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Optoelectronic oscillators (OEOs) are nonlinear, time-delayed and self-sustained microwave
photonic systems capable of generating ultrapure radiofrequency (RF) signals with extensive
frequency tunabilities. Their hybrid architectures, comprising both optical and electronic paths,
underscore their merits. One of the most notable points of OEOs can be unprecedentedly high
quality factors, achieved by storing optical energies for RF signal generations. Thanks to their low
phase noise and broad frequency tunabilities, OEOs have found diverse applications including
chaos cryptography, reservoir computing, radar communications, parametric oscillator, clock
recovery, and frequency comb generation. This thesis pursues two primary objectives. Firstly,
we delve into the nonlinear dynamics of various OEO configurations, elucidating their universal
behaviors by deriving corresponding envelope equations. Secondly, we present a stochastic
equation delineating the dynamics of phases and explore the intricacies of the phase dynamics.

The outputs of OEOs are defined in their RF ports, with our primary focus directed towards

understanding the dynamics of these RF signals. Regardless of their structural complexities,



we employ a consistent framework to explore these dynamics, relying on the same underlying
principles that determine the oscillation frequencies of OEOs. To comprehend behaviors of
OEOs, we analyze the dynamics of a variety of OEOs. For simpler systems, we can utilize the
dynamic equations of bandpass filters, whereas more complex physics are required for expressing
microwave photonic filtering. Utilizing an envelope approach, which characterizes the dynamics
of OEOs in terms of complex envelopes of their RF signals, has proven to be an effective method
for studying them. Consequently, we derive envelope equations of these systems and research
nonlinear behaviors through analyses such as investigating bifurcations, stability evaluations, and
numerical simulations. Comparing the envelope equations of different models reveals similarities
in their dynamic equations, suggesting that their dynamics can be governed by a generalized
universal form. Thus, we introduce the universal equation, which we refer to as the universal
microwave envelope equation and conduct analytical investigations to further understand its
implications.

While the deterministic universal equation offers a comprehensive tool for simultaneous
exploration of various OEO dynamics, it falls short in describing the stochastic phase dynamics.
Our secondary focus lies in investigating phase dynamics through the implementation of a stochastic
approach, enabling us to optimize and comprehend phase noise performance effectively. We
transform the deterministic universal envelope equation into a stochastic delay differential form,
effectively describing the phase dynamics. In our analysis of the oscillators, we categorize noise
sources into two types: additive noise contribution, due to random environmental and internal
fluctuations, and multiplicative noise contribution, arising from noisy loop gains. The existence
of the additive noise is independent of oscillation existence, while the multiplicative noise is

intertwined with the noisy loop gains, nonlinearly mixing with signals above the threshold.



Therefore, we investigate both sub- and above-threshold regimes separately, where the multiplicative
noise can be characterized as white noise and colored noise in respective regimes. For the above-
threshold regime, we present the stochastic phase equation and derive an equation for describing
phase noise spectra. We conduct thorough investigations into this equation and validate our
approaches through experimental verification.

In the sub-threshold regime, we introduce frameworks to experimentally quantify the noise
contributions discussed in the above-threshold part. Since no signal is present here and the
oscillator is solely driven by the stochastic noise, it becomes feasible to reverse-engineer the
noise powers using a Fourier transform formalism. Here, we introduce a stochastic expression
written in terms of the real-valued RF signals, not the envelopes, and the transformation facilitates
the expressions of additive and multiplicative noise contributions as functions of noisy RF output
powers. The additive noise can be defined by deactivating the laser source or operating the
intensity modulator at the minimum transmission point, given its independence from the loop
gains. Conversely, the expression for the multiplicative noise indicates a dependence on the gain,
however, experimental observations suggest that its magnitude may remain relatively constant

beyond the threshold.



NONLINEAR AND STOCHASTIC DYNAMICS
OF OPTOELECTRONIC OSCILLATORS

by

Meenwook Ha

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2024

Advisory Committee:
Professor Yanne K. Chembo, Chair/Advisor
Professor Thomas E. Murphy
Professor Kevin M. Daniels
Professor Cheng Gong
Professor Rajarshi Roy, Dean’s Representative



© Copyright by
Meenwook Ha
2024



Dedication

To my friends, family, and parents for always believing in me.

il



Acknowledgments

I would like to express my sincere gratitude to my advisor, Professor Yanne K. Chembo,
for his unwavering support and guidance throughout my Ph.D. studies. His commitment to
research, creativity, and responsibility has been a constant source of inspiration throughout this
long journey. Working with him provided me with a priceless opportunity to learn about effective
leadership, collaboration, and personal growth. I extend my heartfelt thanks to Professor Chembo
for giving me the invaluable opportunity of working with him, and I take great pride in considering
myself his academic protégé. His endless encouragement and support have been instrumental in
making this work possible.

I would like to extend my deep appreciation to Professors Thomas E. Murphy, Kevin M.
Daniels, Rajarshi Roy, and Cheng Gong for graciously serving on my dissertation committee
and providing valuable feedback. It was a great honor to have them in my Ph.D. dissertation,
and I consider it a unique opportunity to learn from their wealth of perspectives. Additionally, I
extend my gratitude to all the faculty members with whom I have interacted at the University of
Maryland, College Park.

I wish to express my appreciation to Professor C. Emre Koksal, who guided me through the
Honors Research Distinction Thesis Project during my senior year at the Ohio State University.
This marked my initiation into academic research, significantly accelerated my enthusiasm toward

Ph.D. studies. This experience provided me with a comprehensive understanding of research

il



fundamentals.

I also want to extend my sincere gratitude for the invaluable advice and guidance provided
by Doctors Brian P. Ginsburg, Michael H. Perrott, and Juan A. Herbsommer during my summer
internship at Kilby Labs, Texas Instruments in 2023. I learned valuable insights on effective
leadership and engineering excellence from their guidance. I consider it one of the most unforgettable
chapters of my life. The experience served as a turning point and a constant source of motivation.

I am thankful to all my fellow lab mates for making our lab an inspiring and collaborative
environment. In particular, I extend my deepest thanks to Professor Elham Heidari for her
invaluable guidance during her PostDoc period in the group. I appreciate the mutual support
with Fengyu Liu since outset of our Ph.D. in August 2019.

I extend my appreciation to my dearest friends at the University of Maryland including
Dr. Kyungjun Lee, Dr. Yongwan Park, Dr. Brian Kim, Dr. Yaesop Lee, Youngjoon Lee,
and Muwon Kwon. Spending time with them in College Park has been an absolute pleasure,
enriching my journey with happiness. Gratitude also goes to my friends beyond the university,
with special thanks to Doohyun Cha. His unwavering support and dedication towards his goals
have consistently served as a motivating force for me.

I owe an eternal debt of gratitude to my family for their unconditional support and care,
extending beyond my Ph.D. studies to life in general. My heartfelt thanks go to my parents and

my brother, who have consistently believed in me. This dissertation is dedicated to each of them.

v



Table of Contents

Dedication

Acknowledgements

Table of Contents

List of Figures

List of Abbreviations

Chapter 1:  Introduction

Chapter 2:  Optoelectronic Oscillators (OEOs)

2.1
2.2
2.3

24

2.5

Introduction of the Chapter . . . . . . . . ... ... ... ... ... ......
System Setup . . . . .. L e e e e
System Modeling . . . . . . . ... ..
2.3.1 Dynamics at Bandpass Filters . . . . . .. ... ... ... .......
2.3.2 Derivation of Envelope Equation . . . . . ... ... ... ........
Stationary States and Their Stability . . . . . ... ... ... ... .......
2.4.1 Stationary State Solutions . . . . . . . . .. ... ... o
2.4.2 Stability of the Trivial Solution . . . . . . ... ... ... ........
2.4.3 Stability of the Oscillatory Solution . . . . ... ... ... .......
2.4.4 Numerical Simulation. . . . . . .. ... ... oL,
Conclusionof the Chapter. . . . . . . .. ... ... ... ... .. .......

Chapter 3: ~ The Frequency-Multiplicative OEOs

3.1
3.2

33

34

Introduction of the Chapter . . . . . . . . ... ... ... ... .........
The Frequency-Doubled OEO . . . . . . ... ... ... ... .........
321 System . ... e e e e e e e
3.2.2 The Oscillation Frequency Generation . . . . . . .. ... ... .....
3.2.3 The Doubled Frequency Generation . . . . .. ... ... ........
The Frequency-Doubled OEO UsingaCFBG . . . . . .. .. ... .......
331 System ... e e e e e e e
3.3.2 The Oscillation Frequency Generation . . . . . .. ... ... ......
3.3.3 The Doubled Frequency Generation . . . . ... .. .. .........
The Sagnac-Loop OEO . . . . . . . .. . .. .. .
341 System ... e

il

il

viii

Xiv

12
14
15
19
22
22
24
26
28
30



34.2
343

The Oscillation Frequency Generation . . . . . . . ... ... ... ...
The Doubled Frequency Generation . . . . .. ... ... ........

3.5 The OEO based on Cascaded Modulators . . . . . . . . .. . ... ... ....

3.5.1
352
353
354
3.5.5

System . . .. e e
The Oscillation Frequency Generation . . . . . . ... .. ... .....
The Quadrupled Frequency Generation . . ... ... ..........
The Sextupled Frequency Generation . . . .. ... ... ........
The Octupled Frequency Generation . . . . . . ... ... ........

3.6 Conclusionofthe Chapter. . . . . . . . ... ... ... ... ... ......

Chapter 4:

The OEO based on Stimulated Brillouin Scattering

4.1 Introduction of the Chapter . . . . . . . . .. .. ... ... ... .. ... .
4.2 System and Operation Principle . . . . . . . .. ... ... .. ... .......
4.3 Frequency-Selective Amplification Basedon SBS . . . . . .. .. ... ... ..

