrier life time.

The chapter is organized as follows. We first introduce the theoretical framework de-
scribing the coupled optical, thermal, and free-carrier dynamics in silicon microring
resonators. We then present low-power measurements that characterize the linear optical
response under forward- and reverse-bias conditions and provide calibrated parameters
for the dynamical model. Next, we explain the physical mechanism of self-pulsing with
support from numerical simulations and stability maps in detuning—power space. We then
describe the fabricated p-n embedded microring device and the experimental setup used for
time- and frequency-domain measurements. Finally, we present high-power experimental
results under reverse-bias operation, extract the voltage-dependent free-carrier lifetime,
and show how the reduction of 7¢ quantitatively accounts for the observed increase in

self-pulsing frequency.

3.2 Theoretical Modeling

We model a silicon microring resonator with resonance frequency wq coupled to a bus
waveguide, as shown in Fig. 3.1, using temporal coupled-mode theory (TCMT). The
intracavity field amplitude is denoted by a(t), where |a|? represents the stored energy in

the cavity. The input field is Sj, with corresponding power Pj, = |Sin|2.
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Figure 3.1: Self-pulsing (SP) in a lateral p-n embedded silicon microring resonator.
(a) Schematic of the device and measurement concept. A continuous-wave laser excites
the microring; the embedded p-n junction enables electrical biasing that programs the
self-pulsing frequency. (b) Cross-sectional view of the silicon waveguide in SiO, matrix
and schematic p-n junction profile. The physical origin of SP, arising from the interplay
of carrier and thermal nonlinearities, is shown on the right.

The time evolution of the intracavity field is given by [38, 147, 148]:

da . .
= = |idon = 2| @ + iFeaup Sin (3.1

where the total loss rate y; consists of coupling loss, radiation loss, linear absorption, and
non-linear loss due to TPA and FCA:

Yt = 2Ycoup + Yrad + Yabs.lin + VTPAlal + YrcaN. (3.2)

The non-linear detuning Awyy. incorporates both thermo-optic and free-carrier dispersion

effects: 4 J
n n
AwNL = Wy —w — — (ﬁ AT + N N) 3.3)

where AT is the local temperature rise, N is the free-carrier density, and n, is the group
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Figure 3.2: Theoretical Model Simulation. Time-domain trace of the microring re-
sponse. The orange curve shows the constant input power of 6 mW (detuning: —70 GHz),
while the output power exhibits self-pulsing behavior, visible as oscillations in time at the
through port.

index.

The dynamics of the temperature and free-carrier density are governed by:

dAT AT
T tam ()’abs,lin + yrpalal® + ')’FCAN) lal?, (3.4
t Tth
dN N 4
dN _ N _ 3.5
dt Ttc(VR) el o)

where 7y, and 77.(Vg) denote the thermal and free-carrier lifetimes, respectively. The
free-carrier lifetime decreases with increasing reverse-bias voltage Vi due to enhanced
carrier sweep-out. The coefficients ay, and af. depend on the silicon TPA coefficient Ss;,

the FCA cross-section o, and the thermal conductivity.

Equations (3.1)—(3.5) form a closed system describing the coupled evolution of the intra-
cavity field, free-carrier density, and temperature. The optical energy stored in the cavity
generates free carriers through two-photon absorption (TPA), and it contributes to heating
through both free-carrier absorption (FCA) and TPA-related absorption. These processes
modify the refractive index via the free-carrier dispersion (FCD) effect and the thermo-
optic effect, respectively, thereby shifting the resonance frequency through Eq. (3.3). The
resulting detuning variation alters the intracavity field according to Eq. (3.1), completing

a non-linear feedback loop that couples the optical, thermal, and carrier dynamics.

Reverse bias enters the model through the carrier lifetime 7. (V) and the carrier-induced

refractive-index change dn/dN(Vg): increasing the magnitude of the reverse bias |Vg|
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reduces tg. by accelerating carrier sweep-out, thereby shortening the feedback delay that
sustains self-pulsing [21, 49, 149].

3.2.1 Numerical solution procedure for intracavity dynamics and self-

pulsing analysis

For a fixed input optical power Pj,, the laser angular frequency w is swept across the cavity
resonance by varying the detuning Aw = w — wg, where wy is the cold-cavity resonance
frequency. For each detuning point, the system dynamics are described by two slow state
variables: the temperature rise AT (¢) inside the resonator and the effective free-carrier
density N (7). These variables evolve according to coupled rate equations, while the
intracavity optical energy |a(¢)|* is assumed to reach its steady-state value instantaneously
and is therefore obtained algebraically at each time step rather than through a differential

equation.

The effective detuning experienced by the intracavity field is given by equation 3.3. For
a given (AT, N) and laser frequency w, the steady-state intracavity optical energy |a|? is

obtained by solving a cubic polynomial equation. Where we substitude u = |a|?.

Au’ + Bu?> + Cu+ D =0, (3.6)
with coeflicients
D =~ |«Sin|*, (3.7)
= %Ygoup + %Vrzad + %Vfbs,lin + %'ycoup'}’rad + %ycoquabs,lin + %'}’rad')’abs,lin
+ %(ycoup + YVrad + Yabs lin) C4N + %CZNZ + Awy (3.8)
B = %63 (Yeoup + Yrad + Yabs,lin + €4N) , (3.9
A= ;Lc%' (3.10)

Here ycoup, Yrad> and yaps 1in are the coupling, radiation, and linear-absorption loss rates,
respectively. The coefficient c¢3 accounts for the two-photon-absorption (TPA) induced

intensity-dependent loss and is defined as

C2

c3 = I'tpa Bsi ICETRE (3.11)
ng VTPA

where I'rpa is the modal overlap factor for TPA, fs; is the TPA coeflicient of silicon, ng is
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the group index, and Vpy is the effective TPA mode volume. The coeflicient c4 describes

free-carrier absorption (FCA) and is given by
c
c4 = I'rca 0si —, (3.12)
hg
where ['rcy is the FCA overlap factor and o7; is the free-carrier absorption cross section.

Free carriers are generated through TPA with a rate proportional to the intracavity intensity

squared. The corresponding free-carrier generation coeflicient c; is defined as

c2

2v/2
271&)0 ng VFCA

c2 = I'rca Bsi , (3.13)
where 7 is the reduced Planck constant, wy is the cavity resonance angular frequency, and

Vrca is the effective mode volume associated with free-carrier generation.

Moreover, k = i/Ycoup is the coupling amplitude and S, = VPj, is the input field
amplitude. Among the three possible roots of the resulting cubic equation, the physically

meaningful solution is taken as the real and positive root.

Once |a(t)|? is determined, the slow dynamics of the system are evaluated through the

coupled rate equations

dAT AT in + 2+ cuN
LI Yabs,lin C3|a| Cyq |a|2, (3.14)
dt Tth psiCp siVin
dN N
— =—— +calalt, (3.15)
dt ch

where 7y, and 7. are the thermal and free-carrier lifetimes, respectively, ps; is the silicon
density, C), s; is the specific heat capacity, Vi, is the effective thermal volume, and I'y, is the
thermal overlap factor. These equations are integrated in time using Runge—Kutta method
over a fixed simulation window, and the final state (AT, N) at a given detuning is used as

the initial condition for the next detuning point, implementing a continuation scheme.

This continuation strategy directly reflects the experimental measurement procedure. In
the experiment, the laser wavelength is swept quasi-continuously across the resonance,
with each detuning point reached from the previous one on a timescale that is slow com-
pared to the thermal and carrier relaxation times. As a result, the microring does not
reinitialize at each wavelength; instead, its internal state—characterized by the accumu-
lated temperature shift AT and carrier density N—evolves smoothly and retains memory
of the previous operating point. Consequently, the system follows a history-dependent

trajectory in phase space, and the observed transmission at a given detuning depends on
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the direction and rate of the wavelength sweep.

The continuation scheme employed in the simulations therefore reproduces the experi-
mental conditions, ensuring that the calculated steady states correspond to those accessed
during a realistic wavelength sweep rather than to isolated, independently initialized solu-

tions.

From the resulting time trace |a(¢)|?, a stationary regime is identified by discarding the
initial transient and retaining the final portion of the signal. The mean intracavity energy
is computed over this stationary window, and the oscillation amplitude is defined as the
maximum deviation of |a(z)|? from its mean value. If this amplitude exceeds a predefined
threshold, the system is identified as being in the self-pulsing regime. The self-pulsing
frequency is then extracted by computing the Fourier transform of the stationary part
of the signal, searching for the dominant spectral peak within a predefined frequency
window, and converting the corresponding angular frequency to MHz. In this way, for
each detuning value and fixed input power, the model yields the steady-state transmission,
the intracavity energy, and the self-pulsing frequency, allowing a direct comparison be-
tween thermal—free-carrier non-linear dynamics and experimentally observed oscillatory

behavior.

3.3 Self-Pulsing in Silicon Microring Resonators

Self-pulsing (SP) in silicon microring resonators (MRRs) is a non-linear dynamical phe-
nomenon in which the output optical intensity oscillates in time, despite being driven by

a continuous-wave (CW) input as shown in the Fig. 3.2.

Consider applying a high-power continuous-wave input signal at a fixed wavelength A4
chosen close to the cold-cavity resonance A,. As illustrated in Fig. 3.3, when A is suffi-
ciently close to resonance, light couples efficiently into the microring and the intracavity
energy |a(t)|* increases. The high optical intensity activates nonlinear absorption, pri-
marily two-photon absorption, which generates free carriers and induces a carrier-related
refractive-index change Angc(f). On the fast carrier timescale set by the free-carrier

lifetime 7, this effect produces a blueshift of the effective resonance wavelength
/lr,eff(t) =4, + 5/lr,N(t) + 5/lr,AT(t), (316)

thereby reducing the detuning between A and A, () and sustaining strong coupling into

the resonator.

As the optical field remains high, absorption processes deposit energy into the silicon
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Figure 3.3: Variation in free-carrier density shifts the microring resonance toward shorter
wavelengths, while temperature-induced refractive index changes shift it toward longer
wavelengths. The interplay of these two effects, occurring on different time scales, leads
to amplitude fluctuations that give rise to self-pulsing in the microring resonator. Figure
adapted from [150] with modifications.

lattice, leading to a gradual temperature increase. On the slower thermal timescale 7y,
the resulting thermo-optic refractive-index change Any,(¢) induces a redshift 64, A7 (t) of
the resonance. As shown schematically in Fig. 3.3, this thermo-optic redshift eventually
compensates and overcomes the carrier-induced blueshift. At this point, the effective
resonance wavelength moves away from the fixed input wavelength, the detuning increases,

and the amount of light coupled into the ring is reduced.

Once the intracavity energy decreases, free-carrier generation is suppressed and the ex-
isting carriers recombine on the timescale 7, causing the carrier-induced contribution
04, n(2) to relax toward zero. The resonance position is then governed primarily by the
thermal contribution, A, c(#) = A, + 04, a7 (?). With little optical power coupled into
the ring, no additional heating occurs and the resonator slowly cools down on the thermal
relaxation timescale 7y,. As the device cools, the thermo-optic redshift diminishes and
the resonance moves back toward 4. When sufficient spectral overlap is restored, the

intracavity field builds up again, closing the cycle.

This sequence of a fast carrier-induced blueshift followed by a slower and ultimately dom-
inant thermo-optic redshift gives rise to sustained relaxation oscillations of the intracavity
intensity |a()|?, carrier density N(¢), and temperature shift AT (). These dynamics are
fully consistent with the physical picture summarized in Fig. 3.3. Experimentally and
numerically, such self-pulsing behavior is observed only above a sufficient input-power

threshold: as shown in the right column of Fig. 3.4, at an input power of 4 mW the system
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Figure 3.4: Theoretical Model Simulation. Time traces of intracavity energy (|al|?),
temperature change (AT), and carrier density (V) for two different input powers at the
same detuning value. The left panels (a-c) corresponds to an input power of 0.1 mW, and
the right panels (d-f) corresponds to 4 mW, both at a detuning of —40 GHz.

exhibits clear periodic oscillations, whereas at low input power (left column of the same

figure) the intracavity field remains stable and self-pulsing does not occur.

The emergence of self-pulsing as a function of input power and laser—cavity detuning is
summarized in the SP map shown in Fig. 3.5. This diagram identifies the regions of stable
continuous-wave operation and those where self-pulsing occurs. At low power and small
detuning, the system remains stable. As either the input power increases or the detuning
is pushed further to the red side of the resonance, the non-linear detuning becomes strong

enough to destabilize the steady state, driving the system into the oscillatory regime.

Beyond identifying the regions where self-pulsing occurs, the SP map in Fig. 3.5 also
provides insight into how the oscillation frequency evolves as a function of input power
and detuning. From the figure, it is observed that for a fixed detuning value, increasing the
input power generally leads to a decrease in the self-pulsing frequency. This is because
higher optical power enhances free-carrier and thermal effects, which increase the non-
linear detuning and slow down the recovery dynamics, resulting in longer oscillation
periods.
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Figure 3.5: Theoretical Model Simulation. Self-pulsing (SP) map showing regions of
stable and oscillatory behavior as a function of input power and laser—cavity detuning.
The simulations are performed using the parameter values listed in Table 3.6.

In addition, the width of the self-pulsing window in detuning expands as the input power
increases. At low power, only a narrow range of detuning values near the red side of
the resonance supports oscillations. As the power is raised, the non-linear refractive
index changes become stronger, and the system is pushed deeper into the unstable regime,

allowing self-pulsing to persist over a broader range of detuning.

For a constant power level (i.e., along a horizontal slice in the SP map), the self-pulsing
frequency does not remain constant across detuning. Instead, it first increases gradually
as the detuning moves away from the resonance, reaches a maximum at an intermediate
detuning value, and then decreases again before vanishing at the boundary of the SP region
where the oscillation amplitude approaches zero. This characteristic rise-and-fall trend of

the SP frequency is consistently observed across all power levels .

3.4 The Device

The investigated device is a silicon microring resonator (Si-MRR) fabricated on a silicon-
on-insulator (SOI), as illustrated in Fig. 3.1(a). This MRR has been fabricated by a
multi-project wafer service at a CMOS foundry (IMEC, Belgium) run on an SOI wafer of
220 nm thickness. The microring had a designed diameter of 14.5 pm, a waveguide width
of 0.5 ym, and a coupling distance of 0.39 pm is between microring and bus waveguide, is
configured in an add-drop geometry, where the input and output bus waveguides are side-
coupled to the ring to enable both through- and drop-port measurements. The waveguides
support the fundamental Transverse Electric (TE), ensuring single-mode operation for all

optical measurements.
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Figure 3.6: Schematic of the experimental setup. The set up starts from a continuous-
wave tunable laser (CWTL), an Erbium-doped fiber amplifier (EDFA), an optical isolator
(OI), a fiber polarization controller (FPC), two alignment stages (ASs), an InGaAs pho-
todetector (PD), and an oscilloscope.

To provide electrical control, a lateral p-n junction encircles the microring, except in the
coupling regions, in order to minimize carrier diffusion losses and preserve optical quality.
As shown in Fig. 3.1(b), the doping profile consists of lightly doped p- and n-type regions
positioned adjacent to the optical mode, together with heavily doped p* and n* regions
that form low-resistance electrical contacts. In the AMF silicon photonics platform, the
lightly doped p and n regions typically exhibit doping concentrations on the order of 10—
10'7 cm™3, while the p* and n* contact regions are doped to 10'°-10?° cm™3. This lateral
p-n geometry enables efficient carrier sweep-out under reverse bias while maintaining

high optical quality factors.

Electrical connections are made to the p* and n* terminals using metal pads linked to a
source-measure unit (SMU). This configuration allows precise application of forward and
reverse bias voltages, enabling two distinct regimes: Forward bias (V > 0) injects carriers
into the waveguide, increasing free-carrier density and thereby modifying the refractive
index via free-carrier dispersion (FCD) and increasing optical absorption via free-carrier
absorption (FCA). Reverse bias (V < 0) sweeps carriers out of the waveguide, reducing the
carrier lifetime 7., lowering FCA-induced losses, and enabling high-speed modulation

of the cavity dynamics.
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Figure 3.7: Experimental results: Linear optical response of the silicon microring
resonator under low input power. (a) Normalized transmission spectrum as a function
of frequency detuning (Aw) in the unbiased (0 V) condition. Experimental data (solid line)
and Lorentzian fit (dashed line) show good agreement. (b) Bias-dependent transmission
spectra under reverse (—5.0 V, blue) and forward (+1.0 V, red) conditions, illustrating
carrier depletion and injection effects. Blueshift due to carrier depletion and redshift due
to free-carrier injection are observed. (c) Resonance shift (Aw) versus applied voltage,
showing asymmetric tuning: a blueshift under reverse bias and a redshift under forward
bias. (d) Total optical loss as a function of applied voltage.

3.5 Experimental Setup

The optical setup consists of a tunable continuous-wave (CW) laser source whose TE-
polarized output is coupled into the input waveguide using gratings. The laser is scanned
through 1549 nm to 1556 nm wavelength with fixed power. The transmitted optical signals
in through port are collected using high-speed photodetectors and analyzed in both the
frequency and time domains using a real-time oscilloscope. The p-n junction bias voltage
is varied from 1.2 V (forward bias) to —20 V (reverse bias) during the linear and non-linear

optical scans using the DC voltage source.

The sample was excited using a continuous-wave tunable laser (Yenista TUNICS T-100S),
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operating in the third telecom window within the 1475-1575 nm range. The laser power
was amplified by an Erbium-doped fiber amplifier (EDFA). An optical isolator was inserted
after the laser to suppress back-reflections that could induce power instabilities or damage
the source. A fiber polarization controller (FPC) was then used to set the polarization
to the transverse electric (TE) mode, which is the only guided mode in the single-mode

integrated waveguides used in this work.

The light was coupled to the chip using a precision alignment stage (AS). The chip was
mounted on a copper block driven by a Peltier cell and heat sink for thermal stabilization.
A 10 k€ thermistor measured the temperature, and a PID controller held it stable under
a constant-current bias of approximately 500 pA, ensuring resonant wavelength stability.
A near-infrared camera (IRC) assisted during the alignment. The transmitted light was
collected on the opposite side using a second alignment stage and detected using a Thorlabs
InGaAs photodetector (1.2 GHz bandwidth). Time traces were acquired on an oscilloscope

connected to a MATLAB® acquisition script.

For the given measurments, optical power is defined at the chip input and calibrated by
subtracting fiber-to-chip coupling losses on the same chip. The input polarization is ad-
justed to the TE mode using a fiber polarization controller and confirmed by maximizing
the signal. Device temperature is stabilized to within +0.01°C using a thermoelectric
controller. Port transmission spectra are recorded using calibrated photodetectors. Reso-
nance positions, linewidths, and asymmetric coupling parameters are extracted by fitting

the measured spectra coupled-mode-theory model.

3.6 Results

3.6.1 Low Power Measurements

Figures 3.7(a—d) present the linear transmission characterization of the device. The
measurements were performed at a low input power of 0.0239 mW launched into the
bus waveguide, ensuring operation in the linear regime. For this device, measured on a

different chip, the resonance wavelength is located at 19 = 1543.0940 nm.

From the experimental spectra, we extract a loaded quality factor of O = 41706.24,
corresponding to a photon lifetime of 34.17 ps. The resonance exhibits a full width at half
maximum (FWHM) of 0.0370 nm, equivalent to 4.6583 GHz, and an extinction ratio of
5.85dB.

Under forward bias (+1.2 V), the resonance exhibits a clear redhift ( moving to higher
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Figure 3.8: Experimental Results (a) Linear fit with experiment at 0 V baised. (b)
non-linear resonance shift and corresponding SP frequencies versus detuning under zero-
bias (0 V) at a fixed input power. (c) Self-pulsing frequencies as a function of the
applied reverse-bias voltage for three detuning values at an input power of 36 mW. (d)
Experimental time traces for a detuning of —200 GHz at three selected reverse-bias
voltages: 0, —0.3, and —0.5 V.

values relative to 0) of ~ 27 GHz relative to the unbiased case as shown in (panel b and
¢), whereas under reverse bias (—20 V) the resonance shows a blueshift (moving to lower
values relative to 0) of ~ 10 GHz (panel c), yielding a bidirectional electrical tuning span
of ~ 37 GHz across the explored voltage range. The total optical loss, extracted from the
experimental spectra via the FWHM method, decreases from ~4 GHz at0 V to ~3.5 GHz
at —20 V, while it increases to ~6.5 GHz at +1.2 V as shown in (panel d).The loss increase
under forward bias arises from carrier injection that elevates the free-carrier density N,
thereby enhancing free-carrier absorption (FCA) and carrier-induced scattering resulting
in the decrease of the Q factor. Conversely, reverse bias depletes and sweeps out carriers,
reducing FCA and narrowing the linewidth (lower FWHM) increasing the Q factor, while

the accompanying reduction in N .

To enable a reliable analysis of the device ( same device but in different chip) behavior at
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Figure 3.9: Transmission and self-pulsing (SP) frequency maps for several extracted values
of the free-carrier lifetime 7y.. Unless stated otherwise, the parameters used in the sweep
correspond to those listed in Table 3.6, with the following values extracted from fitting
experimental data with model: dn/dN = —1.01 X 1072’ m3 and 7y, = 38.12ns.

high optical powers, we first characterize the microring in the low-power regime, where
non-linear effects are negligible. This initial characterization provides accurate values for
the coupling and loss coefficients, which are later used as fixed parameters when modeling

the system under strong driving conditions.

Again we use an input power of only 0.0239 mW at the bus waveguide, we observe the
expected transmission dip in the output spectrum, as shown in Fig. 3.8(a). Under zero-bias
conditions, the silicon microring exhibits a resonance wavelength of 1549.72 nm and a

measured quality factor of 41 885.24, corresponding to a photon lifetime of 34.46 ps.

The measured spectrum was fitted using the coupled-mode theory (CMT) model intro-
duced above. From this fit, we extract the key linear parameters of the resonator: a
radiative loss rate of y;,qg = 4.58 X 10'%rad/s (7.29 GHz), a linear absorption loss of
Yabslin = 2.18 X 108 rad/s (0.03 GHz), and a coupling rate of yeoup = 1.54 X 10'0rad/s
(2.45 GHz), all extracted at a resonance wavelength of 1549.7 nm. The sum of squared
errors normalized to their data points is 1.20 X 1072, confirming excellent agreement

between the model and the measured transmission.
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3.6.2 High Power Measurements and Self Pulsing Dynamics

3.6.2.1 Parameter Extraction and SP Model Fitting at 0 V

In the experiment, at an incident optical power of Pj, = 36 mW, the laser is initially
tuned to the cold-cavity resonance wavelength of the microring. The laser wavelength is
then scanned toward longer values. As the scan proceeds, nonlinear absorption inside the
cavity generates free carriers and heat, causing the effective resonance wavelength to shift
continuously toward higher wavelengths. At a critical laser wavelength, the steady-state

transmission becomes unstable and self-pulsing (SP) dynamics emerge.

To quantitatively analyze the self-pulsing (SP) dynamics of the silicon microring resonator,
a parameter-extraction procedure was performed using the experimental measurements
acquired under zero reverse-bias conditions (0 V). The fitting strategy was designed to
isolate and match only the self-pulsing frequencies, ensuring that the dynamical model
accurately reproduces the oscillatory behaviour arising from the coupled thermal and

free-carrier non-linearities. The fitting used three detuning values,
D = -200 GHz, -210 GHz, -215 GHz,

representing the region where the device consistently exhibits SP oscillations with high

signal-to-noise ratio.

3.6.2.2 Fitting Strategy

The particle swarm optimization (PSO) routine was used to extract the nonlinear dynamical
parameters of the model [151]. In this fitting stage, all linear cavity parameters were kept
fixed: the coupling coeflicient ycoup, the linear absorption 7yqps, and the radiation loss
Yrad Were inserted as constant values obtained independently from the linear transmission
fit was performed under zero reverse-bias conditions (0 V). Likewise, the thermo-optic

coefficient was fixed to its calibrated value,

an _ 1.86 x 1074 K1,
dT

[38] and was not included in the optimisation. The free-carrier dispersion coeflicient,
however, was treated as a fitting parameter and allowed to vary within a physically moti-

vated range around its nominal value. As a result, the PSO explored a three-dimensional
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non-linear parameter vector,

vV =

dn
Ttes ﬁa Tth| »

while the input optical power was fixed to the experimentally measured on-chip value
(Pin = 36 mW). By separating the linear calibration from the non-linear optimisation, the
SP-only fitting procedure isolates the dynamical carrier and thermal contributions without

altering the independently validated linear cavity parameters.

The PSO was configured with 20 particles and 20 iterations. In the implementation, the

detuning axis is first restricted to a sub-range { Dy}, defined as
Dg = {D; | i € {idx_cold,...,idx_last}},

where idx_cold is the index of the last positive detuning value (the “cold” operating
point just before crossing resonance), and idx_last is the index of the most negative of

the three target detunings.

For each candidate parameter set v, the model then sweeps sequentially along Dg;, using
continuation in detuning: the steady-state solution at detuning D; is used as the initial
condition for the ODE at detuning D;;;. This procedure ensures that the simulation
follows the same non-linear resonance branch as the experiment, starting from the cold

resonance and moving towards larger negative detuning.

Within this detuning sub-range, only three specific detuning values are selected as cost
points, namely —200, —210, and —215 GHz. Their indices inside Dg; are stored in
idx_cost, and the corresponding experimental SP frequencies are collected in a vector
Yexp- The model computes the SP frequency SP,,(D;; v) atall D; € Dy, and then extracts
only the three entries at idx_cost for the cost evaluation. Although the cost is evaluated at
only three detunings, the predicted SP values at these points depend on the full continuation
along Dygy; any mismatch of the dynamics at detunings above the target values (i.e. closer to
resonance) can propagate through the continuation and indirectly degrade the agreement
at —200, —210, and -215 GHz. This explains why the fit quality can appear noticeably
worse near the detunings above and below the three selected points, and why the cost
cannot be further reduced without losing the good agreement in the region where the SP
oscillation is best defined. In practice, this trade-off is unavoidable: in order to correctly
reproduce the non-linear branch and the SP behaviour at the three anchor detunings, the
model must be continued from the cold resonance through a region where the fit to the

experimental SP may be less accurate.
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3.6.2.3 SP - Cost Function

The fitting procedure uses only the SP frequencies at the three selected detunings as

explicit cost points. Denoting the experimental SP values as

SP(-200 GHz) SP,,(—200 GHz; v)
Yexp = |SP(-210 GHz) | , Ymodel (V) = |SP,, (=210 GHz; v) | ,
SP(-215 GHz) SP,,(—215 GHz; v)

the scalar SP-only cost function implemented in objective_SP is defined as the mean-

squared error

1 S 2
J(v) = 3 ||Yexp - Ymodel(v)”2 = 3 Z [SPexp(Dk) = SPu(Di;v)|
k=1

with the SP frequencies used directly in megahertz, without any additional scaling. The
reported best cost value cost = 0.324211 therefore quantifies the normalized squared
error between experiment and model over these three anchor detuning points, after full
continuation along the non-linear resonance branch from the cold detuning down to
—-215 GHz.

Table 3.1: From the SP-only fit at 0 V, together with the fixed thermo-optic coeflicient and
the linear cavity parameters extracted independently from the linear transmission fit.

Parameter Symbol Value Description

Free-carrier lifetime Tte 2.90 ns Fitted non-linear carrier timescale
d

Free-carrier dispersion ﬁ ~1.01x 107" m*® Fitted FCD coefficient

Thermal relaxation time Tih 38.16 ns Fitted thermal timescale
d

Thermo-optic coefficient d—; 1.86 x 107 K~!  Fixed material constant

Coupling loss rate Yeoup 1.54 x 109 s~ Fixed from linear fit

Linear absorption rate YVabs 2.18 x 108 57! Fixed from linear fit

Radiation loss rate Yrad 458 x 10'9s~!  Fixed from linear fit

3.6.2.4 Extraction of the Free-Carrier Lifetime as a Function of Reverse Bias

Once the 0 V parameter set is obtained from the SP-only PSO optimisation, the next step
is to determine how the free-carrier lifetime ¢ changes with applied reverse bias. The
goal is to extract 1¢. (V) directly from the experimentally measured SP frequency at a fixed
detuning of —200 GHz. This procedure is implemented in the second part of the code and

is conceptually separate from the PSO fit: ¢ is not re-optimised via PSO for each voltage,
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but instead is inferred by forward-model evaluation.

The code first constructs a dense detuning grid,
Awgown = {+50 GHz — —-400 GHz},

and performs a full non-linear sweep from positive detuning down to —200 GHz, using

the continuation strategy

Xi+1(0) = X;(fend),

where x(7) = [AT(t), N(t)] are the thermal and carrier state variables. This ensures
that the model follows the same non-linear resonance branch as in the experiment. The
full sweep is executed once using the fitted O V parameters, including the extracted
Tre = 2.90 ns. This step provides a physically correct initial condition at —200 GHz,

x\% = [ATa00, Naool,

which is then reused for all subsequent biased simulations.

To extract the voltage-dependent free-carrier lifetime 7¢.(V), the model is evaluated at a
fixed detuning of —200 GHz while sweeping ¢ over a discrete set of values. For each
candidate lifetime, the system dynamics are integrated , which returns the corresponding

steady-state self-pulsing frequency SP,,(—200; 7). In this way, an explicit mapping
Tte —> SP,,(=200; 7¢)

is constructed numerically.

In parallel, the experimentally measured self-pulsing frequencies at the same detuning of
—200 GHz are obtained under various applied reverse-bias voltages as shown in the Fig
3.8(c). Table 3.2 summarizes the lifetimes used in the model sweep, the corresponding

experimental SP frequencies, and the applied voltages for direct comparison.

The model-experiment comparison in Table 3.2 therefore provides a consistent basis for
extracting 7¢ (V) and calibrating the voltage dependence of the free-carrier dynamics in

the device.