4.3.1 Brillouin Amplification . . . . . . .. ... Lo L oL
4.3.2 Equations of Traveling Waves . . . . . . ... ... ... ........
4.3.3 Accounting for Frequency Selection . . . . ... ... ... .. .....
4.3.4 Time-Domain Equations for Brillouin Amplification . .. ... ... ..
4.4 Model . . . .o
4.4.1 Phase Modulation . . . . . .. .. ..o
4.4.2 Accounting for the Brillouin Amplification . . . ... ... .. ... ..
4.4.3 Envelope Equation for the Generic Case T"#0 . . . ... ... .....
4.44 Envelope Equation for the Practical Case 7'=0 . . . . . . ... ... ..
4.5 Stationary States and Their Stabilityfor 7’=0. . . . . ... ... ... .....
4.5.1 Stability of the Trivial Solution . . . . . . .. ... ... ... ......
4.5.2 Stability of the Oscillatory Solution . . . . . .. ... ... .. .....
4.5.3 Numerical Simulation forthe Case 7'=0 . . . . ... ... ... ....
4.6 Stationary States and Their Stabilityfor 7740 . . . . . ... ... ... .....
4.6.1 Stability of the Trivial Solution . . . . . . .. ... ... .........
4.6.2 Stability of the Oscillatory solution . . . . . . ... .. ... .......
4.6.3 Numerical Simulation forthe Case 7740 . . . . . ... . ... .....

4.7 Conclusionofthe Chapter. . . . . . .. .. ... ... ... ... ... ...

Chapter 5:

The Universal Microwave Envelope Equation

5.1 Introduction of the Chapter . . . . . . . . . ... ... .. ... ... ....
5.2 The Universal Microwave Envelope Equation . . . . . ... ... ... .....

5.2.1
522
523
524

Stationary States and Their Stabilities . . . . .. ... .. ... ... ..
Apply the Universal Stability Analysis into the Basic OEO . . . . . . ..
Apply the Universal Stability Analysis into the SBS-based OEO . . . . .
Universal Stability Analysis . . . . .. .. ... .. ... ... .....

5.3 The Frequency-Doubled Output . . . . . . ... ... ... ... ........
54 Conclusionofthe Chapter. . . . . . ... ... ... ... .. ... .......

Chapter 6:

The Stochastic Delay Differential Equation of the Phase

6.1 Introduction of the Chapter . . . . . . . .. .. ... .. ... ... .. ....

Vi

83
83
84
85
88
89
90
91
91

94



6.2 Derivation of the Stochastic Delay Differential Equation . . . .. ... ... .. 95

6.3 Phase Dynamics Above the Threshold . . . . . ... ... .. ... ... .... 98
6.3.1 Phase Noise at Low Offset Frequencies: w < 0y . . . . . . .. ... .. 101
6.3.2 Phase Noise in the Spurious Peak Region: Qy < w < pp . . . . . . . .. 103
6.3.3 Phase Noise Beyond the Half-Bandwidth: p < w . . . . . ... ... .. 107
6.3.4 Experimental Phase Noise Spectrum . . . . . . ... ... ........ 109
6.4 ConclusionoftheChapter. . . . . . . .. . ... ... ... .. ... . ..... 109
Chapter 7: Quantifying Additive and Multiplicative Noise in Optoelectronic Oscillators:
An Experimental and Theoretical Analysis 111
7.1 Introduction of the Chapter . . . . . . . ... ... ... ... ... ... 111
7.2 Model . . . . e 113
7.2.1 Derivation of the StochasticModel . . . . . ... ... ... ....... 113
7.2.2  Derivation of the Noise Contributions . . . . . .. .. ... ... .... 116
7.3 Resultsand Discussion . . . . . . . ... L L L L 119
7.3.1 Workflow . . . .. ... 119
7.3.2 Experimental Setup . . . . . .. .. ... 120
7.3.3  Variation in Output RF Noise Power with the DC Bias (Transmission
Point) of the Modulator . . . . . . . . .. . ... ... ... .. ..... 124
7.3.4 Quantifying the Additive Noise Contribution . . . . . . ... ... ... 125
7.3.5 Quantifying the Multiplicative Noise Contribution . . . . . . . . ... .. 126
7.4 Conclusionofthe Chapter. . . . . . . .. .. ... .. .. ... ... .. ... 127
Chapter 8: Conclusion 129
Bibliography 133

vii



2.1

2.2

2.3

List of Figures

The process of selecting oscillation frequencies of a fundamental OEO setup
where (a) and (b) plots are obtained immediately after the pump while the bottom

(c) plot corresponds to operation below the threshold. The center frequency of
the filter employed is 10.5 GHz with a bandwidth of 21 MHz. A 4.4 km silica
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delay of 22 us. Each horizontal division on the plots represents a 50 kHz gap,
with all three plots obtained within the range of 10.5048 GHz and 10.5051 GHz.
Given the fiber spool, the theoretical FSR is expected to be approximately 45 kHz,
which aligns with the observed distance. Comparing plots (a) and (b) reveals that
every pump can have slightly different oscillation frequencies where (a) presents
10.504950 GHz and (b) displays 10.505040 GHz as their oscillation frequencies,
where the gap corresponds to2xFSR. . . . ... ... oo oL, 10
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continuous-wave laser, a polarization controller (PC), a Mach-Zehnder modulator
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the three power level cases. In order to obtain the simulation results, we used the
calculated o values from Egs. (7.12) and (7.13), obtained as o, = 4.527 x 1073,
1.218 x 1073, and 0, = 8.068 x 10~* for the broad, intermediate, and narrow
cases. The calculated oy, values for each gain are depicted in Fig. 7.5, and the
corresponding values were used for the simulations. . . . . ... ... ... ...
Variations in multiplicative noise contributions with the feedback gain parameter
£ below the threshold. In parts (a), (b), and (c), we examine the cases with
@ = 0.52, 1.94, and 7.21 respectively, considering three different optical powers:
14 (in red), 15 (in green), and 16 dBm (in blue). It is worth noting that o,,’s
exhibit a rapid decrease at very low gains, after which it stabilizes at nearly the
same value as the gain increases. This behavior becomes more pronounced at
higher Q-values. Furthermore, it is evident that the noise contributions remain
consistent across the different optical power levels since they share the same gain
control throughthe VOA. . . . . . . . . . . .. ... ...
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Chapter 1: Introduction

The frequency range of microwave, typically spanning from 300 MHz to 300 GHz, holds
increasing significance in contemporary communication systems due to its extensive spectral
bandwidth and saturation of lower frequency ranges by existing communication networks. The
demand for such frequencies is evident with the advent of 5G and the ongoing development of
6G communication technologies. Oscillators play a fundamental role in building communication
links, serving as resonant devices that produce periodic oscillations matching the frequency
requirements of systems. However, in the frequency regime, achieving precise frequency control
becomes increasingly challenging due to the fact that the complexity of frequency controls in
electronic devices escalates with higher frequencies. Therefore, as the frequency range increases,
fully electronic oscillators encounter limitations in meeting requirements such as low phase noise,
frequency tunability, and high frequency generation.

Optoelectronic oscillators (OEOs) are nonlinear, time-delayed and self-sustained microwave
photonic systems able to generate ultrapure radiofrequency (RF) signals, which can satisfy the
proposed concerns due to their extremely low phase noise and broad frequency tunabilities [1—
4]. Tt arises from their hybrid structure, which consist of both optical and electrical paths.
Between a lot of benefits from the optical path, the most significant one of these hybrid oscillators

compared to fully electronic oscillators can be unprecedented high quality-factors (Q-factors)



achieved through storing optical energies for RF signal generations [5-7]. In order to serve
different purposes, OEOs have been developed in various configurations, and they can generally
be categorized into two groups: broadband and narrowband groups, based on their spectral
bandwidth.

The broad OEOs utilize their wide bandwidth in the microwave regime. A notable example
within the family is chaos cryptography, wherein an audio signal is encrypted within a high
dimensional chaotic fluctuations of the wavelength, enabling high-speed encrypted communication [8—
10]. Additionally, broadband OEOs find applications in machine learning. The infinite dimensionality
caused by time-delays and broad bandwidth allows their uses in reservoir computing, an information
processing technique which projects input data into a high-dimensional space for computation
purposes [11-14]. Moreover, their wide bandwidth are advantageous in radar communications,
random bit generation, parametric oscillator, clock recovery, and frequency comb generation
[15-20].

In the realm of the narrowband group, the OEOs primarily focus on generation of RF
signals with exceptional purity. Consequently, the design of narrowband OEOs focuses on
achieving high Q-factors and minimizing phase noise. In a single closed-loop system, the Q-
factor of the OEO is proportional to the length of its fiber spool. For example, employing a
4 km length fiber spool yields a Q-factor greater than 10° at a 10 GHz oscillation, marking
a truly remarkable achievement. The oscillation frequencies of OEOs typically rely on their
center frequencies of narrow bandpass filters (BPFs). In order to achieve lower phase noise,
the narrowband OEOs have been developed in many different ways such as having dual-loop
structures, replacing fiber spools by resonators, and utilizing parity-time symmetricity [21-29].

Although OEOs have been classified into two families based on their applications, they
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can still be analyzed within a same framework as long as the BPFs maintain reasonable levels
of narrowness. There are, however, some exceptional cases that necessitate slightly different
approaches, such as those having very broad RF passband from very wide filters, using only low-
pass filtering, or even not using any filter [30,31]. Nevertheless, in most instances, even though
the broad family may encompass a wider bandwidth, this breadth is considered relative to the
narrow OEQOs, with the broad groups still featuring limited passbands relative to their carriers.
Moreover, the primary focus of this thesis centers on very narrow OEOs, and such, we do not
make a distinction between the two families. We employ the same framework for analyzing the
dynamics of OEOs and simply refer to both groups collectively as OEOs without classification.
Chapter 2 delves into a comprehensive exploration of a fundamental architecture of OEOs,
featuring a single closed-loop configuration, composed of key components for basic OEO formation.
These components include a laser, a polarization controller (PC), a Mach-Zehnder modulator
(MZM), a fiber delay line (FDL), a photodetector (PD), a BPF, an RF amplifier (RFA), and an
electric coupler. In the setup, the PD converts optical signals into RF signals, while the MZM
performs electric to optic conversion by modulating the optical carrier sourced from the laser with
an RF signal to close the loop. The RF signal, which feeds the modulator, is typically defined as
the output signal of the oscillator. To analyze the dynamics of OEOs, a key approach is deriving
envelope equations, which elucidates the dynamics of the output signal envelopes [32—-34]. These
equations encapsulate information about the phases and amplitudes of the output signals.
Despite the impressive phase noise performance of the basic setup outlined in Chapter 2 [35—
40], one limitation of the setup can be challenges of achieving high microwave frequencies,
particularly accessing the millimeter-wave range. This difficulty arises because the oscillation

frequency is determined by the BPF, which implies that to generate higher frequencies, a corresponding
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filter is necessitated. However, this approach becomes impractical when considering the cost of
BPFs in the millimeter-wave regime and the significant degradation in performance of electronic
components with increased frequency range. To relieve this concern, a frequently employed
method is frequency multiplication, a widely employed technique for easily accessing the millimeter-
wave frequency range [41-51].

Chapter 3 investigates the dynamics of four frequency-multiplicative OEOs, as developed
in the works referenced [47-50]. These OEOs employ multipath structures to tune the oscillation
frequencies in their closed-loops while generating harmonics of the oscillation frequencies at
separate output ports by controlling the states of polarization or phases of optical fields. Consequently,
they mitigate the reliance on electronic components while offering access to significantly higher
frequencies. However, although the frequency-multiplicative models can address the concerns
proposed for the fundamental OEOQ, a critical drawback is that since the filtering still occurs in
the RF domain, the resulting oscillators are generally not tunable in frequency. Additionally,
narrowband RF filtering in the millimeter-wave range becomes progressively less effective as
the frequency increases. These challenges can potentially be addressed by employing different
frequency selection techniques, such as utilizing microwave photonic filters (MPFs) for frequency
selections within optical domains.

Chapter 4 introduces a great example of it, OEOs based on stimulated Brillouin scattering
(SBS). Using Brillouin scattering to enhance the functionalities of OEOs is a widespread strategy
that has been implemented in various platforms [52-55]. In the configuration, a pump laser is
injected into a highly nonlinear fiber spool to generate a Brillouin gain profile at an adjacent
redshifted frequency. The process facilitates the selective amplification of a phase-modulated

and contra-propagating laser signal. Notably, the RF oscillation frequency is solely determined
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by the spectral gap between the pump and signal lasers, rendering it is easily tunable. From
that regard, a main characteristic of this approach is that frequency selection is achieved by the
means of a MPF instead of an RF filter [56-58]. Several research groups have demonstrated
that these SBS-based OEOs offer frequency tunability from DC to over 60 GHz and boast an
ultra-low phase noise figure [59-61]. Remarkably, the km-long fiber spool can potentially be
replaced by a sub-cm-long highly nonlinear waveguide, thereby providing the way for a chip-
scale implementation [62].

Throughout Chapters 2, 3, and 4, we explore the dynamics of the various OEOs by deriving
their respective microwave envelope equations. Comparing these envelope equations across
different models reveal similarities between the dynamic equations, suggesting that their dynamics
can be governed by an envelope equation that can be reformulated under a generalized universal
form [63]. In Chapter 5, we introduce this universal equation, termed the universal microwave
envelope equation, and conduct thorough analytical investigations. Additionally, we undertake
stability analysis of the universal equation and suggest models that can be used to find solutions
and evaluate their stabilities.

While the deterministic universal envelope equation offers a comprehensive tool for simultaneous
exploration of various OEO dynamics, it falls short in describing the stochastic phase dynamics.
Our focus shifts to investigating phase dynamics through the implementation of a stochastic
approach, enabling us to optimize and comprehend phase noise performance effectively. In
Chapter 6, we transform the deterministic universal envelope equation into a stochastic delay
differential equation (SDDE), effectively describing the phase dynamics. In our analysis of
the oscillators, we categorize noise sources into two types: additive noise contribution, due to

random environmental and internal fluctuations, and multiplicative noise contribution, arising
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from noisy loop gains. The existence of the additive noise is independent of oscillation existence,
while the multiplicative noise is intertwined with the noisy loop gains, nonlinearly mixing with
signals above the threshold [35,64—66]. Therefore, we investigate both sub- and above-threshold
regimes separately, where the multiplicative noise can be characterized as white and colored noise
in respective regimes. For the above-threshold regime in Chapter 6, we proceed our analysis by
characterizing the multiplicative noise as flicker and derive an equation for describing phase noise
spectra. We validate the theoretical studies by the experimental results.

We perform the sub-threshold regime analysis in Chapter 7. We introduce frameworks to
experimentally quantify the noise contributions discussed in the above-threshold part. Since no
signal is present here and the oscillator is solely driven by stochastic noise, it becomes feasible
to reverse-engineer the noise powers using a Fourier transform formalism. Here, we introduce a
stochastic expression written in terms of the real-valued RF signals, because we do not need to
express as complex envelops because there is no oscillation, no time-scale issue. However, both
approaches are rooted from the same equation, so there is no dynamical difference between them,
but only expression difference is there. The stochastic transformation facilitates the expressions
of additive and multiplicative noise contributions as functions of noisy RF output powers. The
additive noise can be defined by deactivating the laser source or biasing the intensity modulator
at the minimum transmission point, given its independence from loop gains. The expression for
the multiplicative noise indicates a dependence on gain, but experimental observations suggest
that its magnitude may remain relatively constant beyond the threshold.

In Chapter 8, we conclude this work by summarizing the results presented in the previous

sections.



Chapter 2: Optoelectronic Oscillators (OEOs)

2.1 Introduction of the Chapter

OEQOs are nonlinear, self-sustained, and time-delayed microwave photonic systems capable
of generating ultrapure microwave [1-4]. It arises from their hybrid structure, which comprise
half-optical and half-electronic paths. Among many advantages from the optical path, the most
significant conceptual breakthrough of these oscillators compared to fully electronic oscillators
can be unprecedented high Q-factors achieved through storing optical energies for RF signal
generation [5—7]. OEOs have been developed in various configurations to serve different purposes,
and they can generally be categorized into two groups: broadband and narrowband families,
based on their spectral bandwidth.

As the name implies, the broad OEOs make the best use of their wide bandwidths, which
are achieved through high operating frequencies. An illustrative example within the broadband
family is chaos cryptography, wherein an audio signal is encrypted within a high dimensional
chaotic fluctuations of the wavelength, enabling high-speed encrypted communication [8—10].
Moreover, broadband OEOs find applications in machine learning. The infinite dimensionality
resulting from time-delay and broad bandwidth facilitates their use in reservoir computing, an
information processing technique that projects input data into a high-dimensional space for computation
[11-14]. In addition, their wide bandwidth is advantageous in radar communications, random bit
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generation, parametric oscillator, clock recovery, and frequency comb generation [15-20].

In the realm of the narrowband family, the OEOs primarily focus on generation of RF
signals with exceptionally high purity. Consequently, the design of narrowband OEOs emphasizes
achieving a high Q-factor and minimizing phase noise. In a single closed-loop system, the Q-
factor approximately follows () ~ fyo1', where f, represents the oscillation frequency and 7'
denotes the time-delay in the optical path, typically equivalent to the delay induced by the fiber
spool. For instance, a 4.4 km FDL introduce roughly a 22 ps delay (1" = ny,L/co, where ¢y is
the speed of light, L signifies the length of the fiber, and the group refractive index of silica is
approximately n, = 1.48), and a 10.5 GHz oscillation achieves a Q-factor greater than 2 x 10°.

The oscillation frequencies of OEOs are typically determined by the center frequency of a
narrow BPF and the free spectral range (FSR) from the time-delay. Essentially, OEOs are multi-
mode devices, with the mode spacing corresponding to the FSR, given by FSR = ¢, /(n,L). For
a FDL spanning a few km, the FSR is measured in kHz. Ideally, the oscillation frequency of the
system is selected as an integer multiple of the FSR, following the equation f, = nxFSR where
n can be any integer that brings the multiplication close to the center frequency of the filter.

The process of selecting oscillation frequencies of a fundamental OEO setup is depicted
in Fig. 2.1. In the figure, (a) and (b) plots are obtained immediately after the pump while the
bottom (c) plot corresponds to operation below the threshold. The center frequency of the filter
employed is 10.5 GHz with a bandwidth of 21 MHz. A 4.4 km silica fiber spool is used where the
length and the material introduce roughly a time delay of 22 ps. Each horizontal division on the
plots represents a 50 kHz gap, with all three plots obtained within the range of 10.5048 GHz and
10.5051 GHz. Given the fiber spool, the theoretical FSR is expected to be approximately 45 kHz,

which aligns with the observed distance. Comparing plots (a) and (b) reveals that every pump
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can have slightly different oscillation frequencies. Once the system is pumped, the oscillation
frequency remains stable regardless of whether the gain is increased or decreased above the
threshold regime. However, if the gain decreases below the threshold and the system is repumped,
it may exhibit a different oscillation frequency.

A larger delay can give a higher Q, but it also results in a denser FSR, hampering a single-
mode selection. To suppress unwanted modes, these systems employ extremely narrow BPFs.
Typically, a filter is deemed narrow when its Q-factor (distinct from the Q-factor of OEOs) is
greater than 1/2, but in OEO research, a Q-factor greater than 100 is generally expected to classify
a filter as narrow. However, regardless of using very narrow filters, it is still difficult to suppress
the unwanted modes. For example, the filter used in Fig. 2.1 has a 10.5 GHz oscillation frequency
with a linewidth of 21 MHz, resulting in a Q-factor of 500, and it is very narrow. Nevertheless,
despite the narrow linewidth, employing a 4.4 km fiber spool, resulting in FSR= 45 kHz, can
yield more than 450 modes within the passband.