The extracted lifetime 7t (V) is obtained by matching each experimental value with the

corresponding model value at =200 GHz, i.e.,
SP,,, (=200; 76 (V) = SPexp(—200; V).
Because the model predicts an approximately monotonic decrease of ¢, with increasing
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Table 3.2: Deduced free-carrier lifetimes ¢, with estimated uncertainties, corresponding

experimental self-pulsing (SP) frequencies, and applied reverse-bias voltages at a detuning

of =200 GHz.
Reverse Bias V (V) Tge (NS) SP Frequency (MHz)

0.0 2.90+0.20 58
-0.1 2.68 £0.15 60
-0.2 0.82 £0.07 104
-0.3 0.76 + 0.06 110
-0.4 0.74 £ 0.04 112
-0.5 0.66 + 0.04 119
-0.6 0.65+£0.03 121
-0.8 0.64 £0.03 123
-1.0 0.58 +0.03 126

reverse bias, and because continuation ensures the correct non-linear state at —200 GHz,
the resulting 74 (V) curve is smooth and physically consistent. The extracted data show
a strong voltage-dependent reduction in free-carrier lifetime, from ;. = 2.90 ns at 0 V

down to 1r. = 0.58 ns at —1 V.

This approach is justified by the fact that the SP frequency is primarily determined by the
fast carrier-recovery timescale in the non-linear limit cycle, while the other non-linear and
linear parameters are held fixed from the O V optimisation. Thus, 7. becomes the sole
degree of freedom required to explain the voltage-dependent SP behaviour. The excellent
agreement between model predictions and experimental SP frequencies demonstrates
that the voltage-tuned carrier extraction in the p-n junction is the dominant mechanism

governing the observed shift in the limit-cycle frequency.

3.6.2.5 High Power Results and Discussion

The extracted free-carrier lifetime at O V, 7. ~ 2.9 ns, is consistent with carrier recom-
bination dynamics in p-n-integrated silicon photonic devices and sets the fast nonlinear
timescale governing the high-frequency component of the self-pulsing oscillation. In
contrast, the thermal relaxation time, 74, ~ 38 ns, is an order of magnitude slower and
provides the delayed feedback responsible for the relaxation-type limit-cycle dynamics

characteristic of self-pulsing.

The extracted dispersion coefficient,

d
D _101%x10°Y m’,
dN

lie within the established physical ranges for silicon at telecom wavelengths.
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This SP-only fitting procedure establishes a physically reliable baseline for the subsequent
analysis of reverse-bias tuning. Since the thermal response is voltage-independent, the
extracted 7y, at 0 V provides a fixed reference, while voltage-dependent variations in 7

can be quantified and modelled as a function of applied bias in the following sections.

Figures 3.8(a—d) shows experimental results of how a reverse bias across the embedded
p—i—n junction controls self-pulsing (SP) in the silicon microring. The results are obtained

at a fixed input power P;, = 36 mW, while the reverse bias is varied from 0 to —1 V.

As shown in panel (b), at V = 0V, tuning the laser toward the cavity resonance initially
induces a non-linear shift in the resonance frequency. At moderate detuning, self-pulsing
(SP) oscillations emerge, with the oscillation frequency increasing as the detuning is
further increased. Beyond a critical detuning of approximately —345 GHz, the SP abruptly
disappears as the transmission trace exhibits a sharp jump back to unity, indicating that
the ring has moved out of resonance and the intracavity energy has collapsed. This
behavior confirms that sustained SP oscillations require sufficient optical energy to remain
trapped inside the resonator. AtV = 0V, the SP frequencies occur only within a distinct
detuning window of roughly 180 GHz, beyond which the system relaxes back to a stable,

non-oscillatory state.

Panel (c) focuses on the scenario where the detuning values are fixed at —180 GHz,
—200 GHz, and —-220 GHz. For all three detuning points, the SP frequency increases
monotonically with increasing in reverse bias, exhibiting an approximately linear depen-
dence over the displayed bias interval. We also observe that for the initial detuning of the
—180 GHz, the SP disappears at the -0.5 V. The differing slopes for each detuning reflect
operating-point sensitivity: variations in the steady-state intracavity power and its deriva-
tives with respect to detuning weight the carrier-mediated feedback differently, producing

distinct frequency—bias characteristics at each operating point.

Panel (d) shows the time-domain traces at a fixed detuning of —200 GHz, clearly il-
lustrating the acceleration of SP dynamics. The oscillation frequency increases from
58.15MHz + 291 MHz at OV, to 110.28 MHz + 5.51 MHz at —0.3V, and further to
119.30 MHz + 5.96 MHz at —0.5 V. The pronounced initial frequency jump, followed
by a more gradual rise, suggests mild saturation effects. This behaviour is consistent
with the interpretation that once 77.(V) approaches other limiting internal timescales,
further reductions in carrier lifetime produce only diminishing increases in the limit-cycle

frequency.

Figure 3.10 compares the experimentally measured self-pulsing (SP) frequencies (orange
square markers) as a function of the applied reverse-bias voltages listed in Table 3.2 with

the model predictions (solid blue line), which describe the SP frequency as a function
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of the free-carrier lifetime. In the same figure, the SP theory fit (dashed magenta line)
corresponds to a fit obtained using Eq. 3.18. The strong agreement between the experi-
mental data and the theoretical model demonstrates that the SP frequency is governed by
the free-carrier lifetime, 7¢.. This dependence is strongly non-linear: relatively modest
reductions in g, from 3 ns to approximately 0.5 ns, result in substantial increases in the
SP frequency. The blue curve further illustrates a model-based extrapolation of the SP

frequencies over a broader range of free-carrier lifetimes.

As can be observed in Fig. 3.10, as the free-carrier lifetime 7 is reduced, the self-pulsing
(SP) frequency fsp increases and shoots up for shorter carrier lifetimes. This behaviour
is consistent with the fact that the carrier population governs the strength and speed of
the free-carrier dispersion (FCD) modulation in silicon: a faster carrier decay enables
quicker refractive-index recovery, thereby shortening the characteristic oscillation period

and increasing the SP frequency.

To capture this dependence, we model the SP frequency using a reduced two-time-scale
description in which the free-carrier lifetime 7. and the thermal relaxation time 7y, jointly

determine the oscillation rate. The scaling relation takes the form

A
V Tth Tfc ,

where Ty, is the effective thermal relaxation time of the microring, ¢ is the free-carrier

fsp(Tc) =

(3.17)

lifetime, and A is a dimensionless prefactor capturing geometric constants, non-linear
interaction strength, and higher-order corrections in the simplified analytical model. In

Eq. (3.17), fsp is expressed in hertz and the lifetimes are expressed in seconds.

For practical comparison to the experiment, we express the lifetimes in nanoseconds and

the frequencies in megahertz.

f (MHz)

‘ 10°A
SP (Tf(cm))

- (3.18)

(ns) (ns)’
Vin Y

where Tt(hns) and Tf(cns) are expressed in nanoseconds. Equation (3.18) is then fitted to the
(n

experimental SP frequencies in the range 0.30 ns < 7 V<3 ns, where the oscillations

are stable and well resolved.

Using particle swarm optimization (PSO), the best-fit parameters are found to be

A=059%, 1" =38.036ns. (3.19)
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Figure 3.10:  Extracted free-carrier lifetimes obtained by fitting the experimentally
measured self-pulsing (SP) frequencies at a fixed detuning of —200 GHz and an input
power of P = 36 mW. The blue curve represents the model-generated SP frequencies
evaluated over an extended range of free-carrier lifetimes. The magenta curve shows the
theoretical SP-frequency model of Eq. (3.18), fitted to the experimental data.

The extracted thermal relaxation time of 7y, = 38 ns is fully consistent with the expected
thermal response time of the silicon microring at 0 V reverse bias. This agreement
indicates that the reduced SP model captures the dominant interplay between thermal and

free-carrier dynamics and accurately reflects the operating physical regime of the device.

Figure 3.11 shows the deduced free-carrier lifetime 7y as a function of the applied reverse-
bias voltage |Viey|, fitted exponential saturation model in [152]. The model has following

form

ch(V) = Tfc,sat T (chO - ch,sat) e_V/VT’ (3.20)

where Ty is the low-bias free-carrier lifetime, 7¢ ¢4 1S the saturated lifetime at large reverse
bias, and V- is the characteristic voltage determining the rate at which the transition between

these two regimes occurs.
Fitting Eq. (3.20) to the experimental data yields

The extracted parameters in Table 3.3 indicate that at zero applied voltage the microring
exhibits a relatively slow free-carrier recombination time of 7¢o ~ 3.12 ns, consistent with

the intrinsic carrier lifetime of the waveguide region in the absence of an electric field.The
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Figure 3.11: Free-carrier lifetime plotted as a function of the applied reverse-bias voltage.
The extracted life time is fitted lifetime—voltage model. The extracted parameters are given
inside the plot. Measurements correspond to a detuning of —200 GHz and an input power
of P =36 mW.

Table 3.3: Extracted parameters from the t¢.—voltage fit.
Parameter Value
Tic0 (low-bias lifetime) 3.12 ns
Tt sat (saturated lifetime)  0.62 ns
V: (characteristic voltage) 0.10V

saturation value 7. s5r & 0.62 ns represents the limit imposed by the fastest field-assisted

extraction achievable in this device geometry.

The characteristic voltage V> ~ 0.10 V quantifies the voltage scale over which the lifetime
transitions from its intrinsic value to its field-assisted saturated value; this small value
indicates that even modest reverse biases significantly improve carrier extraction efficiency.
Overall, the fitted curve shows excellent agreement with the experimental r¢.—voltage
trend and accurately captures the enhanced free-carrier sweep-out dynamics induced by

the applied reverse bias.

Then, in Fig. 3.9, we plot the transmission through the through-port together with the
corresponding self-pulsing (SP) frequencies for four representative values of the extracted
free-carrier lifetime 7¢.. The maps are generated by sweeping the laser frequency from

higher to lower values.

The resulting diagrams highlight the detuning windows in which SP oscillations emerge
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Table 3.4: Extracted non-linear transmission-fit parameters for -1 V . The fit is over all
detuning range as shown in Fig 3.12

Parameter Value

Radiative loss rate Yrad = 3.63 x 1019 rad/s (5.78 GHz)
Absorption loss rate YVabs = 1.69 X 10'%rad/s (2.69 GHz)
Coupling rate Yeoup = 7.58 X 10° rad/s (1.21 GHz)
Total loss rate Yot = 6.08 x 10'%rad/s (9.68 GHz)
Free-carrier lifetime Tr. = 0.100ns

Thermal relaxation time Tth = 35.69ns

Carrier-induced index change dn/dN = -1.0864 x 1072" m?

and subsequently disappear as 7y is varied.The can be seen at the either edges of the SP
maps by just looking over the detuning values. Though the window of SP appearance on
the edges is narrow but it give plausible picture of the phenomena. As the free-carrier
lifetime decreases, these SP windows progressively shrink in width across the detuning
axis. At the same time, the SP frequencies within the remaining windows increase,
reflecting the faster carrier dynamics associated with shorter 7¢.. This behavior illustrates
how the interplay between carrier sweep-out and optical feedback reshapes the stability

landscape of the system as the effective carrier lifetime is reduced.

3.6.2.6 Full detuning sweep fit for —1 V and High SP Frequencies

Figure 3.12 shows the experimental transmission and self-pulsing (SP) frequency over the
full detuning sweep at a reverse bias of —1 V, together with the corresponding theoretical
fit. The parameters extracted from the fit are summarized in Table 3.4. The particle
swarm optimization (PSO) fitting procedure yields a best cost value of 0.20, indicating
good agreement between the model and the experimental data. The fitted curves closely
overlap with the experimentally observed SP detuning windows. In addition, the SP
window exhibits a noticeable detuning lag relative to the transmission jump to unity when
compared to the O V case where the SP cease at the same detuning value where the

transmission jumps back to the unity.

Under a reverse bias of —1 V, the disappearance of self-pulsing (SP) occurs at a smaller
detuning than the recovery of the transmission to unity, indicating that the condition for
dynamical instability is lost while a nonlinear steady state still persists. The effective

cavity detuning can be expressed as

Aeff = Alaser - Ath(T) - Afc(N)’ (321)
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Figure 3.12: Experimental transmission spectra panel (a) and self-pulsing (SP) frequency
panel (b) as a function of detuning for a reverse bias of —1 V. Red dashed curves represent
the experimental data, while black solid curves correspond to the theoretical fit, showing
good agreement across the full detuning sweep.

where Ajaser 1S the laser detuning, while Ay, (7) and Ag(N) denote the thermally in-
duced and free-carrier—induced resonance shifts, respectively. A pushed transmission
branch only requires the existence of a nonlinear steady-state solution of the coupled
field—carrier—thermal rate equations, characterized by a nonzero dependence of A.g¢ on
the intracavity power P = |a|?. In contrast, SP corresponds to a Hopf instability of this
steady state and arises when the delayed nonlinear feedback provided by the carrier and
thermal dynamics causes the real part of an eigenvalue of the Jacobian to become positive,
Re(Amax) > 0. Under reverse bias, carrier sweep-out reduces the effective carrier lifetime
Tr. and enhances free-carrier absorption, thereby increasing the effective cavity loss and
suppressing the delayed feedback strength required for the Hopf instability. As aresult, the
condition Re(Amax) > 0 is no longer satisfied at smaller detuning, leading to the disappear-
ance of SP. However, because the thermal nonlinearity evolves on a much slower timescale
(Tin > T1c), the nonlinear steady-state solution remains stable over a wider detuning range,
allowing the transmission to remain in the pushed branch until the steady state collapses
via a saddle-node bifurcation, at which point the transmission jumps back to unity. In
contrast, at 0 V bias the longer carrier lifetime preserves sufficient delayed feedback such
that the Hopf bifurcation and the collapse of the nonlinear steady state occur at nearly the

same detuning, causing SP to disappear simultaneously with the transmission recovery.

From the transmission fit in the non-linear regime, we extract a radiative loss rate of
Yrad = 3.63 x 10'%rad/s, an effective absorption loss of yaps = 1.69 X 10'%rad/s, and a
coupling rate of ycoup = 7.58 X 10° rad/s. Compared to linear resonator characterization
(7 = 4.58 x 100 rad/s, y "), = 2.18 x 108 rad/s, and ylop = 1.54 x 10'0rad/s),

the non-linear fit reveals a reduction of the radiative loss by approximately 21% and of

the coupling rate by approximately 51%, while the effective absorption loss increases by
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nearly two orders of magnitude.

Despite these pronounced changes in individual loss channels, the total cavity loss remains
nearly conserved. The total loss rate extracted from the non-linear transmission fit is
Vt(o_th) = 6.08 x 10'%rad/s, which differs by only ~ 1% from the linear value yt(éitn) =
6.14 x 1010rad/s. This indicates that, although the individual loss mechanisms are
significantly modified under reverse bias, the non-linear dynamics primarily redistribute
dissipation among radiation, coupling, and absorption channels. So the asummption of

keeping the total loss same from the linear fit still hold true for the fit of -1 V.

At —1 V, the free-carrier lifetime is 7i. = 0.100ns, and the thermal relaxation time
is Ty, = 35.69 ns, while the carrier-induced refractive index change is characterized by
dn/dN = —1.0864x 107" m>. These values can be directly compared with the parameters
obtained at 0 V, listed in Table 3.1.

Quantitatively, the carrier-induced refractive index coefficient changes by only ~ 7.6%,
increasing in magnitude from dn/dN = —1.01 x 107" m? at 0 V to dn/dN = —1.0864 x
1072’ m? at —1 V, confirming that the plasma-dispersion response remains largely bias-
independent. Similarly, the thermal relaxation time decreases by only ~ 6.5%, from
Tth = 38.16 ns at 0 V to 1, = 35.69 ns at —1 V, indicating that the thermal dynamics
are only weakly affected by the applied reverse bias. In contrast, the free-carrier lifetime
is reduced by more than an order of magnitude, highlighting that the dominant effect of
reverse bias is the acceleration of carrier dynamics rather than modifications to thermal or

refractive material parameters.