To address the proposed issues, various novel approaches have been proposed. One notable
solution involves a dual-loop structure, connecting two fiber spools in different lengths in parallel.
It capitalizes on the higher Q-factor provided by the longer fiber spool, while the shorter fiber
mitigates the FSR through Vernier effect [21-23]. Another popular active strategy involves
replacing the long FDLs by resonators, and this approach not only leads to a larger FSR but
also maintains a high Q-factor through achieving a long photon lifetime [24-26]. Additionally,
replacing a bulky fiber spool into a resonator allows to design an OEO in a small form factor.
Also, the concept of parity-time symmetric OEO demonstrates a significant promise to ensure a
single-mode oscillation by constructing two loops, which are one for gain and the other for loss

where they have the equal magnitude [27-29].
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Figure 2.1: The process of selecting oscillation frequencies of a fundamental OEO setup where
(a) and (b) plots are obtained immediately after the pump while the bottom (c) plot corresponds
to operation below the threshold. The center frequency of the filter employed is 10.5 GHz with
a bandwidth of 21 MHz. A 4.4 km silica fiber spool is used where the length and the material
introduce roughly a time delay of 22 ps. Each horizontal division on the plots represents a 50
kHz gap, with all three plots obtained within the range of 10.5048 GHz and 10.5051 GHz. Given
the fiber spool, the theoretical FSR is expected to be approximately 45 kHz, which aligns with
the observed distance. Comparing plots (a) and (b) reveals that every pump can have slightly
different oscillation frequencies where (a) presents 10.504950 GHz and (b) displays 10.505040
GHz as their oscillation frequencies, where the gap corresponds to 2xFSR.

10



Depending on their applications, OEOs have been classified into two families. However,
they can still be studied within the same framework if they possess a reasonable level of Q-factor
with a limited passband. There are some exceptional cases that necessitate slightly different
approaches, such as those having very broad RF passband from very wide filters, employing only
low-pass filtering, or even not using any filtering [30,31]. However, in most OEOs, although
the broad family utilizes a broad bandwidth, it defines this broad relatively in comparison to
the narrow OEOs, and the broad families still have limited passbands relative to their carriers.
Furthermore, the primary focus of the thesis is on very narrow OEOQOs, thus disregarding unusual
cases. Consequently, we do not distinguish between the two families when studying the dynamics
of OEOs and simply refer to both as OEOs without classification.

To grasp the dynamics of OEOs, this chapter presents and deeply examines a basic architecture
of OEOs comprising a single closed-loop configuration, composed of key components for basic
OEO formation. These components include a laser, a MZM, a FDL, a PD, a BPF, a RFA, and an
electric coupler. The PD converts an optical signal into an RF signal, while the MZM performs
electric to optic conversion by modulating the optical carrier sourced from the laser with an RF
signal to close the loop. The RF signal, feeding the main modulator, is typically defined as the
output signal of the oscillators. Depending on respective purposes of designing OEOs, the setups
may include additional components, and their configurations and dynamics can become more
intricate, as elaborated in Chapter 3 and 4. However, this chapter concentrates on presenting the
basic setup.

To analyze the dynamics of OEOs, a key approach is to derive the envelope equations,
which describes the dynamics of the output signal envelopes [32—-34]. These equations encapsulate

information about the phases and amplitudes of the output signals. In most OEO studies, the
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oscillation frequencies are known conditions, and the focus lies on comprehending the dynamics
of the amplitudes and phases of RF output signals. The envelope equations serve as the primary
tools for studying OEOs in the thesis, and this chapter presents a detailed derivation process of
the envelope equation of the basic OEO setup in Sections 2.2 and 2.3. Additionally, the dynamics
of the envelope equation is thoroughly explored. In Section 2.4, we find stationary state solutions
and judge their stabilities. In addition, we verify the theoretical analysis by presenting numerical
simulation results. Section 2.5 summarizes this chapter. Whenever we explore new setups in
the thesis, we follow a similar process, as discussed in this chapter. Thus, this chapter holds

significant importance.

2.2 System Setup

The most basic configuration of OEOs corresponds to Fig. 2.2 constituted of a continuous
wave laser having an optical carrier w,. and power F, and an oscillation loop which contains the
following key elements: (i) a PC that controls polarization of the optical carrier; (ii) a MZM

characterized by the RF half-wave voltage V.. and DC half-wave voltage V. ., where a half-

pC
wave voltage is required amount of voltage to impose 7 phase shift; (iii) a FDL that causes a
significant time-delay 7" = L/v, = noL/c, where again, v, is the group velocity in the delay
line, L is its length, and ¢, is the speed of light; (iv) a polarization insensitive PD that performs
a fast direct detection characterized by the responsivity .S in units of V/W; (v) a BPF of 3-dB
bandwidth A2 around the center frequency €2; (vi) a RFA with gain G (vii) we also define the

overall attenuation of a loop as x which includes all loop losses. It should be noted that these

parameters will also be considered in the rest of the proposal.
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Figure 2.2: The schematic representation of the basic architecture of OEOs that consists of
a continuous-wave laser, a polarization controller (PC), a Mach-Zehnder modulator (MZM), a
fiber delay line (FDL), a photodetector (PD), a bandpass filter (BPF), a radiofrequency amplifier
(RFA), and an electric coupler (EC). The laser pumps the OEO, and the signal is modulated by an
RF signal, which also serves as the output signal of the OEO. After experiencing the time-delay
at the FDL, the modulated signal is transformed back into an RF signal. Then, the RF signal
undergoes amplification, bandpass filtering, and is looped back to the modulator, thereby closing
the loop.

The laser pumps the OEQO, and the signal is modulated by an RF signal, which also serves as
the output signal of the OEO. After experiencing the time-delay at the fiber spool, the modulated
signal is transformed back into an RF signal. Then, the RF signal undergoes amplification,
bandpass filtering, and is looped back to the modulator, thereby closing the loop. The actual
experimental setup is shown in Fig. 2.3. When we should run the setup for a long time, the
modulator bias controller can be inserted in the loop to automatically control the transmission
point. In addition, the erbium-doped fiber amplifier can be used to provide more optical power

for increasing the loop gain.
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Figure 2.3: The picture describes the experimental setup of Fig. 2.2. The setup consists of a
continuous-wave laser, a polarization controller (PC), a Mach-Zehnder modulator (MZM), a fiber
delay line (FDL), a variable optical attenuator (VOA), a photodetector (PD), a bandpass filter
(BPF), two radiofrequency amplifiers (RFAs), and an electric coupler (EC). The VOA is inserted
to control the overall loop gain while we fix the power of the laser. The power suppliers are to
provide powers for the two RFAs and the PD, and control the transmission point of the modulator.
A modulator controller and an erbium-doped fiber amplifier (EDFA) are shown, where they can
be also included in the loop to control the DC bias point automatically for a long running and
overall loop gain.

2.3 System Modeling

Because of the hybrid structure, the oscillator has the capability to simultaneously produce
signals in both the electrical and optical spectral ranges. Our research focus is on microwave

generation, and we designate the output signal as

V(t) = |V(t)] cos[Qot + (1)) (2.1)
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where V(t) represents the complex amplitude of the signal. As mentioned previously, we are
interested in the dynamics of the amplitude and phase rather than the oscillation frequency, which
remains a known and constant condition in most OEO studies.

The purpose of the PC is to align the axes of the laser and MZM, thereby maximizing the
output power of the modulator. The carrier is modulated by V'(¢) in Eq. (2.1) at the MZM and

the resulting output field envelope can be described as

(2.2)

£(0) = /T cos {W(t) va}

2Vimp i 2Vipo

which is in units of Wz.

2.3.1 Dynamics at Bandpass Filters

The dynamics of RF BPFs can be taken into account for deriving the dynamic equation
of the system, as the oscillation frequency is determined by the filters. If we define V;,(¢) and
Vout(t) as the input and output of the BPF respectively, the dynamics of the RLC filters can be

expressed as follows:

Y 1 d%utt QQ t
AV (0] = Vo (1) + 15 dt< ) 4 u / Vo (5)ds = Vin(t) 23)

to

H is called the integro-differential operator of narrow filters. To utilize the provided equation, we
need to define the input and output signals. As depicted in Fig. 2.2, V,,(¢) is already represented
as V(t), as given in Eq. (2.1). Therefore, our next step is to express the output of the amplifier in

terms of V' (¢).
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After the modulated field experiences the time-delay 7', the signal reaches the input of

2

)

the detector and its power can be expressed using the square-law as follows: P(t) = |E(¢)

corresponding to

(2.4)

PO — Bycos {W(t—T) ™V }

2VarF " 2Vipe
Given the conversion gain .5, the cumulative loss «, including the loss of every electronic, optic,
and opto-electronic devices, and the gain of the amplifier GG, the input voltage of the BPF can be
defined as Vi, (t) = kGSP(t), and we can rewrite Eq. (2.3) as

1 dV(t 02
©, %

V+ xa~a T an

(2.5)

t
/ V(s)ds = kSGP, cos? {

to

nV(it—-T) 7Vg
2Virr 2Vine |

To simplify, we normalize the output signal as a dimensionless voltage x(t) = 7V (t)/(2Vrr)-

Then, Eq. (2.5) can be rewritten as

1 dx(t) Q3 [
W xa~ar T2l

x(s)ds = Bcos?[xr + ¢)]. (2.6)

where the subscript of 7" denotes the time-delayed function, equivalent to z = x(t — T'). The

normalized feedback gain parameter is defined by

WKGSPO

2.7
Vomp 2.7)

8=

16



and the offset phase corresponds to

7TVB
= . 2.8
? 2Vipc =9

The feedback gain serves as the bifurcation parameter of the system, which can be finely controlled
by the optical power in a closed-loop state or using an optical attenuator, as will be discussed in
a later chapter.

To comprehend the transmission points of MZMs and the significance of the offset phase,

it is beneficial to introduce Jacobi-Anger expansion, given by:

iz cos(a)+n] _ Z Z‘“Jn(z)ei(na-i-n) (2.9)

n=—oo

where J,,(2) is the n-th order Bessel function of the first kind and the argument must be positive.

Using a trigonometry identity, it can also be written in a sinusoidal waveform, given by:

cos [z cos(a) + 77} = cos(n)Jo(z) + 2 Z n(1)JIn(z) cos(na) (2.10)

where the epsilon function obeys

1 ' (=1)2 cos(n), ifniseven
en(n) = 5[e" + (=1)"e "] = (2.11)

n+1

(—1) 2 sin(n), if nis odd.

Modulators are most commonly biased at three specific points: (i) Quadrature transmission point

(QTP) that generates both the odd and even-ordered modes biased at n = m/4; (ii) Maximum
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Figure 2.4: Transmission point representation in the frequency domain. J,, denotes n-th order
Bessel function of the first kind. The quadrature transmission point (QTP) generates both the
odd and even-ordered modes while the maximum transmission point (MATP) and minimum
transmission point (MITP) generate only the even and odd-ordered modes respectively. The
distance between adjacent modes of the QTP is ), while the intermodal distance in the MATP
and the MITP is 2€)y. The modes of same color have the same amplitudes and the same distance
from the optical carrier w.,.

transmission point (MATP) that generates only even-ordered frequencies biased at = 0 or 7;
(iii) Minimum transmission point (MITP) that generates only odd-ordered frequencies biased at
n = /2 or 37 /2. Therefore, the transmission point not only controls the transmission efficiency
of the power but also gets involved with frequency generation at PDs, a key concept of frequency-

multiplication. The graphical expressions of the transmission points are shown in Fig. 2.4.
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2.3.2  Derivation of Envelope Equation

Continuing research under the form of Eq. (2.6) poses a challenge due to substantial time-
scale differences between the fastest and slowest terms, namely the integration and time-delayed
terms inside the cosine function. The scale difference is due to the large time-delay and fast
oscillation where the oscillation frequency is a known condition for OEO research while the
time-delay is a key that should be considered. In order to overcome this challenge, we derive a
new expression for x(¢). When the BPF is narrow enough to reject the subsequent harmonics of

Qp, it is possible to write z(t) in terms of its complex slowly-varying envelope, as follows:
1 iQot 1 * —iQot
x(t) = 5./4(75)6 ot 5./4 (t)e "t (2.12)

where we can write the following property due to its slowly-varying property: |A(t)| < Qol A(t)].

Moreover, comparing the expressions of Egs. (2.1) and (2.12), we can represent .A(¢) in phasor

notation as A(t) = |A(t)[e™™® and x(t) in a sinusoidal form as x(t) = |A(t)| cos[Qot + 1 (t)].
Using Jacobi-Anger expansion provided in Egs. (2.9), (2.10), and (2.11), we can first

incorporate the envelope expression into the right-hand side of Eq. (2.6), yielding

1 d Q3 [
z(t) + A0 Ziﬂ + A& /to x(s)ds = —yJ1[2| Ar|] cos[Q(t — T) + ). (2.13)

where the DC and generated harmonic terms on the right-hand side are not considered by considering
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filtering, and we define the effective loop gain as

v = [Bsin 2¢. (2.14)

The given expression represents that the RF signal is maximized at the QTP, ¢ = 7 /4, and thus,
we usually operate the modulator at the QTP for signal generation.
In order to circumvent the difficulty of dealing with an integral term, we introduce a

variable u(t) = [/

t x(s)ds. The variable can also be represented in terms of its complex slowly

varying envelope. If we denote the envelope as B(t), the integration term can be written as
1 iQot 1 * —iQ0t
u(t) = §B<t)€ 0" 4 58 (t)e ", (2.15)

Using the defined envelope expressions, given in Egs. (2.12) and (2.15), the filter equation can be
re-expressed as

2
LA(E) + Q0 At + —D_B()eit ¢, —

]' iQot
2A(t)e + 5AQ

2AQ
—%J1[2|AT\]eiQO(t_T)ein e (2.16)

where the upperdot denotes the time-derivative of the envelope, and C.C. signifies the complex
conjugates of all preceding terms on the sides. In the subsequent step, we disregard the complex
conjugate terms, since they yield the same equation, meaning Eq. (2.16) can be simplified into as
a coupled equation, rendering it redundant.

Based on the definition of u(t) = x(t) with Egs. (2.12) and (2.15), we can derive the
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relationship between the two complex envelopes, resulting in A(t) = B(t) + i€25(t). Through
the expression, the left-hand side of Eq. (2.16) can be represented only in terms of B(¢), as

follows:

B(t) + iQ0B(t) + E[B(t) + 2iQ0B(t)] = —2ve~ 7 Jcy [2| Ar|) Ar (2.17)

where we define the detuning factor o = y7T" and Bessel-Cardinal function Jc,(z) = J;(x)/x,
qualitatively displays a similar behavior as the sine-cardinal (sinc) function. Since B(t) is also
slowly-varying as A(t) does, the envelope should satisfy the following condition: B(t) <
QoB(t) < Q2B(t). The property indeed simplifies Eq. (2.17) as

iQoB(t) + i&QOB(t) = —2ve " Je1[2| Ar|) Ar (2.18)

In addition, under the slowly-varying condition, the relationship between the two envelopes

can be further simplified as A(t) = B(t)+iQ08(t) ~ iQB(t). Finally, we can express Eq. (2.18)

solely in terms of \A(t), yielding our final envelope equation as
A= —pe A — 2pye e Jey [2| Ar|) Ar (2.19)

where we omit the time-domain expression for the envelope, .A(t) — A for simplicity. It is worth

noting that we consistently use the simplified envelope notation throughout the entire thesis. We
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also define the half-bandwidth as

_Aop
V1 [1/(2Qu)P

1

and ¢ = arctan [25 } (2.20)
rf

In general, the RF Q-factor, Q.= y/AS), is high enough to approximate 1 ~ AQ/2 and ¥} ~

1/(2Qy).

2.4 Stationary States and Their Stability

2.4.1 Stationary State Solutions

In this section, we explore the nonlinear dynamics of the envelope equation Eq. (2.19).
We first identify the stationary state solutions, also known as the fixed points, of the system and
evaluate their stabilities. Here, we make the approximation ¥/ ~ 0 considering this parameter to
be small due to its inverse relation with ()¢ as mathematically described in Eq. (2.20) although
the parameter should not be disregarded to explore the phase dynamics in Chapter 6. To find the

stationary state solutions, we apply that there is no time-variance and rewrite Eq. (2.19) as
A + 267771 [2| Ag[] A = 0 (2.21)

where Ay denotes the complex-valued stationary envelope solutions. Here, due to a phase
matching condition on both sides, it becomes possible to determine the detuning factor as ¢~ =

+1. Since the system should have a proper pumping for oscillation, we should select a solution

set from the following two options: ¢ = mmod[27] and v > 0, or ¢ = 27rmod[27] and 7y < 0.
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As 7 represents the loop gain, we opt for 0 = mmod[27] and v > 0, indicating that we need
¢ = m/4 as [ is a positive value.
By plugging the solution set into Eq. (2.19), we can employ another phase matching

condition 1(t) = 1 (t — T') and it leads to extract the dynamics of the magnitude |.A4|, as follows

where we do calligraphic font out, | A| — A, for the real-valued variable. The expression enables
us to focus solely on investigating the dynamics of the magnitude, and we opt for this approach
as the investigation of the phase dynamics will be addressed differently in Chapter 6. Moreover,
in the stationary state analysis, the phase term can be eliminated since both phase and magnitude

are time-invariant. Now, Eq. (2.21) can be rewritten as
Ag = 27Je1 [244] Aai, (2.23)

which generates two types of solutions that can be respectively referred to as a trivial and an

oscillatory solution, as follows

Ay =0 (2.24)

1/2
1 1 1 /4
Agse = =Jc; ! [—] ~ \/§[1 — /- 1] : (2.25)
2 2y

The illustrated approximation for the oscillatory solution can be achieved through a fifth-order

expansion within a specified range of v < 5 [7]. Even though this approximation may limit the
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validity of the solution to cases where v < 5, it is insignificant because attaining a gain greater
than v = 5 is extremely challenging when we consider maximum input powers of components
and V¢ values of modulators. Considering that the Bessel-Cardinal function approaches its

maximum value of 1/2 near zero, the oscillatory solution can be existed for v > 1.