This demonstrates that reverse bias primarily modifies the carrier dynamics without signif-
icantly altering the intrinsic optical properties of the resonator. While the individual loss
channels are strongly redistributed—most notably through enhanced effective absorption
and reduced external coupling—the total cavity loss remains nearly unchanged, validating
our assumption of a bias-independent total loss in the non-linear fitting procedure.This
redistribution of loss channels can be consistently interpreted within the coupled-mode
framework of the bus-ring interface. In particular, the observed reduction in external loss
under reverse bias corresponds to a decrease in the effective coupling between the bus
waveguide and the ring resonator. In the language of coupled-waveguide theory, reverse
bias modifies the local refractive index via free-carrier depletion, thereby changing the
propagation constant of the ring mode relative to that of the bus waveguide. This induces a
finite propagation-constant mismatch, A8 = Byus — Bring, Which suppresses power transfer
between the two guides. As shown by the coupled-mode equations, a nonzero AS reduces
the maximum coupling efficiency according to Py max = K2/ (k> + (AB/2)?), effectively

weakening the external coupling without requiring a change in the physical gap or overlap
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Figure 3.13: Panel (a) shows the experimental transmission spectra and self-pulsing (SP)
frequency as a function of detuning for a reverse bias of —5 V. Panel (b) shows the
experimental temporal waveform measured at a selected detuning of —320 GHz within the
SP detuning window at —5 V, confirming stable self-pulsing dynamics in the time domain.

integral. Consequently, while the intrinsic absorption increases due to enhanced carrier-
related loss mechanisms, the reduced evanescent coupling compensates for this change,
leaving the total cavity loss nearly unchanged. This explains why reverse bias primarily
alters the carrier dynamics—manifested as a persistent reduction in the free-carrier life-
time—while preserving a bias-independent total loss, thereby justifying the assumptions
employed in the nonlinear detuning-sweep fitting procedure. Whereas persistant substan-
tial reduction in free-carrier lifetime under reverse bias at the total detuning sweep fit at

-1 V validates also our previous results where the carrier life time is decreased.

Figure 3.13(a) shows the experimental transmission and self-pulsing (SP) frequency map
measured at an input power of 36 mW, with the laser swept over the indicated detuning
range under a reverse bias of —5 V. Compared to the 0 V and —1 V cases, the SP frequency
window is noticeably shifted toward larger negative detuning values. In addition, the SP
frequency drops to zero already at a detuning of approximately —200 GHz. At the same
time, the overall SP frequency range over the detuning values is compressed at the same
time SP frequencies reaching up to 190 MHz. Consistently, the transmission resonance

dip is also shifted toward lower detuning values compared to the 0 V and —1 V cases,
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reflecting the stronger bias-induced modification of the intracavity dynamics.

Panel (b) shows the experimentally measured temporal waveform at a selected detuning of
—320 GHz within the self-pulsing (SP) window at a reverse bias of —5 V. The time trace
exhibits a smooth and nearly sinusoidal oscillation with a frequency of approximately
190 MHz, confirming stable self-pulsing behavior in the time domain. Notably, the asym-
metry observed in the oscillations at lower reverse biases is no longer present, and the
temporal waveform becomes nearly sinusoidal. This transition reflects a suppression of
higher-order nonlinear contributions associated with the delayed free-carrier dynamics.
At high reverse bias, rapid carrier sweep-out significantly shortens the free-carrier life-
time, reducing the phase lag between the intracavity optical field and the carrier-induced
refractive index change. As a consequence, the system dynamics are dominated by a sin-
gle oscillation frequency with reduced waveform distortion. Upon further increasing the
reverse bias to —7 V, self-pulsing is no longer observed over the entire detuning range. At
this bias, the free-carrier lifetime is sufficiently reduced that the carrier-induced refractive
index modulation becomes too weak to destabilize the steady-state solution. Consequently,
the system remains in a stable fixed point, as the carrier-mediated nonlinear feedback is

unable to overcome cavity losses and damping required to sustain a Hopf instability.

3.7 Comparison to previous work

Unlike prior diode-integrated silicon resonator studies, where the free-carrier lifetime is
obtained from pump-probe measurements, relaxation-time fitting, or treated as a phe-
nomenological parameter, in this work 74 (V) is directly extracted from the measured
self-pulsing frequency under fixed optical power and laser—cavity detuning. Table 3.5
shows this work to the previous work comparison in the extraction of the free carrier life

time and the methods used to do so.

3.8 Conclusion

In this chapter, we investigated optical non-linear control in a p-n embedded silicon mi-
croring resonator, with a focus on self-pulsing (SP) driven by the coupled dynamics of
two-photon absorption (TPA), free-carrier effects (FCD/FCA), and thermo-optic (TO) res-
onance shifting. Using a temporal coupled-mode theory (TCMT) framework augmented
with carrier and thermal rate equations, we established a unified dynamical model in which

the intracavity field, carrier density, and temperature form a non-linear delayed-feedback
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Table 3.5: Comparison of silicon microring resonator studies on self-pulsing (SP), free-

carrier lifetime (7g.) treatment, and reverse-bias control of oscillation dynamics.

Reference Device / Junction (Si Mi- SPStudied Method to Estimate 7y Reverse-Bias Controlof ~ Operating Conditions  Reverse-Bias Range ~ Highest Reported
croring) SP Frequency (Power & Detuning) SP Frequency

[146] Silicon ring cavities with  Yes (free- T treated as a key tunable  Predicted influence via  Systematically analyzed ver- Not experimentally ~ Not the primary
free-carrier dynamics (theo-  carrier parameter in nonlinear dy-  carrier lifetime reduction  sus pump power and detun-  specified (theoretical — metric (focus on
retical, PIN-controlled car-  oscilla- namical coupled-mode the-  (no direct experimental ing in stability maps treatment) oscillation  condi-
rier sweep-out discussed) tions and  ory bias sweep) tions and instability

instability thresholds)
regimes)

[152] Silicon microring with lat-  Indirect ¢ implicitly included in  Noexplicit SP-frequency ~ Nonlinear dynamics ana- Reverse bias applied ~SP frequency not
eral diode (free-carrier re- (multista-  carrier—thermal dynamical  tuning via reverse bias lyzed over detuning and in-  for carrier removal explicitly reported
moval platform) bility and  modeland fittedtorelaxation  demonstrated put power regimes (exact SP  tuning  (focus on relaxation

dynamical behavior range not the focus) dynamics)
relaxation

near insta-

bility)

[142] PIN-integrated silicon mi-  Yes (self- Qualitative lifetime reduc- Yes, SP frequency in- Power and detuning consid- ~ Small  reverse-bias  ~10-30 MHz
croring resonator on chip pulsing os-  tion due to carrier sweep-out  creases with reverse bias  ered, but not strictly fixed  regime (few volts) (multi-MHz ~ self-

cillator) under reverse bias during bias—frequency scal- pulsing regime)
ing

[153] Silicon microring resonator ~ Yes (oscil-  Temporal coupled-mode the-  No electrical bias control  Detailed detuning-  No junction bias Frequency  scale
(carrier—thermal nonlinear latory and  orywith carrierrate equation  of SP frequency dependent nonlinear  (passive  nonlinear  determined by
dynamics model) instability (77, as fitting/model param- dynamics and  stability microring model) model parameters

regimes eter) analysis (not bias-tuned
modeled) experimentally)

[39] PN-junction embedded sil-  Yes (exper- T calculated from interface  No; reverse bias sup-  Explicit mapping of SP ver-  Reverse bias applied  ~10-18 MHz
icon microring resonator  imental SP recombinationmodeland fit-  presses SP by strongly  sus input power (8-11 dBm)  (e.g.. probe condition
(CMOS SOI platform) and bista- ted in CMT-based simula-  shortening carrier life- and wavelength detuning around ~-1 V)

bility) tions (e.g., ~3 ns to ~30 ps  time
with probe)
This Work Lateral PN-integrated sil-  Yes (stable  Direct extraction via SP-  Yes; monotonic increase  Explicitly measured at fixed 0V to~-5V (reverse ~ Up to ~190 MHz

icon microring resonator and bias-  frequency-to-model match-  of SP frequency with re-  input power (e.g., 36 mW) bias)
(SOI, CMOS-compatible) tunable ing using nonlinear temporal  verse bias at fixed optical ~ and controlled laser—cavity

self- coupled-mode theory with  power and selected de-  detuning sweeps

pulsing) Tg (V) as the only varying  tuning values

parameter

loop. This model reproduces the transition from stable continuous-wave operation to
limit-cycle oscillations and captures the characteristic dependence of SP on input power

and laser—cavity detuning.

Low-power measurements provided a consistent linear calibration of the resonator re-
sponse, enabling extraction of the coupling and loss rates and validating the baseline op-
erating point of the device under forward- and reverse-bias conditions. In the high-power
regime (Pj, = 36 mW), we experimentally observed robust SP oscillations over a finite
red-detuned window. At fixed optical power and detuning, applying reverse bias across
the p-n junction produced a systematic acceleration of the SP dynamics: the oscillation
frequency increased monotonically with increasing reverse bias, directly demonstrating
electrical control of the non-linear limit cycle. This trend is consistent with carrier sweep-
out in the depletion regime, which reduces FCA and, more importantly, shortens the
effective free-carrier lifetime, thereby reducing the feedback delay that sets the oscillation

period.

By first fitting the unbiased (0 V) SP response using a constrained SP-only particle swarm
optimization procedure, we established a physically consistent parameter set that isolates
the key non-linear timescales of the system. The extracted values, ¢, ~ 2.90 ns and
T ~ 38 ns, confirm the expected two-time-scale nature of SP in silicon microrings: fast
carrier dynamics shape the high-frequency modulation, while slower thermal relaxation
provides the restoring mechanism required for relaxation-type oscillations. Holding the

remaining parameters fixed, we then extracted the voltage-dependent free-carrier lifetime
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Tt (V) directly from the measured SP frequency at a fixed detuning. The inferred lifetime
decreases sharply with modest reverse bias and saturates at sub-nanosecond values, quan-
titatively linking the observed frequency enhancement to electrically accelerated carrier
removal. A simple saturation model accurately describes this behaviour and highlights
that relatively small reverse biases already push the device close to its carrier-extraction
limit.

Finally, mapping the model response for representative extracted lifetimes showed that
decreasing t¢. reshapes the non-linear stability landscape: the SP detuning window narrows
while the achievable oscillation frequency increases. This trade-off provides a practical
design and operating guideline for electrically tunable non-linear oscillators based on
silicon microrings: reverse bias enables higher-speed SP operation, but over a reduced

detuning range.

Overall, the results demonstrate that p-n integration provides an effective electrical knob
to control self-pulsing in silicon microring resonators by tuning the free-carrier lifetime,
enabling compact, bias-tunable on-chip oscillators. These findings are directly relevant
for integrated microwave photonics, optical signal processing, and non-linear frequency
generation, and they motivate future work on extending the controllable bias range, im-
proving thermal engineering to stabilize or broaden the oscillation window, and explor-
ing injection-locking or synchronization schemes for low-noise, application-oriented SP

sources.
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Table 3.6: List of all parameters used in the simulations shown in Fig. 3.4 and Fig. 3.5.

Symbol Description Value Units Source

c Speed of light 3.0 x 103 ms~! Constant

h Reduced Planck constant 1.0545718 x 10734 Js Constant
Ay Resonant wavelength 1549.7 nm Exp

wo Resonant frequency 2nc/ A, rads™! Exp

Yrad Radiative loss rate 4.58 x 1010 rads” Fit

Yabs.lin Linear absorption rate 2.18 x 108 rads™! Fit

Yeoup Bus coupling rate 1.54 x 1010 rads™! Fit

K Field coupling amplitude i\/Ycoup s~1/2 Fit

ng Group index 3.476 - [148]

Jsi FCA cross section 1 x 1072 m? [148]

psi Silicon density 2330 kgm™ [38]

C Silicon heat capacity 700 Jkg ' K1 [38]

I'rca FCA modal overlap 0.9996 - Simulation
I'rpa TPA modal overlap 0.9964 - Simulation
I'n Thermal overlap 0.9355 - Simulation
VEca Free-carrier volume 2.36x 10718 m3 Simulation
Vrpa TPA volume 2.59x 10718 m3 Simulation
Vin Thermal volume 3.19x 10718 m3 Simulation
Bsi TPA coefficient 8.4x 10712 mW-! [148]

Tfe Free-carrier lifetime 5x107° S Bias dependent
dn/dN  Plasma-dispersion coefficient —1.73 x 10727 m? [148]

Tth Thermal relaxation time 55%x107° S Fit

dn/dT  Thermo-optic coefficient 1.86 x 10~ K™! [148]

c4 FCA loss coeflicient I'rcaosic/ng m3s~! Derived

c3 TPA loss coeflicient TrpaBsic?/ (néVTpA) (J s)_1 Derived

c? Carrier generation coefficient T'rcaBc?/ (2hw0VI§ ) m3J2s7! Derived
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Chapter 4

Non-Hermitian Coupled Microring
Resonator Circuits - Taiji- CROW

4.1 Introduction

In the previous chapters, we explored active control of optical effects in silicon photonics
through both thermo-optic and electro-optic mechanisms. The first approach, implemented
using a 3 X 3 coupled-waveguide structure with an integrated microheater, demonstrated
dynamic tuning and routing of light among different waveguides via thermal modulation
in linear regime. The second approach employed a p-n integrated microring resonator,
where carrier injection and depletion under reverse bias enabled electro-optic tuning of the
resonance condition and control over the self-pulsing frequencies arising from non-linear

interactions.

Building on these foundations, we now turn to a new frontier in integrated photonics:
the realization of Hermitian and non-Hermitian behavior through engineered coupling in
microring resonator circuits. In contrast to purely index-based modulation or symmetri-
cal evanescent coupling, these systems intentionally incorporate directional coupling to
reshape the underlying Hamiltonian of the device. Such control expands the design space
of silicon photonics, enabling phenomena such as chiral light transport, linewidth redis-

tribution, and the emergence of exceptional points within CMOS-compatible platforms.

This shift from conventional refractive-index engineering to Hamiltonian-level control is
closely aligned with broader efforts to emulate concepts from condensed-matter physics in
photonic structures. The discovery of the integer quantum Hall effect, revealing quantized
Hall conductance as a hallmark of topological order [154], inspired analogous explorations

in optical systems, where coupled microring resonators can be arranged into periodic
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lattices that mimic electronic tight-binding models. Such photonic lattices reproduce
features such as Hofstadter’s butterfly [155] and support unidirectional edge transport
without requiring magnetic fields, as shown in a range of seminal works [156—161].In these
photonic lattices, synthetic gauge phases are introduced within each unit cell, giving rise to
optical edge states that are resilient to disorder and backscattering. Early demonstrations
achieved such synthetic magnetic fields using two-dimensional plaquettes composed of

four site MRs connected via auxiliary coupling rings [156, 157].