2.4.2 Stability of the Trivial Solution

In order to evaluate the stability of the trivial solution, we can consider small perturbation

near the solution. We first can define the complex valued perturbation as

SA = 5 AgePsr it (2.26)

where dAj denotes the magnitude, while A, and &, signify the real and imaginary eigenvalues
of a stationary state solution. In this context, we evaluate the stability of the trivial solution first
by substituting Ag;, — A + 0. A = d.A into the dynamic equation Eq. (2.22), yielding the below

expression:

OA = —pud A+ 2uyJci [2A0 + 20 Ar]6 Ar

~ —d A+ pyd Ar (2.27)

where we apply a Taylor expansion to the Bessel-Cardinal function and consider only up to
the first order, as 0. A and §.A represent extremely small perturbations. Next, we substitute the

eigenvalue expression defined in Eq. (2.26) into Eq. (2.27) to evaluate the stability. Subsequently,
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we can express the real and imaginary eigenvalues respectively as

Mo = —p + pye T cos €, T

Ee = —pye T sin &, T (2.28)

To further simplify the above expression, we can consider the fact that a bifurcation occurs where

the real part changes its sign. For the real part expression, we employ a Taylor expansion to the

—Atr T

exponential term, yielding e ~ 1 — A\;7T. Regarding the imaginary part, we can simply

assume Ay, = 0, leading to further simplification of the coupled expressions as:

_ —p At pycoséyT
1+ pTycos&, T

(2.29)

tr

§or = —prysin g, T (2.30)

By considering the huge scale difference on both sides in Eq. (2.30) due to p, we can first
determine the two possible solutions for the imaginary part as 0 or 7/7. From the imaginary

part solutions, we could obtain the following two possible solution sets as:

py—p oy —1

Ay = ~ if v>0 and &, =0 2.31

t 1+ uTr T~ g & ( )

o= P T e 0 and € = (2.32)
1 —puTy T T

In order to derive the two solutions, we utilize the important approximation p1" > 1. This
is a highly significant approximation in OEO research which originates from 7" > 1/u, implying

that the delay is far greater than the filter response time. For the first solution set, the stability
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can be established if v < 1, while the trivial solution becomes unstable elsewhere. Regarding
the second solution, the solution is only achieved for —1 < v < 0. However, since we have
previously defined v as a positive number during the phase matching for Eq. (2.21), this solution
set is invalid. Therefore, we could summarize the result of the trivial solution analysis as follows:

the trivial solution is stable for v < 1.

2.4.3 Stability of the Oscillatory Solution

In order to evaluate the stability of the oscillatory solution, we follow a similar process
as for the trivial solution. We examine small perturbations near the oscillatory solution and

substitute Ay, — A + 0.4 into Eq. (2.22), yielding the following equation:

5./4 = —/JJ(AOSC + 5./4) + 2/1/7<AOSC + 5AT){JC1[2AOSC] + 25~ATJC/1 [QAOSC]}
= —M(SA + ,U(SAT + 4M7AOSCJC/1 [2AOSC]6AT

= — 1A — pd Ap + 207 Jo[2A0se ]S AT (2.33)

where we have employed the identity related to the Bessel-Cardinal function identity, defined as:

3 (@) = 230(@) — ZJei (). (2.34)

i T
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By plugging the eigenvalue expression, § A = §.Age(Posctiose)t into Eq.(2.22), we could obtain

the expressions for the real and imaginary parts as

- oscT
oo = THT B COSE (2.35)
1+ puTacosEpse T
Eose = —pasin g T (2.36)
where we define the alpha parameter as
a = 27Jo[2A0sc] — 1. (2.37)

Due to a huge scale difference, the two possible solutions for the imaginary part can be £,s. = 0

and {.sc = m/T, and the following two possible solution sets can be written as

po— a—1

Aose = o~ if a >0 and &,sc =0 2.38

1+ pTo T ¢ and & (2.38)
—po—p  a+1 s

Aose = o~ f a<0 and & = =. 2.39

1—pTa Ta ha and & T 2.39)

The first solution can achieve stability if & < 1, and it corresponds to Jo[2A.s] < 1/7 as
indicated in Eq. (2.37). We can now utilize the approximated expression for the oscillatory

solution, defined in Eq. (2.25), to express the range solely in terms of + as:

Jo [2\/3 - (17—2 - 3) 1/2] < % (2.40)
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The above expression reveals that the solution is stable for v > 1. On the other hand, the second
solution, as indicated in Eq. (2.39), suggests stability for the oscillatory solution when v < 2.31.
Consequently, considering both solutions, we can conclude that the oscillatory solution is stable
for1 < v < 2.31.

From the stability analysis of the two solutions, it is evident that the trivial solution is stable
for v < 1, while the oscillatory solution is unstable in the range, indicating a lack of oscillations
in the output of the system. However, once the gain exceeds unity, a Hopf bifurcation occurs,
resulting in a switch in the stabilities of the two solutions. Therefore, the oscillatory solution
becomes stable above the gain, leading us to designate this point as the threshold gain vy, = 1.
However, if the gain surpasses v = 2.31, the system experiences a secondary bifurcation, known
as the secondary Hopf bifurcation or Neimark-Sacker bifurcation, where no solutions are stable
in the regime. We term this point the critical gain 7., = 2.31. In the next subsection, we validate

these theoretical interpretations through numerical simulations.

2.4.4 Numerical Simulation

Numerical simulation results of Eq. (2.19) are depicted in Fig. 2.5. Based on these results,
it is possible to validate the theoretical stability analysis conducted previously. A comparison
between Fig. 2.5 (a) and (b) illustrates the dynamics before and after reaching the threshold
gain. Below the threshold, the amplitude goes to zero as the trivial solution is stable in this
region. By further increasing the gain beyond the threshold, the oscillatory solution becomes
stable, as the system undergoes the Hopf bifurcation, leading to a switch in the stability of the

solutions [67]. Comparing Fig. 2.5 (c) and (d) reveals that as the gain exceeds the critical value,
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Figure 2.5: Numerical simulation of the envelope equation of the basic OEO, shown in Eq. (2.19),
with parameters y = 27 x 25 MHz, T = 20 ps, and an initial condition A = 0.001 for ¢ €
[—T,0]. The gains at each specified point are (a) v = 0.9, (b) v = 1.1, (c) v = 2.2, (d)
v =24,(e)y =228, and (f) v = 3.2. A comparison between (a) and (b) illustrates the dynamics
before and after reaching the threshold gain. Below the threshold, the amplitude diminishes to
zero as the trivial solution is stable in the region. By further increasing the gain beyond the
threshold, the oscillatory solution becomes stable while the trivial solution becomes unstable.
Comparing (c) and (d) reveals that as the gain exceeds the critical value, the oscillatory solution
becomes unstable, leading to an amplitude modulation at the frequency 1/(27"). Further gain
increase results in 47-periodic amplitude modulation, as shown in (e), eventually leading to
chaotic behavior, as depicted in (f).

the oscillatory solution becomes unstable, resulting in an amplitude modulation at the frequency
1/(2T), referred to as 27 -periodicity, due to the occurrence of the secondary Hopf bifurcation or
Neimark-Sacker bifurcation. Further gain increase results in 47'-periodic amplitude modulation,
as shown in Fig. 2.5 (e), eventually leading to chaotic behavior, as depicted in Fig. 2.5 (f).

The bifurcation diagram of the aforementioned dynamics is presented in Fig. 2.6. In the
region between the two specific gains, it is possible to observe that respective gains have certain

oscillatory solutions, indicating clear oscillations. Conversely, as the gain becomes higher, each
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Figure 2.6: Bifurcation diagram plotted by numerical simulation of the envelope equation of the
basic OEO, shown in (2.19), with parameters ;1 = 27 x 25 MHz, T" = 20 us, and an initial
condition A = 0.001 for ¢t € [—T,0]. The gains at each expressed point are (a) v = 0.9, (b)

vy=11,(c)y=2.2,(d)y =24, (e)y = 2.8, and (f) v = 3.2. The blue and red points represent
where the Hopf and Neimark-Sacker bifurcation occur.

gain exhibits more than one solution, suggesting that the oscillation is no longer stable. Through
these simulation results, it is possible to experimentally confirm the theoretical analysis presented

in this section.

2.5 Conclusion of the Chapter

This chapter successfully derived the microwave envelope equation for the basic OEO,
which describes the nonlinear dynamics of the system by delivering the phase and amplitude
information of the output signal. The dynamics of the setup depends on the dynamics of the
filter as the oscillation frequency is determined there. However, it was shown that in case of the

time-delayed system, the filter equation has a timescale issue because of the significant disparity
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between the slowest and fastest dynamical timescales. In the situation, expressing the output
signal in terms of its complex conjugate envelopes proves to be the most effective strategy. This
approach nullifies the oscillation frequency terms and effectively resolves the timescale issue,
offering a comprehensive solution to the problem at hand.

The analysis of the envelope equation reveals two distinct solutions: a trivial solution and
an oscillatory solution, and their stabilities shift as the loop gain increases. Below the threshold
gain, the trivial solution is stable, and no oscillations manifest. The first bifurcation, known
as the Hopf bifurcation, occurs precisely at the threshold gain, leading to a switch in stability
between the two solutions. In the interval from the threshold gain to the critical gain, the
oscillatory solution remains stable, rendering this region optimal for pure microwave generation.
The oscillatory solution is gain-dependent and each gain in the region has its unique oscillatory
solution. Upon reaching the critical gain, the system undergoes the second bifurcation, referred to
as the secondary Hopf bifurcation or the Neimark-Sacker bifurcation. Right after the bifurcation,
the amplitude modulations can be shown and the results present 27" and 47" periodicity. However,
further increasing gain leads to the chaotic dynamics, and no clear amplitude modulation is shown
there. The above explained dynamics was theoretical proposed and numerically proved, as shown
in Figs. 2.5 and 2.6.

The fundamental setup has already demonstrated impressive performance across various
metrics. Performance evaluation encompasses criteria such as phase noise, frequency tunability,
size, cost, and frequency range, among others. Between these, phase noise performance emerges
as one of the most important parameters, given its primary objective in achieving high-quality
microwave generation. The phase noise spectrum can be quantified through experimental measurements

using an electrical spectrum analyzer. Additionally, the microwave envelope equation provides a
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means to predict the noise spectrum, a topic that will be discussed in Chapter 5.

In an ideal oscillator, characterized by the absence of phase noise, the frequency spectrum
at the oscillation frequency should exhibit a Dirac peak. However, achieving this in real-world
oscillators is not feasible. Instead, a flat noisy background is typically added to the spectrum
primarily due to amplitude noise, while the linewidth is broadened as a consequence of phase
noise. Although the amplitude noise can usually be managed effectively, our primary concern
centers around addressing phase noise.

Unless various spectral diversity can happen by depending on the sources of noise, the
best approximation of the line broadening due to phase noise can be represented by a Lorentzian
shape,

D

L(fore) o D2y 2 (2.41)

near the carrier frequency, expressed in units of dBc/Hz (decibels relative to the carrier), where
forr represents the offset frequency from the carrier, and D denotes the diffusion constant of
Gaussian white noise [68]. Phase noise spectrum can represent relative power differences between
a power at a carrier frequency and noise powers at offset frequencies. When we define the power
at a carrier frequency in dBm, we measure noise power within a 1 Hz bandwidth at a specific
offset frequency [in units of dBm/Hz]. Then, once we subtract the carrier power from the noise
power, it is possible to measure the phase noise at the offset frequency, where it should have a
negative sign, and the phase noise, the gap between the two measure quantities, can be expressed
in units of dBc/Hz where ”c” stands for relative to carrier.

When we generally look at the single sideband spectrum, a flicker shape is initially observed

32



at low offset frequencies. However, as the offset frequency increases, the system eventually
manifests spurious peaks, primarily due to the FSR of the delay spool [35,63]. The phenomenon
will be thoroughly explored in Chapter 5. In many instances, noise levels are compared at 10
kHz offset frequency, as it provides insight into the Doppler echo typically encountered at typical
flight speeds.

The simple setup has achieved remarkable performance in the X-band (8 to 12 GHz), C-
band (4 to 8 GHz), and lower frequency ranges, boasting phase noise levels even lower than
-140 dBc/Hz at 10 kHz offset frequency [35-40]. However, a notable challenge of the basic
setup lies in achieving similar levels of phase noise performance in higher frequency bands. This
difficulty primarily stems from the degradation in performance of electronic components at higher
frequencies. To address these concerns, numerous new techniques have been proposed. In the
upcoming chapter, we introduce a frequency-multiplicative approach. This method enables us to
generate an output that is a multiple of the oscillation frequency, thereby alleviating the strain on

electronic components.
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Chapter 3: The Frequency-Multiplicative OEOs

3.1 Introduction of the Chapter

Despite the impressive phase noise performance of the basic setup outlined in Chapter 2,
one limitation lies in the challenge of achieving high microwave frequencies, particularly accessing
the millimeter-wave range. This difficulty arises because the oscillation frequency is determined
by the filter, and it means that to generate higher frequencies, a corresponding filter is required.
However, this approach becomes impractical when considering costs of filters in the millimeter-
wave range and significant degradation in performance of electronic components with increased
frequency range. To address this concern, a frequently employed method is frequency multiplication.

Frequency multiplication is a widely employed technique for easily accessing the millimeter-
wave frequency range [41-51]. The OEOs for the frequency multiplication feature multipath
structures to tune the oscillation frequency in their closed-loops, akin to the basic architecture
of OEOs, while generating harmonics of the oscillation frequency at separate output ports by
controlling the state of polarization or phase of optical fields. Consequently, they alleviate the
burden on electronic components while enabling access to high frequency ranges.

This chapter delves into the dynamics of the four frequency-multiplicative OEOs, as developed
in the following references [47-50]. We respectively name the four models as the frequency-
doubled OEOQ, the frequency-doubled OEO using a chirped fiber bragg grating (CFBG), the
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Sagnac-loop OEO, and the OEO based on cascaded modulators, with their names derived from
their constructional or dynamical characteristics. Section 3.2 describes the dynamics of the
frequency-doubled OEO, which achieves doubled-frequency generation by controlling the state
of polarization of optical fields. Section 3.3 depicts the dynamics of the frequency-doubled OEO
using a CFBG, which achieves doubled-frequency generation by controlling the phase of optical
fields through a CFBG. Section 3.4 elucidates the dynamics of another frequency-doubled OEO
that utilizes a Sagnac-loop to control phase and polarization of optical fields. This section also
incorporates a tunable electronic filter to achieve fine tunability. Section 3.5 demonstrates the
dynamics of an OEO featuring a tunable frequency-multiplication factor capable of generating
up to octupled-frequency. The analysis of the four models is summarized and concluded in

Section 3.6.

3.2 The Frequency-Doubled OEO

3.2.1 System

Figure 3.1 illustrates the frequency-doubled OEO that outputs the second harmonic of the
loop frequency by controlling the polarization state of various optical signals [47]. The PC plays
a crucial role in performing polarization multiplexing via a polarization shift «. In the lithium
niobate crystal, the modulation efficiency of the principal axis (y-pol) is greater than the one of
the z-pol because of the difference in corresponding half-wave voltages [69]. Consequently, one
can ignore the z-pol modulation, and only odd-ordered sidemodes exists in the z-pol owing to the
MITP operation of the MZM. This phenomenon results in the double-frequency signal generation

at the output [see Fig. 3.1 (a)] while the fundamental frequency is resonant with the closed-loop
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Figure 3.1: Schematic representation of the frequency-doubled OEO that consists of a continuous
wave laser, a polarization controller (PC), a Mach-Zehnder modulator (MZM), an optical coupler
(OC), two polarizers (Pols), a fiber delay line (FDL), two photodetectors (PDs), a radiofrequency
amplifier (RFA), a bandpass filter (BPF), and an electric coupler (EC). Due to a property of the
MZM, only the y-pol carrier is modulated while the x-pol is not. (a) As Pol2 filters out the z-pol
carrier, there are only odd-ordered modes and their beatnotes are frequency-doubled. (b) As Poll
ensures that all modes are back to the same polarization state, so that the system oscillates in the
fundamental frequency.

resonator [see Fig. 3.1 (b)].

3.2.2 The Oscillation Frequency Generation

When we define V (¢) as the RF signal feeding of the MZM, the two orthogonal waves can

be expressed as

Er = v/ Pysin(a) 3.1)
E,(t) = v/ Py cos(a) cos {;Z:F) + g} (3.2)
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Poll has 45° state of polarization with respect to the principal axis and permits polarization

alignment. After the direct detection, the input of the BPF can be explicitly obtained as

$,G
Via(t) = & 21 &, + &, (t — T)|? (3.3)

where S is the responsivity of PD1. Using Eq. (2.3) and Eq. (3.3), the integro-differential

equation of the model becomes identical to Eq. (2.18) with z(t) = 7V (¢)/(4Vipe), and v =
7kS1GPysin(2a) /(4Vay ). Here we define x(t) with a factor 4 in the denominator instead of 2

(as defined in Section. 2.3) in order to have the same argument 2|.47| for the Bessel functions.

This adjustment ensures that the envelope equation of the model can be written exactly as Eq. (2.19).

3.2.3 The Doubled Frequency Generation

In contrast with the basic OEO, we need to consider the output separately. The direction of
Pol2 corresponds to the y-pol and the optical carrier is removed. Then, the output voltage is

Vo(t) = SoPy cos?(a) cos® {2[,4\ cos|[Qot + Y(t)] + g}

= Sy Py cos®(a)Ja[4] Al] cos[2Qot + 215(2)] (3.4)

by assuming the higher even-ordered terms can be neglected from the small signal oscillation.
We also omit the time-domain expression of the envelope for simplicity, .A(t) — A. In order

to explicitly compare the output voltage V,(¢) with the oscillating signal V'(¢), we define a
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dimensionless voltage v, (t) = 7wV, (t)/(4Vrr), also equal to
vo(t) = %C(t)eimot + %C*(t)eimot (3.5)
where the dimensionless output envelope is equal to
C = GoJy[4] Al (3.6)

We also omit the time-domain expression of the output envelope. And, the output gain is

7Sy Py cos?(a)

G, =
4V rr

3.7

Due to the fact that ¢(¢) = 2¢(t), the phase noise of the doubled-frequency should at least be

20log;, 2 = 6 dB worse than the one of the fundamental frequency.

3.3 The Frequency-Doubled OEO Using a CFBG

3.3.1 System

The schematic representation of the frequency-doubled OEO employing a CFBG is illustrated
in Fig. 3.2 [48]. A notable aspect of this configuration is its polarization insensitivity, as the
frequency-doubling is a result of phase control. The DP-MZM, comprising two parallel MZMs,
serves as a third Mach-Zehnder interferometer, generating the two outputs in phase quadrature.
The output of the DP-MZM demonstrates orthogonality between the carrier and sidemodes due

to the shorted upper MZM and the MITP biased lower MZM [refer to Fig. 3.2(a)]. Without
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Figure 3.2: Schematic representation of the frequency-doubled OEO using a CFBG that consists
of a laser, a polarization controller (PC), a dual-parallel Mach-Zehnder modulator (DP-MZM)),
an optical coupler (OC), a fiber delay line (FDL), a circulator (Circ), a chirped fiber bragg grating
(CFBQG), two photodetectors (PDs), an radiofrequency amplifier (RFA), a bandpass filter (BPF),
and an electric coupler (EC). a) the DP-MZM implements a carrier phase shifted double sideband
modulation and the fundamental (oscillation) frequency is highly suppressed at the output. b) the
CFBG drags all modes to recover the fundamental frequency in the oscillation loop. Note that
comparing a) and b) expresses phase differences, not states of polarizations.

proper phase alignment, the fundamental frequency experiences significant suppression in direct
detection, which results in the second harmonic becomes the dominant output frequency. To
ensure the oscillation of the fundamental frequency, a dispersion-compensating fiber is integrated
before PD1, functioning akin to a CFBG by aligning the carrier with the first sidemodes in phase

[refer to Fig. 3.2(b)].