However, in realistic nanophotonic platforms, surface roughness and fabrication imper-
fections couple the forward (CW) and backward (CCW) propagating modes, degrading
chirality and compromising the topological protection of optical modes by mediating spin-
mixing inside each site resonator. To preserve directional transport in topological micror-
ing lattices, one must operate in a regime where the designed complex coupling pathways
and gain-selection mechanisms overwhelm disorder-induced backscattering. Imposing
a synthetic gauge flux in coupled-ring arrays and selectively amplifying the chiral edge
band has enabled the realization of topological chiral lasers whose edge emission remains
robust against disorder [162—-167]. In these systems, the suppression of backscattering is
not solved inside the ring itself, but rather at the network level by enforcing a spectrally

isolated unidirectional edge supermode that survives perturbations.

A distinct and complementary strategy is to modify the internal scattering channels of
each site resonator so that the device itself becomes asymmetric at the modal level. A key
element in this direction is the Taiji microring resonator — a ring resonator incorporating
an internal S-shaped waveguide that implements directional CW — CCW conversion
while suppressing the reverse process [168]. The S-bend therefore acts as an internal non-
Hermitian directional coupler, creating controllable chirality that recycles backscattered
amplitude into the lasing spin, thereby mitigating detrimental spin-mixing in topological
microring matrices [25, 105, 158, 169, 170]. This Taiji-based mitigation has been theoret-
ically proposed and analysed to stabilize single-pseudospin lasing in topological CROWs
even in the presence of realistic disorder [170]. Nevertheless, practical implementation
remains sensitive to fabrication tolerances and refractive-index fluctuations, which can

partially offset the intended nonreciprocity and shift the resonance condition [62, 170].

In this chapter, we present the analysis, design, and experimental realization of a coupled
microring resonator circuit based on Taiji resonators — referred to as the Taiji-CROW (
Taiji- Coupled Resonator Optical Waveguide). The system consists of two taiji microrings
connected by an intermediate link ring, forming a minimal non-Hermitian photonic system
with tailored inter-ring coupling and asymmetric intra-ring scattering. By systematically

quantifying the ratio between inter-resonator coupling and parasitic backscattering from
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Figure 4.1: The Taiji-CROW device. Two Taiji microrring resonators (left and right)
are coupled via a middle “link” microresonator. Starting from the left Taiji ring, the
CW (CCW) mode is indicated by a numbered black (red) arrow beneath the resonator.

The same color coding is preserved through the coupled-resonator chain: 1 — 3 — 5
correspond to CW (black), and 2 —4 — 6 correspond to CCW (red).

the experimental results through fitting the model, we derive design rules for achieving
robust chiral coupling and preserving non-Hermitian features in silicon photonic circuits.
These results provide practical guidelines for implementing scalable topological and non-

Hermitian photonic architectures within CMOS-compatible integrated platforms.

4.2 The Physical System and Theoretical Model

Figure 4.1 shows the Taiji-CROW structure, composed of two Taiji microring resonators
(MRs) coupled through a central link MR and interfaced with two parallel bus waveguides
that define four optical I/O ports at their terminations. Each Taiji resonator integrates an S-
shaped waveguide that enforces directional mode conversion: the clockwise (CW) mode is
coupled into the counter-clockwise (CCW) mode, while the reverse process (CCW—CW)
is strongly suppressed. This asymmetric intermodal coupling breaks Hermitian reciprocity

and renders the Taiji resonators intrinsically non-Hermitian [44, 111, 168].

Within the TCMT, the propagating modes obey the differential equation [111]:

— =Ha -E. 4.1
i— o 4.1)

where bold symbols are vectors or matrices. « is the vector associated with the field
amplitude of the modes in each MR where the elements are a;, with j=I, ..., 6 as in

Fig.4.1. E is the vector associated with the input electric fields, such that
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Figure 4.2: Simulation: Transmission and reflection spectra under excitation from
port 1. The Taiji-CROW is simulated with the S-waveguide coupling disabled and with no
intrinsic backscattering unless otherwise stated. In the legends, the first digit denotes the
input port and the second digit denotes the output port. This convention is used throughout
this chapter unless stated otherwise. Panels (a)—(c) show spectra for three values of the
normalized coupling ratio 8/ = 0.04, 1, and 4, all with zero backscattering, Sys = 0 GHz.
Panel (d) corresponds to 8/ = 1 with a finite backscattering amplitude of By, = 0.01 GHz
applied uniformly to all rings and Taiji coupling set to 8,1 = B;2 = 0.04 GHz. The
directional coupling coeflicients are defined as §;; (GHz) and are chosen equal as 13 =
Boa = P35 = PBas = B (GHz), with backward couplings satisfying 8;; = —,8;.‘}. The
backscattering couplings are taken identical, B12 = B34 = Bs56 = Bvs (GHz), with the
corresponding reverse couplings given by B21 = Ba3 = Pes = —fB,. The resonant
frequencies are set equal, w; = wy = w3 = 0GHz, and the detunings are defined as
Aw = w — w; (GHz).
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Figure 4.3: Theory simulation of the Taiji-CROW response under excitation from
port 2. In the legends, the first digit denotes the input port and the second digit denotes the
output port. This convention is used throughout this chapter unless stated otherwise. All
parameters are expressed in units of GHz. The inter-resonator coupling is set to £13 = 10
with B35 = B3, Baa = B3s, and By = Baa. Backscattering is 812 = 4 and Hermitian
symmetry is imposed via 21 = —=B7,, B31 = =3, Ba3 = =B34, Bes = —Bsgs B53 = —Piss
Baz = —B5,, and Bea = —B;¢. The S-branch couplings satisfy I'sy = I's; and I's3 = Isy,
and the Taiji couplings satisfy 5> = B;1. Rings 1 and 4 are coupled to the bus waveguides
with 'y = I'y = yin+2I@s, where yiy = 0.5. The total losses are y; 1 = y13 = 't +¥ine +20s
and yi2 = 2I'1 + yine. Panels: (a) I's = 0 and backscattering disabled; (b) I's = 0 and
backscattering enabled (512 = 4); (c) backscattering disabled and Taiji coupling enabled
with I's = 4 (i.e. B;1 = B = 4Is); (d) both backscattering (81> = 4) and Taiji coupling
(I's = 4) enabled.

Here I'} and I'4 are the coupling coeflicients (coupling rates) between the bus waveguide
and the taiji MR. The 6 x 6 Hamiltonian H in Eq. (4.1) can be written as
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where w; are the MR resonance frequencies (i=1,2 and 3 for the left taiji MR, the link
MR and the right taiji MR, respectively), y;; are the total loss rates (includes intrinsic and
extrinsic damping rates) and S;; are the intermodal coupling coefficients. Here, the single
digit subscripts 1, 2 and 3 are used to represent MRs, while two-digit subscripts refer to
the coupling between different modes; for example, 21 coupling of a» to @ whereas S; 1
and ;> shows the coupling from a; to @> and a5 to a¢ respectively through the S-shape
waveguide. H in (4.1) refers to general Hamiltonian with system with backscattering and
coupling from the S shape waveguides and assumes that all the waveguides are single-
mode. It is also worth mentioning that y; and I'; are real numbers while ;; are complex

numbers. The input and output fields are related by [111]:

out,1 _ in,2 +l'\/2_F1 a1 ’ (4.42)
»Eout,2_ »Ein,l | »CYZ_
>E ] >E~ ] >a ]

ou3 | _ | T4t o |, (4.4b)
| Eoutd| |Ein3] @5 |

where in the steady state the propagating modes and electric fields are in the form of

a =ae " and E = ge™'!, respectively.

To understand how light propagates through the Taiji-CROW, we first set the backscattering
to zero and compute the output response as a function of the frequency detuning Aw =
w — w for the case w| = wy = w3. The inter-resonator coupling is fixed to B3 = 10 GHz
with the relations S35 = B13, B24 = 335, and B4 = B24. When backscattering is introduced,
itis setto 812 = 4 GHz, with the Hermitian relations 821 = —87,, 831 = =13, B43 = —B3,>
Bes = —Bsgs Bsz = =B, Ba2 = =By, and Bea = —B;¢. The S-shaped waveguide coupling
losses are defined as I'sp = I's; and I's3 = I's;, and the S-coupling strength is set to
Br2 = Bs1- Rings 1 and 3 are coupled to the bus waveguides with losses '] = I'y = yjn+21s
in the critical-coupling regime, with intrinsic loss fixed at i, = 0.5 GHz.
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We first analyse the case where light is injected from port 1, which does not couple to
the S-shaped waveguide, and therefore the S-coupling is not engaged in this excitation
path.The directional coupling coeflicients are defined as f3;; and are chosen equal as
B13 = Pas = P35 = Pas = B, with backward couplings satisfying g;; = —ﬁl’.“j. Ring 1
and 3 are coupled to the bus waveguides with I'y = I'4 and their total losses are given by
Y1 = Y3 = ¥t = I't + ¥ine + 2I's and link microring has total loss of yi2 = 2I'1 + ¥in-
The transmission is studied in three regimes by varying the ratio between the inter-
resonator coupling and the total loss. In the weak-coupling regime /vy, = 0.04, shown
in Fig. 4.2(a), transmission occurs only to port 3 at resonance, while ports 2 and 4 show
no signal except for a dip at port 2. Increasing the coupling to 8/y; = 1 leads to peak
broadening, indicating the onset of modal interaction [panel (b)]. When the coupling is
further increased to 8/y; = 4, three resonance peaks emerge symmetrically around zero
detuning, and transmission still occurs exclusively through port 3, with no signal at ports 1

or 4 [panel (¢)].

When a finite backscattering amplitude of Sps = 0.01 GHz is applied uniformly to all rings
at 8/y; = 1, and the Taiji coupling is simultaneously turned on with ;| = ;> = 0.04 GHz,
counter-propagating modes are activated and additional resonant peaks emerge, leading to
nonzero transmission at ports 11 and 14 as shown in Fig. 4.2(d). This behavior signifies

the onset of reflection and reciprocal coupling induced by backscattering.

In Fig. 4.3, we compute the response under the same detuning condition when the input is
instead injected into port 2 and the monitored outputs are ports 22, 23, and 24. The same
coupling relations and loss parameters are used. Before analysing the effect of the S-shaped
Taiji coupling, we validate the model by first studying the passive backscattering—free
configuration with 8,1 = B;» = 0. Backscattering is then introduced, followed by the

activation of the S waveguide coupling.

In panels (a) and (b) the S-shaped waveguide loss is disabled (I's = 0 GHz), and therefore
the S-shaped waveguide coupling is also zero, through the relation ;1 = B;, = 4’y =
0 GHz. The total ring losses are y;1 = yi3 = I'1 + yinc + 2I's (GHz) and y;2 = 2I'1 + ¥int
(GHz). All microrings are biased to the same resonance frequency (GHz) in the critical-
coupling regime. When B/y, = 10, with I'} = I’y = 0.5GHz and y;,, = 0.5 GHz, and
backscattering disabled, no signal is observed at ports 22 and 23. The only transmission
appears at port 24, exhibiting three distinct resonance peaks associated with the three-ring

chain.

When backscattering is enabled, modal splitting occurs: port 22 exhibits reflection with
each of the three peaks splitting into doublets, and the same behaviour is observed at

ports 23 and 24 [panel (b)]. Activating the Taiji coupling produces a broad spectral feature

105



Chapter 4. Non-Hermitian Coupled Microring Resonator Circuits - Taiji- CROW

at port 24 and in the reflection at port 22, while the doublet structure at port 22 remains.
Although the S-shaped coupling increases the total loss and broadens the peaks, it still
induces preferential routing towards ports 23 and 22 as it can be seen in panel (c). In
contrast, panel (d) corresponds to the case where only the S-shaped coupling is enabled

and backscattering remains zero.

These results confirm that backscattering is the sole mechanism responsible for reciprocal
mode coupling and spectral splitting, whereas the Taiji geometry selectively suppresses

and reshapes these effects through non-Hermitian, direction-dependent coupling.

In 4.3 the backscattering terms are given by S and £,; which couple the counter-
propagating modes inside ring 1, B34 and B43 inside the link ring, and Bs¢ and Bes
inside ring 3. These parameters are complex in general (setting phase and strength of
the disorder-induced coupling). In our sign convention (consistent with Eq. (4.3)) the

Hermitian relation used in the simulations is

Bat = =B, Bz = —B34 Bes = —Pse

while the non-Hermitian backscattering corresponds to any violation of these equalities,
i.e. to the general case 21 # —f8],, B43 # =B34 O Bes # —Bs-

while all inter-ring couplings (813, 524, B35, Ba¢ and their Hermitian counterparts) and
adding Taiji S-waveguide couplings (8;1, Br2) in H give the non hermitianity. The effect of
Backscattering can be clearly seen in the panel 4.2(d) shows new peaks at the previously
dark ports 1 and 4 (reflection and cross). Similarly in the excitation from port 2 in
(Fig. 4.3)(b). Here the simulations explicitly set a finite backscattering in ring 1 (812 with
B21 = —p7,) together with the inter-ring couplings B13, B24, B35, Bas. With I's = 0 (hence
Bi1 = B2 = 0), panels (a)—(b) isolate the action of H: doublets appear at ports 22, 23, and
24, and reflection becomes nonzero at port 22. Activating the Taiji S-coupling (I's > 0
SO Bi1 = PBr» = 4@'s) in panels (c)—(d) . The result is a broadened, directionally biased
response: while backscattering still seeds reflection and splitting, the non-Hermitian,
one-way transfer induced by the S-waveguide re-weights the port distribution (enhancing

ports 22/23 and reshaping port 24).

The phenomenology above matches the established picture: random sidewall disorder
couples CW and CCW modes, producing doublets and reflection [95, 96]. Determinis-
tic scatterers and topology-level asymmetries were introduced to control or reduce this
hybridization [97, 101]. More recently, coherent suppression strategies either cancel
the effective backscattering via engineered destructive interference [98], or reshape the

eigenbasis through non-Hermitian chiral exceptional points so that CW—-CCW mixing is
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Figure 4.4: Three-ring CROW configuration with each having single mode a;,a; and a3

intrinsically quenched [99], with complementary cancellation designs demonstrated in

silicon microrings [100].

4.3 Off Resonance Condition

To analyze the case in which the link microring is off resonance (its resonance frequency
differs from the adjacent Taiji microring resonators, TMRs), we consider the Taiji-CROW
with S waveguide coupling disabled by setting I's = 0 in both TMRs and neglect backscat-
tering this results in a coupled rings configuration as shown in the Fig 4.4. We first
assume all microrings share the same isolated resonance frequency wg and then detune
only the middle (link) ring. We denote the inter-ring coupling rate, identified with J in the

simplified model below, and v, the total decay rate.

Let the system be driven at wy; = wq so that the outer rings are on resonance, and define
the detunings A; = wy — w; and the decay rates y; for rings i = 1,2,3. Using temporal

coupled-mode theory (phasor e~'¢4"), the steady-state equations are

0= (iA] - %)al —iJas + Sin, (4-5)
0= (iAz - %)az —iJ (al + a3), (4'6)
0= (iA3 - %)a3 —-iJ an, (4-7)

and we choose A; = A3z = 0 while allowing A, # 0. Solving the middle equation for a;
gives
V(a1 +ay) “8)
ap = — (a1 +a .
2 iAy—7,/2 1tas),
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Taking magnitudes yields
/1]

\/A% +(72/2)?

A sufficient condition to render the middle ring effectively off-resonant (negligible intra-

las| = lar + as|. 4.9)

cavity energy compared to the outers) is

1Ay] > max(J, %) (4.10)

since in that regime ,/A% + (y2/2)? ~ |A| and |az| =~ (J/|Az]) |ay + a3| < |as|. In
round-trip phase language, if ¢;(wy) = B(wyq)L; with resonance at ¢; = 27m, keep the
outers on resonance ¢ 3 = 2rm and set ¢ = 2rm + ¢ such that |0¢| exceeds the loaded
linewidth in radians; this corresponds to |A;| exceeding the loaded half-linewidth y, /2 by

a comfortable margin.

This generic model can be directly mapped to the Taiji-CROW model we previously
developed with parameters J = 8 = 5SGHz, y; = y» = y3 =y, = 0.2 GHz.

As shown in Fig. 4.5(a), when the excitation is applied at port 2 and the system is operated
at a moderate coupling strength with the link ring tuned to the same resonance as the
outer rings (wy = 0), the output at port 4 exhibits three distinct transmission maxima as
a function of the laser detuning. These three peaks correspond to the three hybridized
supermodes of the coupled-ring system when all rings are on resonance and actively

participate in the coupling.

In contrast, Fig. 4.5(b) shows the response when the resonance of the link ring is shifted
by setting w, = 10 GHz.

the intracavity amplitude in the link ring is suppressed when |J/A,| < 1, i.e., when the
link ring is strongly detuned relative to the drive. This suppression is directly visible in
panel (b): the small peak adjacent to the two dominant peaks corresponds to the residual
contribution of the link ring, whose modal participation is already significantly reduced

compared to the on-resonance case.

This off-resonant condition of the middle ring can also be interpreted in the phase domain.

Writing the round-trip phase as

$i(wa) = B(wa)Li, (4.11)

with resonance whenever ¢; = 2zm for integer m, the outer two rings are kept on resonance
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Figure 4.5: Off-resonance response of the Taiji-CROW with zero backscattering and
S-waveguide coupling disabled. All units are in GHz. Panel (a) corresponds to w; = 0,
panel (b) to wy = 10, and panel (c) to w, = 20. The simulation parameters are § = 5,
v =0.2,T"1 =Ty = 0.1, and intrinsic loss yjy = 0.1.

by enforcing ¢ 3 = 27m, while the link ring is detuned by imposing
¢2 = 2mm + 66, 4.12)

where |0¢| exceeds the loaded linewidth in radians. This phase shift corresponds directly
to the frequency detuning A; used above, and the condition |6¢| > vy, /2 is equivalent to

the requirement |A;| > vy, /2 for suppressing the middle-ring buildup.

By further increasing the detuning of the middle ring (larger values of w,), the suppression
factor J /|A;| becomes even smaller, driving the middle ring effectively into the off-resonant
regime. In this limit, its intracavity energy becomes negligible compared to that of the
outer rings, and the small peak on the right side of the two dominant peaks disappears.
The spectrum then reduces to only two main peaks, reflecting that the two outer rings

remain dynamically coupled while the detuned link ring no longer participates.

This numerical behavior is in full agreement with the theoretical condition derived earlier,

namely that the link ring is effectively absent from the coupling chain when
1Ay] > max(J, %) (4.13)

or equivalently in the phase picture when |6¢| > linewidth, so that the middle-ring field

is suppressed and its influence on the composite spectrum vanishes.

4.4 Taiji - CROW Hopping model

When the link MR is far off resonance and coupling is modest, the full model reduces to

an effective “hopping” model connecting the two taiji rings as shown in the 4.6. In the
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Figure 4.6: Equivalent hopping-model representation of the Taiji-CROW. The sys-
tem consists of two coupled Taiji microrings in the regime where the link microring is
detuned (off resonance). The arrows between the two TMRs indicate the effective hopping
pathways. The intracavity modes are labeled by their node indices (1, 2, 5, 6).

reduced basis « = [ay, ay, as, @], the 4 X 4 Hamiltonian reads

w1 =iyl —ifBs21 —iBs1 0
-1 - wi—1 0 -1
H, - B . BBs.12 w1 — iy | ' Be2 ’ @.14)
—iBi1s 0 w3 = Y3 —iPBS.65
0 —iffas  —ifr2 — PBsS6 W3 —iY:3

with complex hoppings B1s = Bre'?, Bsi1 = —Bre™™?, Bas = —Bre ™™, Bea = Bue'?. With ¢
being the hopping phase taken with a positive sign for 815 and B¢, and with a negative sign
for B5; and By¢. For the case without backscattering and with the S-waveguide coupling
disabled, the transmission of the two coupled microring system at port 4 reduces to the

following form:

26 B, T
—Bfl + (Aw + iy)?

Iy = — 4.15)
where ), is the hopping (inter-ring coupling) amplitude and ¢ is the associated hopping
phase. The detuning is defined as Aw = w —wy, with wg the common resonance frequency
of the two microrings. The parameter y; denotes the total loss rate of an individual ring
(intrinsic loss plus coupling loss to the bus waveguide). The spectra plotted in Fig. 4.8
include the transmission through port 4, |t24|2, together with the additional channels
labelled “21”, “22”, and “23”; in the configuration shown, channels “22” and “23” are

identically zero and are included for completeness.
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Figure 4.7: Schematic of two coupled microring resonators with hopping amplitude
and phase. Ports 1-4 denote the input/output terminals depending on the excitation
direction, while nodes 1-2—6-5 represent the intracavity modes of the two rings.
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Figure 4.8: Transmission spectra for ports 21-24 computed using the hopping model.
Panels (a)-(c) correspond to coupling ratios S;/y; € {0.5, 1, 1.5}, respectively. The
S-waveguide coupling is disabled (8; = 0) and backscattering is neglected (Bps12 =
BBs.s6 = 0). Each plot shows the port-4 transmission |t24|? together with the additional
channels 21, 22, and 23; under the shown conditions, channels 22 and 23 remain zero over
all detuning. The horizontal axis is the detuning Aw = w — wy.

4.5 Experimental Details

Taiji-CROW devices were designed in silicon photonics with a waveguide cross section of
450 nm x 220 nm embedded in a silica cladding. Taiji MRs have a ring-shaped geometry
with a radius of 20 um and are point-coupled to a bus waveguide with a gap of 263 nm.
Their inner S-shaped waveguide is formed by connecting two semicircles with a radius of
9 um. The gap between the semicircles of the S-shaped waveguide and the external rim of
the Taiji MR is 296 nm. At both ends of the S-shaped waveguide there is an inverse taper
to ensure no back-reflections. The link MR has a racetrack geometry obtained by joining
two pairs of straight sections with two semicircles. The radius of the semicircles and the

length of the straight sections are chosen to obtain two configurations of the link MR:
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(i) with the same perimeter as the taiji MR and (ii) with twice the perimeter of the taiji
MR. Specifically, in the first, the radius of the semicircle is 10 gm, while in the second,
it is 25 um. The gap between the taiji MRs and the link MR is 263 nm, the same as
between the taiji MR and the bus waveguide, hence I'} = I'; = I's = I'4 by design. In the
two configurations of the link MR, the length of the straight sections has been changed to
have the link MR on or off resonance with the taiji MRs. The devices were fabricated by

IMEC/Europratice within a multi-project wafer run.

The optical responses of the devices were measured using an interferometric optical setup
that allows simultaneous measurement of transmission and reflection in both excitation
directions [111]. The output of a fiber-coupled continuous-wave (CW) tunable laser
(Yenista OPTICS, TUNICS-T100S) is divided into two arms by a 50/50 fiber splitter. Each
arm is equipped with a variable optical attenuator (VOA), a fiber polarization controller,
an optical circulator, and a photodetector. At the end of each arm, light is coupled to the
device input port through a single-mode stripped fiber. For spectral measurements, we
operated the CW tunable laser at 3 mW with the VOA set to ensure a linear response,
which resulted in a power of about 30 uW in the device. Further details of the optical

setup are provided in [111].

For the given measurements, the optical power is defined at the chip input and calibrated
by subtracting the fiber-to-chip coupling losses measured on the same chip. The input
polarization is adjusted to the TE mode using a fiber polarization controller. By applying
controlled stresses and torsions to the fiber, the state of polarization of the light at the fiber
output before the input port of the ring—is modified. Since the coupling efficiency to the
ring depends strongly on the polarization at the grating couplers, the polarization controller

is tuned to maximize the transmitted signal, thereby ensuring optimal TE excitation.

The device temperature is stabilized within £0.01°C using a thermoelectric controller. Port
transmission spectra are recorded using calibrated photodetectors. Resonance positions,
linewidths, and asymmetric coupling parameters are extracted by fitting the measured

spectra with a coupled-mode-theory model.

4.6 Results and Discussion

Figure 4.9 shows the fitted results for the (24) and (22) port configurations of the Taiji
CROW device. In these measurements, the link MR is out of resonance with respect to
the Taiji MRs, and therefore the hopping model was used to fit the data. The extracted
parameters are listed in Table 4.1.
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Figure 4.9: Experimental spectra and hopping-model fits under excitation from
port 2. Panels (a) and (b) show the measured responses at ports 24 and 22, respectively.
Because the link microring is off resonance, the reduced hopping model is used for
fitting (parameters in Table 4.1). Experimental data (markers) are overlaid with the fitted
responses (solid lines), showing good agreement across the observed resonances at both
output ports.

Table 4.1: Parameters extracted from the hopping-fit corresponding to Fig. 4.9.

Param. Value (GHz) | Param.  Value (GHz) | Param. Value (x7)
r 8.16 1B:] 9.21 arg(B1)  0.604

Ve 14.0 |Bes.1l  10.5 arg(Bps,1) 199

w) -123 |Bes,3l  18.0 arg(Bps,3) 2.00

w3 78.9 |B15] 7.91 arg(Bis) 1.88

arg(Baa) 1.00
In the fit we used: I' = I'y = 'y, y; = ¥1,1 = ¥1.3, B12 = Bse6, and |Ba4| = |B1s].

The extracted intrinsic frequencies deviate significantly from the nominally identical target
design. In particular, the two Taiji MRs are fitted at w; = —123 GHz and w3 = 78.9 GHz,

i.e. they are separated by ~ 200 GHz — several orders of magnitude larger than any of
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the coherent coupling scales in Table 4.1. This large intrinsic spectral splitting between
the two active rings is already a strong signature that the link MR, which is designed to
lie spectrally between them, must be far off resonance relative to both. In other words,
lwiink — w13] > {|B15],|B¢]. ¥} is automatically satisfied under the retrieved values,

justifying the use of the reduced two-site hopping model.

Consistently, the extracted coherent hopping magnitude between the two Taiji MRs, |8;5| =
7.91 GHz, is more than an order of magnitude smaller than the frequency mismatch
(~ 200 GHz), placing the system deep in the off-resonant regime where the middle
MR contributes only a perturbative virtual coupling. Likewise, the total loaded decay
v; = 14 GHz is also far smaller than |w; — w3|, further ensuring that no resolvable
spectral participation of the link MR can occur within the linewidth of the observed hybrid

resonances.

The fitted backscattering components, |Bps.1| = 10.5 GHz and [Bps3| = 18.0 GHz,
are non-negligible and comparable to both the hopping and the Taiji-induced coupling
|8:| = 9.21 GHz. This explains why the experimental line shapes show pronounced modal
splitting and reflection: backscattering competes on equal footing with the deliberate
coupling channels, hybridizing CW and CCW modes and breaking the intended single-
directionality. The phases arg(/;), arg(Bs), arg(Sgs) are nontrivial (non-zero and non-r),
meaning that no symmetry enforces coherent cancellation; the system operates in a generic
non-Hermitian coupling regime with complex-valued interference between hopping and

backscattering pathways.

Taken together, the hierarchy

lwi — w3| > y: ~ |Bes| ~ |B:] 2 |B15]

has two direct physical consequences: (i) the link MR is effectively frozen out, validating
the reduced hopping model; (ii) the measured spectra are shaped primarily by the compe-
tition between non-Hermitian Taiji coupling and disorder-induced backscattering inside

the two active Taiji MRs.

Finally, the fact that the hopping-fit reproduces the lineshapes even under these strongly
asymmetric, fabrication-perturbed conditions confirms that the simplified model captures
the actual transport physics once the link ring is spectrally decoupled. This agreement is

a strong experimental validation of the off-resonant reduction used in the analysis.

The reduced hopping model description employed relies on the adiabatic elimination of
the detuned link microring, which is valid only when a clear separation of frequency scales

exists between the link ring and the outer rings. Quantitatively, this requires the detuning
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of the middle ring to satisfy
|Az| > J, Az > y2/2, (4.16)

where J denotes the inter-ring coupling rate and vy, is the total decay rate of the link
ring. Under these conditions, the intracavity field of the link ring remains small, scaling
as |az|/la13| ~ J/|Az|, and its influence can be captured perturbatively as an effective

second-order hopping between the outer rings.

The validity of these inequalities is verified directly from the experimentally extracted
parameters summarized in Table 4.1. Using the fitted values, the detuning of the link
ring satisfies |A| ~ |w1], |w3| = 100 GHz, while the dominant coupling rates are |5;| ~
9.2 GHz and the total decay rate is y, =~ y; = 14 GHz. This yields |A;|/J = 10 and
|Az]/(y2/2) = 14, confirming that the experimental system operates well within the

off-resonant regime required for the hopping reduction to be valid.

Consistent with this expectation, the measured spectra exhibit suppression of the link-ring
participation and convergence toward a two-mode response as the detuning is increased,

in full agreement with the reduced-order model predictions.

The spectral measurements constrain different model parameters with varying degrees
of identifiability. Resonance frequencies (w;) and total decay rates (y;) are strongly
constrained by the measured peak positions and linewidths, respectively, and can be
extracted robustly from the spectra. In contrast, coupling amplitudes and phases entering
the effective hopping terms exhibit partial correlations, particularly between coupling
strength and loss, as well as between the magnitude and phase of complex coupling
coefficients. To mitigate these correlations and ensure stable fits, physically motivated
constraints were imposed during the fitting procedure. Specifically, symmetry relations
between equivalent ports were enforced (e.g., Iy = I'y and y;; = v:3), and selected
coupling amplitudes were fixed or shared across equivalent pathways (see Table 4.1).
With these constraints, the remaining free parameters are uniquely determined within
experimental uncertainty, yielding consistent agreement between the reduced-order model

and the measured spectra.

4.7 Conclusion

In this chapter we established, modeled, and experimentally validated a minimal non-
Hermitian photonic circuit based on Taiji microrings—the Taiji-CROW—where asym-

metric intra-ring conversion (CW—CCW) is engineered via an internal S-waveguide.
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Starting from a full temporal coupled-mode description [Eqgs. (4.1)—-(4.3)], we identified
how deliberate non-Hermitian couplings (51, 5i2) and disorder-induced backscattering
(BBs) jointly shape port-resolved spectra and mode routing (Figs. 4.2 and 4.3). We then
derived and tested the off-resonance reduction of the three-ring system to an effective
two-site hopping model, proving that when the link ring satisfies

|Az| > max(J, 5),

its intracavity field is suppressed and the transport is governed by an effective complex
hopping (B,¢'?) between the two Taiji rings (Figs. 4.5-4.6). The resulting closed-form
transmission 724 (Aw) captures the essential lineshape physics and provides an interpretable

fitting framework (Fig. 4.8).

Experimentally, spectra under excitation from port 2 (Fig. 4.9) are quantitatively repro-

duced by the hopping-model fit (Table 4.1). The retrieved parameter hierarchy,

lw1 — w3| > v: ~ |Bes| ~ 1B:] 2 |B15],

(1) confirms that the link ring is spectrally decoupled (deep off-resonance), thereby val-
idating the reduced two-site description; and (2) shows that the observed lineshapes are
set by the competition of non-Hermitian Taiji conversion with intra-ring backscattering in
the two active Taiji MRs. The nontrivial phases arg(8;), arg(fB1s), and arg(Bgs) further
indicate that no symmetry enforces cancellation, placing the device in a generic complex-
coupled regime where interference between coherent hopping and disorder pathways is

decisive.

From the combined modeling and fits, a practical tolerance rule emerges:

|BBs|
I

< 0.17,

so that for typical |Bgs| ~20 GHz one should target I" > 120 GHz to suppress resolvable
splitting. At the network level, keeping the link ring deliberately off resonance (via
perimeter or thermal/electrical detuning) ensures that |A,| comfortably exceeds both J
and vy, /2, guaranteeing the validity of the hopping reduction while minimizing parasitic
participation of the link mode. Finally, achieving |3;| > |Bgs]| is key to sustain direction-

selective routing in the presence of realistic disorder.

Translating these constraints into fabrication targets, disorder-induced backscattering must
satisfy [Bgs| < 0.17T, implying that for I' ~ 120 GHz the residual coherent coupling

should remain below ~ 20 GHz to prevent resolvable doublets. In silicon platforms,
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this sets tolerances on sidewall roughness and etch-induced dimensional variations that
govern Rayleigh backscattering. Moreover, the loaded Q must be co-designed with
disorder levels: excessively high-Q cavities narrow I' and render weak backscattering
spectrally visible, whereas moderate linewidth broadening enhances robustness. These
bounds therefore translate the non-Hermitian design rules into concrete co-design targets
for scalable Taiji-CROW arrays.

The Taiji-CROW showcases how non-Hermitian intra-ring engineering can complement
lattice-level topology: instead of relying solely on edge-band selection, one can reshape
the site physics to recycle or quench backscattered spin. The methodology demonstrated
here—(i) full TCMT modeling, (ii) regime mapping via controlled backscattering and Taiji
coupling, (iii) off-resonance reduction, and (iv) parameter fitting to experiment—provides
a scalable recipe for larger arrays. Immediate extensions include: (a) programmable de-
tuning and gain to access chiral exceptional points and non-Hermitian band engineering;
(b) active stabilization of ¢ to control synthetic gauge phases; (c) statistical co-design (lay-
out + fabrication) to bound |Bps| and maintain |3;|/|B8ss| above unity; and (d) integration

with PIN/thermal actuators for on-chip reconfigurability.

117



Chapter 5

Reconfigurable Microring for
Hermitian and Non-Hermitian
Photonics (DRUM)

Integrated silicon photonics provides an ideal framework for translating theoretical models
into compact, passive on-chip architectures capable of precise parameter control. It
not only offers a platform to test and validate the proposed model but also enables the
exploration of new physical regimes and potential applications. By engineering the
geometry and coupling conditions of passive structures such as microring resonators, one
can emulate and manipulate complex physical behaviors—allowing both Hermitian and

non-Hermitian functionalities to emerge within a single, scalable photonic platform.

This chapter presents dynamically reconfigurable unified Microresonator (DRUM) that
transitions from an effectively Hermitian two-mode system (reciprocal intermode cou-
pling) to a genuinely non-Hermitian system (asymmetric intermode coupling). We con-
struct the Hamiltonians in the relevant regimes, solve for eigenvalues and eigenvectors,
derive the through and reflection spectra, and identify the conditions for a diabolical point
(DP) versus an exceptional point (EP). Along the way, we explain in plain physical terms
what each mathematical result means at the measurable transmission and reflection ports.
We will then present experimental results and validate them with the theoretical model we

presented.
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5 “ PSR

E ourt,L

Figure 5.1: Schematic of the DRUM device. The ring resonator is coupled to two lateral
lobes positioned on the left and right, which facilitate intermodal coupling. Each lobe
contains a Mach—Zehnder interferometer, denoted as the left (MZL) and right (MZR) and
incorporating a Phase Shifter Left (PSL) and a Phase Shifter Right (PSR), respectively.
Ports 1 and 2 indicate the input and output waveguide ports.

5.1 The physical system and modeling

We consider a single-bus microring resonator (MR) side-coupled to a straight waveguide
(see Fig. 5.1). The MR includes two passive side lobes (auxiliary arms) that mediate
intermode coupling between the counter-clockwise (CCW) and clockwise (CW) modes.
Each lobe contains a Mach—Zehnder interferometer (MZI) and a thermo-/electro-optic
phase shifter, which together set the magnitude and phase of the effective CCW - CW
coupling (i.e., the complex coefficients 17 and 1 in our model) B, represents energy
transfer from CW mode to CCW mode, and £>; from CCW mode to CW mode through
left and right lobe respectively. The bus waveguide provides left (L) and right (R) ports
for coupling light in and out of the microring. In the passive, unbiased state the structure
supports two degenerate traveling-wave modes at angular frequency wy facilitated by the
left right lobes. The slowly varying complex envelopes of the intracavity fields are denoted

by @ccw(?) and acw (), respectively.

We denote the laser angular frequency by w (rad/s) and the cold-cavity resonance angular
frequency by wq (rad/s); the laser—cavity detuning is A = w — wy (rad/s). The external
coupling rate from the ring to the bus is I' (s7!), while y (s~!) represents the intrinsic loss
rate due to absorption, scattering, or radiation. The total decay rateisy; = I'+7y (s~!). The
input fields at the left and right bus ports are Ej, 1 and Ej, g, and the corresponding output
fields are Eoyr and Eoy - The uncoupled Hamiltonian is Hp, the intermode-coupling
block is V, and the full system Hamiltonian is H = Hy + V.
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Let the port inputs be Ejy, ;. = Einre™" and Ejp g = Ein.re ™", and the intracavity fields be

eew (1) = deewe ™" and ey (1) = acwe ™. In temporal coupled-mode theory (TCMT),

. d a’ccw] _ [wo —iye 0 a’ccw] _\or | Bt | 5.1)
dt | ey 0 Wo = Y| | Qew in,R
Hy
The input—output relations are
Eouwr = Einr +iV2T acew, (5:2)
Eour = Eing +iV2T acy,. (5.3)

Equations (5.1)—(5.3) set the convention that an input injected from one side of the bus

couples into the counter-propagating intracavity mode of the ring.

The engineered (back)scattering between CCW and CW which is made through the passive
designs of the lobs is captured by

0 -ipn2
—i B21 0

V =

], H=Hy+V. (5.4)

Here B2 = |ﬁ12|ei¢‘ parameterizes the CW—CCW modal conversion, while £;; =
|B21|e'?? describes the CCW—CW conversion; the prefactor —i follows the temporal
coupled-mode theory (TCMT) phase convention used below.

For reciprocal, conservative coupling

B2 = =p5, (5.5)

so that V = VT (effectively Hermitian in the coupling subspace). Passive perturbations

often approximate this condition and yield standing-wave doublets (no chirality).

For convenience, we introduce the shorthand
D(A) = B ) + (A i),
Here we assume equal coupling magnitudes, |B12| = |B21| = |8/, so that

Bi2far = B @142

Using Egs. 5.1, 5.3, and 5.2, and Eq. 5.4 the transmission and reflection coefficients at
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Figure 5.2: Simulation: FEigenvalues as a function of the phase ¢ (rad), along with
the transmission and reflection spectra. For panels (a)—(b), the parameters are fixed to
wo = 0GHz (center frequency), v; = 0.2 GHz (total loss rate), and § = 0.1 GHz. For
panels (c)—(f), the system is set to the critical-coupling condition (I' = y = 0.1 GHz); the
total loss is y; = 0.2 GHz, the external coupling rate is I' = 0.1 GHz, the intrinsic loss rate
is y = 0.1 GHz, the coupling coeflicients are |312| = |B21| = 0.1 GHz, and the phase ¢ is
swept over {0, 7/4, /2, 7}.

ports 1 and 2 can be expressed as follows.

B12fBo1 + (A +iyy) (A= 2T +iyy)

tin(A) = D) , (5.6)
rii(A) = _é'fr)r, (5.7)
11(A) = t12(A), (5.8)
ra(A) = —1)2[5_21)? (5.9)

As can be seem from the above equations for one of the 5,

Figure 5.2(a—b) shows the evolution of the real and imaginary parts of the eigenvalues
of the DRUM as a function of the total phase 812821 = |B|2€(9172) of the two complex
coupling coefficients. The amplitudes are fixed to |812]| = |B21] = 0.1 GHz, the total loss
is set to y¢ = 0.2 GHz. and the resonance is centered at wg = 0. At ¢ = 0, the real parts

of the eigenvalues are degenerate [panel (a)], corresponding to a single resonance dip in
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transmission at wg, as seen in panel (c). In the same condition, the imaginary parts are
unequal [panel (b)], indicating that one mode experiences more loss than the other, which

reflects in the asymmetry of the reflection spectrum.

As the phase increases toward ¢ = /2, the real eigenvalues split in opposite directions,
indicating modal competition and frequency splitting. When the phase reaches ¢ = «
[panel (e)], the doublet in transmission becomes only partially resolved. At this same
phase, the imaginary parts remain non-degenerate [panel (b)], meaning the modes still
experience unequal losses. As a result, the transmission and reflection spectra in panel
(d) appear skewed: one mode is dominant while the other is suppressed, preventing a

symmetric doublet from forming even though the real parts nearly re-cross at ¢ = .

By controlling the phase through an externally applied current ¢ (/) to the phase shifters
on the arms of the DRUM, the device can be tuned into different operating states. This
enables, for example, the generation of a symmetric mode splitting, which is advantageous

for sensing applications.

5.2 Device Architecture and Experimental Methods

The DRUM device is implemented on a silicon-on-insulator (SOI) platform, comprising
a silicon waveguide core with a cross section of 500 nm X 220 nm embedded in a silica
cladding. The central microring resonator (MR) consists of a deformed ring composed of
both straight and curved sections, with a total optical path length of 328.5 um. The MR
is side-coupled to a 410 um-long bus waveguide via a 5 pum straight coupling region with
a 216 nm gap. In addition, the MR is coupled to two lateral lobes through 6 ym-long
straight coupling sections with a 204 nm gap, intentionally designed to provide slightly

stronger coupling than the bus waveguide.

Each lobe has a total length of 574.6 um between the two coupling points to the MR.
Symmetric Mach—Zehnder interferometers (MZIs) are integrated within the lobes, with
arm lengths of 122.8 um, including 60 um straight sections. Both the phase shifters
(PSs) and the MZIs are thermally reconfigurable by means of 2 ym-wide titanium nitride
(TiN) micro-heaters. The heater lengths are 150 um for the PS and 60 um for the MZI,
corresponding to electrical resistances of 1035 € and 474 Q, respectively. Devices were

fabricated through the AMF/Europractice multi-project wafer service.

Grating couplers, located at the ends of the bus waveguide and the two side lobes, serve
as input/output ports and enable independent characterization of each optical path. In this

work, measurements are performed using only port 1 and port 2. The implemented layout
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PSL PSR

Figure 5.3: DRUM design. Layout of the DRUM device on an integrated silicon photonic
chip.

is shown in (Fig. 5.3) .

To minimize thermal cross-talk, 5 um-wide isolation trenches are etched on both sides
of each micro-heater, as indicated by the hatched gray regions in Fig. 5.3. Additional
isolation grooves prevent heat diffusion through the substrate and reduce undesired red-
shifts of the resonance frequency. The main trenches are placed 5 um away from the

heaters, improving local tuning efficiency while maintaining stability across the device.

The optical response of the DRUM was characterized using an interferometric measure-
ment setup capable of recording transmission and reflection spectra in both propagation
directions. The output of a fiber-coupled, continuous-wave tunable laser is split into two
arms by a 50:50 fiber splitter. Each arm contains a variable optical attenuator, a fiber
polarization controller, an optical circulator, and a photodetector. Light is coupled into
the photonic chip using a single-mode lensed (or cleaved) fiber aligned to the grating
coupler. For spectral scans, the laser is operated at 3 mW, and the attenuator is adjusted
to maintain linearity, resulting in approximately 30 uW of optical power coupled into the

device. Further details of the optical setup are reported in [45].

To ensure reproducibility and quantitative comparison, all measurements follow a con-
sistent calibration and analysis protocol. Optical power is defined at the chip input and
calibrated by subtracting fiber-to-chip coupling losses measured on reference waveguides
fabricated on the same chip. The input polarization is adjusted to the TE mode using a
fiber polarization controller and verified by maximizing the transmitted signal. Device
temperature is actively stabilized to within +£0.01°C using a thermoelectric controller.

Port-resolved transmission spectra are recorded using calibrated photodetectors. Reso-
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Figure 5.4: Experimental Results. DRUM structure response in (a) default condition,
(b) Diabolic Point (DP), and (c) Exceptional Point (EP) state. The horizontal axis shows
the detuning Aw (GHz) and the vertical axis represents normalized intensity (a.u.). Solid
curves correspond to experimental data and dashed curves to coupled-mode-theory fits. In
panel (b), the DP condition is obtained for finite and nearly symmetric coupling coefficients
|B12| and |B21] (GHz). In panel (c), the EP condition is realized by strongly asymmetric
coupling, leading to simultaneous eigenfrequency and linewidth coalescence characteristic
of non-Hermitian degeneracy.

nance frequencies, linewidths, and asymmetric coupling parameters are extracted by fitting

the measured spectra to a coupled-mode-theory-based model.

5.3 Experimental Results - Diabolic Point (DP) to an Ex-
ceptional Point (EP)

Figure 5.4(a) shows the passive (default) state of the DRUM structure, where no current
is applied to either the Mach—Zehnder interferometers (MZs) or the phase shifters (PSs).
For the detuning set to A = 0 during fitting, the transmission and reflection spectra exhibit
an asymmetric resonance doublet. In particular, reflection coefficient ;> show finite,

non-zero amplitudes.
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This behaviour originates from the asymmetric intermodal coupling extracted from the fit,
namely |B12| = 72.67 GHz and |B31| = 51.01 GHz at zero applied current (P = 0 mW).
These values indicate that even in the fully passive state, the DRUM resonator permits
energy exchange between the clockwise (CW) and counterclockwise (CCW) modes in an

asymmetric manner.

To quantify the degree of this asymmetry, we define the optical chirality as

_ B2l = 1B12]

_ pul = P2l 5.10
Bral + 1Bon] (-10)

which ranges from C = —1 (fully chiral, coupling only from CW to CCW) to C = +1 (fully
chiral in the opposite direction), while C = 0 corresponds to reciprocal and symmetric
coupling. Using the fitted coupling coefficients, we obtain C = —0.175, indicating a slight
preference for coupling from the CCW to CW mode.

In addition to the coupling strengths, the fit reveals further intrinsic properties of the
cavity. All the extracted parameters are given in the Table 5.1. The total loss rate is
v: = 42.29 GHz, while the complex coupling phases are ¢ = 6.28 rad and ¢, = 3.06 rad.
These non-trivial phases break time-reversal symmetry in the scattering pathways and
contribute to the imbalance observed between the forward and backward propagating
fields. The power during this measurement is P = 0 mW, and the sum of squared fitting

error is SSE = 1.85 x 10~!, confirming good agreement between experiment and model.

Overall, these results demonstrate that even in the absence of electrical bias, the DRUM
resonator is not a perfectly reciprocal system. It inherently exhibits asymmetric backscat-
tering, finite coupling phase differences, and weak optical chirality. This defines a non-
Hermitian baseline state from which electrically induced chirality enhancement and ex-

ceptional point behaviour will be explored in the following sections.

Table 5.1: Parameter set for Default state of DRUM. Extracted from experimental fit

Parameter Symbol Value
Forward coupling |B12] 72.67 GHz
Backward coupling |B21] 51.01 GHz

Coupling phase (CW — CCW) d12 6.28 rad
Coupling phase (CCW — CW) @21 3.06 rad

Total loss rate Vi 42.29 GHz
Chirality C -0.175
Injected power P 0 mW
Fit error SSE  1.85x 107!

From Egs. 5.6-5.9, it is evident that both reflection coefficients ry; and ry; vanish only if

the coupling terms satisfy |812] = |B21| = 0. This condition corresponds to the diabolic
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point (DP), where CW and CCW modes are completely decoupled. Experimentally, this
state is approached by applying current to both MZ;, and MZg to suppress the coupling.
As shown in Fig. 5.4(b), the extracted coupling values become very small but not exactly
zero, resulting in extremely weak reflections of the order of 1073. Which is negligible to
see compare to the transmission extinction ratio. Therefore, this state is referred to as the
near-zero coupling or DP- state. The extracted parameters from the fit are given in the
Table 5.2. Since the extracted coupling values approach zero, no measurable reflection
is observed at either port. According to the definition of chirality introduced above, this
condition corresponds to a chirality value of 0, indicating a non-chiral regime with fully
decoupled CW and CCW modes.

Table 5.2: Parameter set for DP condition. Extracted from experimental fit

Parameter Value

I 13.60 GHz
Vi 69.54 GHz
|B12| 7.12 GHZ
(]512 2.20 Rad
|B21] 5.99 GHz
o1 0.00
812,85 0.00

$12,Bs 0.00
|821,Bs] 0.00

$21,BS 0.00

Figure 5.4(c) shows the experimentally measured spectra when only one of the coupling
coeflicients is suppressed, i.e., |321]| = 0, while the other remains finite. This condition is
achieved using an optimization algorithm that adjusts the MZ and PS currents during the
experiment. In this case, the fitted values are |812| = 76 GHz and |B3,;| = 0 GHz. Due
to this highly asymmetric coupling, the system reaches an exceptional point (EP). As a
result, a strong reflection appears at port 2 (non-zero r;;), while port 1 exhibits almost zero
reflection (r;; ~ 0), demonstrating unidirectional reflectionlessness. Furthermore, using
the definition of chirality, this condition yields a chirality value of —1, corresponding to
a fully chiral regime in which the clockwise (CW) mode couples to the counterclockwise

(CCW) mode, but not vice versa.

These experimental observations confirm that by appropriately tuning the currents in the
MZs and PSs, the DRUM structure can be reconfigured from the passive state to either a
diabolic point (DP) or an exceptional point (EP).

Although exceptional points exhibit square-root eigenvalue splitting, A1 o« +/g, in re-

sponse to small perturbations [171], this mathematical sensitivity does not automatically
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Table 5.3: Parameter set for EP condition. Extracted from experimental fit

Parameter Value

I 13.13 GHz
v, 65.24 GHz
|,812| 76.36 GHz
d12 5.19 Rad
1821 0.00 GHz
P21 0.00
|B12.Bs| 0.00

$12,Bs 0.00
821,85 0.00

$21,Bs 0.00

translate into enhanced measurement performance. The same non-Hermitian degeneracy
responsible for the /¢ scaling also increases susceptibility to technical noise and linewidth
fluctuations [172, 173]. Fluctuations in 7y, or in the effective coupling coefficients perturb
the EP condition, inducing spectral jitter, excess linewidth broadening, and partial lifting
of the degeneracy even in the absence of an external signal. Since practical sensing re-
lies on resolvable spectral shifts relative to the resonance linewidth and noise floor, any
increase in parametric responsivity may be offset—or even negated—by enhanced noise
sensitivity [172]. Therefore, observable sensing enhancement near an EP is fundamen-
tally constrained by linewidth stability and achievable signal-to-noise ratio, and cannot
be inferred from eigenvalue scaling arguments alone. Active stabilization and careful
noise engineering are essential when translating EP degeneracy into practical sensing

performance.

5.4 Conclusion

In this chapter, we introduced and analyzed experimentally a dynamically reconfigurable
unified microresonator (DRUM) on integrated silicon photonic chip. We have shown that
the structure can transition from a Hermitian (reciprocal) to a non-Hermitian (asymmet-
ric) coupling regime. Using temporal coupled-mode theory, we established a theoretical
framework that explains how intermodal coupling between clockwise and counterclock-
wise modes can be precisely controlled through the complex coupling coefficients. This
model allowed us to derive the eigenvalues, eigenvectors, and the transmission and re-
flection spectra, and to identify the physical conditions distinguishing a diabolic point
(DP), where eigenvalues are degenerate but eigenvectors remain orthogonal, from an

exceptional point (EP), where both eigenvalues and eigenvectors coalesce. Experimen-
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tally, we demonstrated that simple electrical control of the Mach—Zehnder interferometers
and phase shifters enables tuning of the coupling strengths and phases, allowing the
system to move continuously between passive asymmetric states, near-zero coupling (DP-
like) states, and fully non-Hermitian exceptional point conditions. This tunability results
in electrically programmable chirality, deterministic suppression of coherent backscat-
tering, and directional asymmetry in reflection. The ability to reach and manipulate
exceptional points provides a pathway to enhanced sensitivity and unconventional scat-
tering responses. The concepts demonstrated here pave the way for applications such
as exceptional-point-enhanced sensing, non-magnetic nonreciprocal photonic devices like
isolators and circulators, direction-switchable chiral microring lasers, and synthetic gauge
fields in resonator lattices. The DRUM platform offers a versatile and scalable approach
for exploring Hermitian and non-Hermitian physics on a single photonic chip and es-
tablishes a foundation for future photonic systems that combine tunability, chirality, and

non-Hermitian functionality.
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This thesis has demonstrated how complex light—matter dynamics in integrated silicon pho-
tonics can be engineered, controlled, and exploited across linear photon routing, nonlinear
dynamics, and non-Hermitian physics. Across multiple device platforms—including 3 X 3
waveguide couplers, p-n embedded microring resonators, DRUM structures, and Taiji-
CROW—the work establishes how modal coupling, dissipation, phase, and nonlinearity
can be deliberately designed and electrically tuned to access regimes beyond conventional

reciprocal and linear photonics.

At the linear circuit level, a compact and thermally reconfigurable 3 X 3 waveguide
coupler was theoretically modeled and experimentally validated, demonstrating flexible
signal routing, wavelength-selective cross-connection, and balanced multiport splitting
with minimal loss penalty. A complete parameter map linking electrical control to cou-
pling coefficients and propagation constants was established, positioning the device as
a practical building block for scalable photonic routing, multiport interferometry, and

higher-dimensional path encoding.

At the nonlinear dynamical level, electrically tunable self-pulsing was realized and quan-
titatively controlled in a p-n silicon microring resonator. By combining temporal coupled-
mode theory with carrier and thermal rate equations, a unified dynamical model was
developed that captures the emergence of limit-cycle oscillations and their dependence on
optical power, detuning, and electrical bias. The experiments directly demonstrate that
reverse-bias control of the free-carrier lifetime provides a robust electrical knob to tune the
oscillation frequency, linking carrier sweep-out physics to nonlinear temporal dynamics
and enabling compact, bias-tunable on-chip oscillators. Beyond frequency control, this
work reveals a clear physical distinction between nonlinear steady-state behaviour and

dynamical instability: under reverse bias, self-pulsing is suppressed at smaller detuning
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while the nonlinear transmission branch remains stable. This demonstrates that electrical
bias selectively quenches the delayed carrier-mediated feedback responsible for oscilla-
tory dynamics without eliminating the underlying nonlinear steady state, thereby enabling
independent control over oscillation onset and static nonlinear response. This selective
control of nonlinear physics is significant because it enables independent tuning of static
and dynamic nonlinear responses within the same device. This capability provides a
new degree of freedom for the design of integrated nonlinear photonic systems, allowing
stability, speed, and functionality to be dynamically balanced through electrical control

rather than fixed by fabrication.

At the non-Hermitian level two complementary platforms—the dynamically reconfig-
urable unified microresonator (DRUM) and the Taiji-coupled resonator optical waveguide
(Taiji-CROW)—were introduced and experimentally validated. In the DRUM, electrical
control of Mach—Zehnder interferometers enables continuous tuning between Hermitian
and non-Hermitian regimes, including access to diabolic points and exceptional points.
This results in electrically programmable chirality, deterministic suppression of coher-
ent backscattering, and direction-dependent reflection. In the Taiji-CROW, asymmetric
intra-ring mode conversion combined with controlled disorder enables direction-selective
transport in resonator lattices. An off-resonance reduction to an effective complex hop-
ping model was derived and experimentally validated, yielding clear design rules for
suppressing unwanted mode splitting and sustaining non-Hermitian routing in realistic

devices.

Relative to existing literature, this work advances integrated photonics by unifying linear
routing, nonlinear dynamics, and non-Hermitian physics within a common design and
control framework. While prior studies have demonstrated these effects individually, this
thesis shows that nontrivial photonic functionality emerges from the controlled interplay

of coupling, loss, phase, and nonlinearity, rather than from geometry alone.

The goal of this thesis has been to move integrated photonics from passive light guiding
toward actively controllable, dynamically reconfigurable, and physically rich photonic
systems. Within this context, the work sits at the intersection of applied device engineer-
ing and fundamental photonic physics. It demonstrates that silicon photonics—despite
material loss, disorder, and fabrication constraints—can reliably host nonlinear dynamics,
non-Hermitian phenomena, and phase-controlled routing when these effects are deliber-

ately co-designed.

Collectively, these results motivate future integrated photonic platforms that unify rout-
ing, oscillation, chirality, and nonreciprocity on a single chip, with electrical control

enabling signal processing, sensing, and emerging quantum and neuromorphic function-
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alities through dynamically tunable coupling and dissipation.

6.1 Practical constraints and scalability

While the demonstrated non-Hermitian and nonlinear microring platforms show strong
reconfigurability and controllable dynamics at the device level, several practical engineer-
ing constraints must be considered for large-scale circuit integration. First, thermo-optic
tuning using integrated heaters and MZI phase shifters, as employed in the DRUM ar-
chitecture, introduces non-negligible electric power consumption, which can become a
limiting factor when scaling to dense CROW lattices or large photonic meshes. Sec-
ond, thermal cross-talk between closely spaced resonators and coupled waveguides may
induce unintended resonance detuning and coupling fluctuations, particularly in multi-
ring configurations such as Taiji-CROW systems, where precise control of inter-resonator
coupling and backscattering is required. A related practical constraint is the footprint of
highly reconfigurable circuits: in the present architecture the dominant area contribution
arises from the MZI sections and, more importantly, from the phase shifters, which sets a
lower bound on the circuit size and limits dense co-integration with many resonators. In
addition, because thermal phase shifters operate on comparatively slow time scales (typ-
ically kHz—ms), most tuning is intrinsically quasi-static; this is adequate for steady-state
exploration of diabolic and exceptional point conditions, but it limits fast, time-domain
modulation or rapid encircling protocols without alternative actuation mechanisms. From
a scalability perspective, the device-level design rules derived in this thesis—specifically
the requirement that engineered coupling exceeds disorder-induced backscattering and that
loss and detuning are quantitatively calibrated—provide practical guidelines for extending
these architectures to larger arrays. Future implementations in large-scale non-Hermitian
photonic circuits will therefore benefit from low-power phase shifters, improved thermal
isolation, more compact actuation schemes to reduce footprint, and fabrication processes
that minimize roughness-induced backscattering to preserve robustness and reproducibil-

ity across many coupled resonators.

6.2 Future Outlook

The results of this thesis may open other research directions for advancing non-Hermitian
integrated photonics. At the circuit level, scaling the demonstrated devices into larger
non-Hermitian lattices, such as coupled-resonator optical waveguide (CROW) arrays or

reconfigurable mesh networks, would allow exploration of collective phenomena including
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non-Hermitian topological transport and synthetic gauge fields. Combining these architec-
tures with dynamic electrical control may lead to programmable nonreciprocal networks
and reconfigurable optical isolators and circulators, enabling practical non-magnetic im-

plementations of asymmetric light transport.

Another natural extension concerns the studied 3x3 coupler, which can be pushed toward
the quantum regime by interfacing it with on-chip single-photon sources and single-photon
detectors. In such a configuration, injecting single photons into any of the input ports
would enable the preparation of arbitrary path-encoded qutrit states, where the quantum
state evolves through the device according to an effective tunable Hamiltonian. The out-
put ports can then be monitored using single-photon measurements to reconstruct the
output probability distribution and investigate quantum interference and coherence in a
multiport non-Hermitian platform. This would transform the 3x3 coupler from a classical
routing element into a compact quantum photonic processor capable of programmable
state evolution, quantum measurements, and photon routing. Moreover, the presence of
engineered loss and tunable coupling in the device makes it an ideal testbed for explor-
ing quantum manifestations of non-Hermitian physics, including non-unitary evolution,
exceptional-point-enhanced quantum sensing, and chiral quantum transport in integrated

photonic circuits.

Integrating non-linear and quantum effects into non-Hermitian silicon platforms may offer
another research frontier. The interplay of non-linearity and EP dynamics could enable
controllable self-oscillation, chaos, or soliton formation in CMOS-compatible photonics.
Furthermore, implementing quantum states or entangled photons in non-Hermitian cavities
may reveal fundamentally new behaviors in quantum non-Hermitian physics, including

quantum EP sensing and chiral photon routing.

In this context, electrically tunable p—n junction silicon microring resonators represent a
particularly promising direction for photonic reservoir computing. By exploiting voltage-
controlled free-carrier dynamics, the carrier lifetime and refractive index inside the mi-
croring can be dynamically tuned, providing a nonlinear and memory-rich response to the
input signal. The optical field circulating in the resonator acts as a nonlinear photonic
reservoir whose internal states depend on the input waveform, detuning, and applied bias
voltage. For constant optical power and detuning, the reservoir states can be mapped to
the output intensity, while a trained linear readout layer extracts the desired computational
output. This voltage-adaptive behavior enables task-dependent tuning of the reservoir
through the carrier lifetime 7(V), offering a compact and CMOS-compatible hardware
platform for high-speed optical computing, time-series prediction, and signal processing.

When combined with non-Hermitian loss engineering and tunable dissipation, such p—n
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microring reservoirs could further enhance computational richness and stability, enabling

adaptive and energy-efficient photonic information processing systems.

Finally, incorporating adaptive calibration and feedback circuits could make future non-
Hermitian photonic systems robust to fabrication variations and environmental fluctu-
ations. This would transform non-Hermitian photonics from a research paradigm into
a practical engineering toolkit for advanced optical computing, signal processing, and
sensing.
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