3.3.2 The Oscillation Frequency Generation

If we define the output envelopes of the lower and upper MZMs respectively as £ (¢) and

&y (t), the output of the DP-MZM can be written as follows

E(t) = E1(t) +i&(t) = @ {cos {;Tg:) + g} + 1 cos ¢]. (3.8)
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¢ represents the offset phase of the upper MZM. Subsequently, the field is coupled into the CFBG
via a delay line, facilitating phase alignment. Assuming that the zeroth and first sidemodes are
dominant compared to higher-ordered modes due to the small-signal modulation index, the output
of the CFBG is then shaped as

Ecrpa(t) = T{ o cosp — Jy [;D}Tq i{Qo (t—T)+pr+01}

TRF

[ ] —i{Qo(t—=T)+pr—02} 3.9
WRF

where the three phase shifts, denoted as 6, 61, and 65, are the results of the CFBG. Each of them

undergoes distinct phase shift, which can be individually identified as

0o = ngﬁp(wc)
01 = LugBp(we) + LigBp(we) Qo + Ly (we) 25 /2

~ LigBp(we) + Lignig$0/¢ — Lig Dpg A28/ (4rc)
O3 = LigBp(we) — Luglp(we)Q + Ligp(we)$2 /2

~ ngﬁp(wc) — ngnngo/C — ngDbg)\ng/(Zlﬂ'C). (310)

By(we), By(we), and j3,(w,) are the zeroth, first, and second order derivatives of the propagation
constant at the optical carrier, ). is the wavelength of the incident light, c is the speed of light,
Dy, 1s the dispersion constant of the fiber, ny,, is the refractive index of the CFBG, and Ly, is

length of the CFBG [46].
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By plugging Eq. (3.10) into (3.9), it is possible to express the output of PD1, as follows

m|Vr|
2V,

TRF

ngnngo

Vin(t) = —ﬁJl{ } cos {Qo(t—T)—l—wT%— (3.11)

It indeed presents that the CFBG recovers the fundamental frequency oscillation, and the generalized

loop gain is equivalent to

Lpg Dpg N2Q2
b = —rS1G P, cos ¢ sin (M) } (3.12)
de
Given the results, the BPF equation of the model can be explicitly written as
1 Q2 t
_— e ds =
Ot zaa™™ T aq /1t #(s)ds
— vJ1[2] Ar|] cos[QUt — T') + ¢r + Lipgnng2/c] (3.13)
where
TV (t) wV(t) 73
£ — — = 3.14
W=t AT, T, G-19

In contrast with the preceding models, Eq. (3.13) incorporates an extra constant phase term,
Lygnig§do/c. However, it is still possible to write the envelope equation of the current setup
as Eq. (2.19). We can simply integrate the constant phase into the cumulative gain by setting

0 = QT + Lpgnugo/c.
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3.3.3 The Doubled Frequency Generation

In the absence of additional phase control, the carrier phase-shifted double sideband modulation
scheme prominently suppresses the fundamental frequency, which results in the second harmonic
generation as the output, as illustrated by

_ 5P

OB

Jo[4]Al] cos [2Q0t + 244(1)], (3.15)

If we define a dimensionless output voltage as v,(t) = wV,(t)/(4V,rr), the output envelope is

easily obtained as

C = GoJs[4| Al]e® (3.16)
where the output gain is
Sy P,
) = fmi o (3.17)
TRF

The expression of the output signal is equivalent to Eq. (3.6).

3.4 The Sagnac-Loop OEO

3.4.1 System

As depicted in Fig. 3.3, the frequency-tunable OEQO utilizing a Sagnac-loop executes phase

and intensity modulation separately [49]. At the polarization beam splitter level, the optical
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Figure 3.3: Schematic representation of the frequency-tunable OEO using a Sagnac-loop
that consists of a continuous wave laser, four polarization controllers (PCs), a polarization
beam splitter (PBS), a phase modulator (PM), a circulator (Circ), an optical coupler (OC),
two polarizers (Pols), two photodetectors (PDs), a fiber delay line (FDL), a radiofrequency
amplifier (RFA), a Yttrium-iron-garnet bandpass filter (YIG-BPF), and an electric coupler (EC).
(a) and (b) indicate modulated waves where red and blue colors respectively result from the
counter clockwise (CCK) and clockwise (CK) wave circulations. In addition, the arrow-direction
indicates phases and their states of polarization are separately written next to labels. (c) and (d)
illustrate the frequency domain modal distribution ahead of photodetection.
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carrier is evenly and orthogonally distributed into clockwise (CK) and counterclockwise (CCK)
direction. Due to velocity mismatch, the CCK wave is not phase-modulated as efficiently as the
CK wave [see Fig. 3.3 (a) and (b)] [70]. PC2 is introduced to switch the state of polarization of
the waves to ensure effective exit from the beam splitter. Intensity modulation is accomplished
by integrating of a PC and a Pol. Consequently, the joint use of a PM, a PC, and a Pol is
actually equivalent to a MZM (we call it simply equivalent-MZM) [71]. The configuration has

two equivalent-MZMs and they are differently biased [see Fig. 3.3(c) and (d)].

3.4.2 The Oscillation Frequency Generation

The phase-modulated CCK and CK waves in the Sagnac-loop can be written as

5CK(t> = U % exp {ZW‘E/(O } and gCCK = % (3.18)

where V' (t) is the RF input of the PM. If either PC3 or PC4 induces a phase difference of «, the

output of the two Pols can be written as

Epoi(t) = —=[Eck(t) + Eccxe™ ). (3.19)

1
V2
The purpose of both Pols is to combine two lightwaves on a polarization space. Starting from this

point, we do not need to consider states of polarization, but instead, the parameter that matters is

the phase difference. For the oscillation loop, we set « = /2, and the input voltage of the filter
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can be written as

m|Vr|

TRF

‘/i (t) = —K}SlGP()Jl |i :| COS[Qo(t — T) + wT] (320)

The BPF dynamics becomes identical to Eq. (2.3) and if we define z(t) = 7V (¢)/(2V,

TRF

) and

v =1mrS1GFPy/(2V

TRF

), the OEO will have an envelope equation that is identical to Eq. (2.19).

3.4.3 The Doubled Frequency Generation

PC4 induces o« = m to lead the optical carrier of the CCK wave to be orthogonal to
adjacent sidemodes. It causes the suppression of the fundamental frequency at photodetection

level, following
%(t) = SQPOJ2[2|AH COS[2Qot + 21/J(t)] (321)

By defining the output voltage v, (t) = 7V, (t)/(2V,

e )» the output envelope can be written as

C = GoJo[2] AlJe™® (3.22)

with the output gain G, = 152 P /(2V,rr). The expression for this output signal is equivalent to

Eq. (3.6).

3.5 The OEO based on Cascaded Modulators
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3.5.1 System

The graphical representation of the frequency tunable OEO using cascaded modulators
is found in Fig. 3.4 [50]. A polarization modulator is a specific kind of PM supporting both
transverse electric and transverse magnetic modes with opposite phase modulation indices [51].
The configuration has two equivalent-MZMs (see the previous section to understand the concept
of equivalent-MZM). We define the equivalent-MZMI1 as a joint use of the modulator, PC3,
and Pol2, and it is operated at the QTP. The equivalent-MZM?2 consists of the modulator, PC2,
and Poll while it is modulated again to achieve tunable multiplication by a factor up to 8. We

define beforehand the following parameters: (i) V..., is the half-wave voltage of the polarization

RF1

modulator; (ii) V., is the half-wave voltage of the MZM; (iii) 0, is a tunable phase of the phase

shifter; (iv) 05 is the offset phase of the MZM.

3.5.2 The Oscillation Frequency Generation

Let us define V/(t) as the RF driving voltage of the polarization modulator or input of the
shifter. PC1 has a 45° polarization angle with respect to the principal axis of the polarization

modulator. Therefore, the orthogonal output of the modulator can be expressed as

E(t) = E,(1). (3.23)
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Since the purpose of the Pols is polarization alignment, the output of any equivalent-MZM can

be written as

E(t) = —=[Ea(t) + &, (t)e™], (3.24)

1
V2
where it is biased at the QTP if « = 7 /2, the MATP if o = 0, and the MITP if @« = 7. Once the
equivalent-MZM 1 is operated at the quadrature point, the BPF relation is established as identical
to Eq. (2.18) with z(t) = 7V (t)/Vipe, 7 = T6S1G Py / Vs, - The envelope equation will be the

same as Eq. (2.19).

Equation (3.24) is modulated again by the MZM, and the output can be written as
E,(t) = E(t) cos {\B(t)] cos[Qot + (t) + 61] + 92} (3.25)

where the normalized voltage is defined as |B(t)| = 7|V(t)|/(2Virpe,)- We also omit the time
domain expression of B(t), thereby B(t) — B. By tuning the parameters of Eq. (3.25), it is

possible to have an adjustable multiplicative factor, as discussed below.

3.5.3 The Quadrupled Frequency Generation

We operate both the two MZMs (equivalent-MZM?2 and the MZM) at the MITP while
the shifter induces a phase shift #; = 7/2. One can approximate the output of the MZM to
E(t) =~ 12/ PyJy[|Al]J1[|B]] sin[2Q0t + 2¢(t)] where the modulation indices are set to obey
JU|ANJ1[|1B]] > J1[|Al]Js[|B|] > Js[|A|]J1]|B]] > ---. Finally, the direct detection of &,(t)

is the quadrupled frequency. If we define a dimensionless voltage v,(t) = 7wV,(t)/Vzrr1, the
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Figure 3.4: Schematic representation of the tunable frequency multiplicative OEO that consists of
a continuous wave laser, three polarization controllers (PCs), a polarization modulator (PolM), an
optical coupler (OC), two polarizers (Pols), a fiber delay line (FDL), two photodetectors (PDs),
a radiofrequency amplifier (RFA), a bandpass filter (BPF), two electric couplers (ECs), a phase
shifter (PS), a Mach-Zehnder modulator (MZM), and an Erbium-doped fiber amplifier (EDFA). A
joint use of a PolM, a PC, and a Pol is equivalent to a MZM, so we label that as equivalent-MZM.
The equivalent-MZM1 consists of the PolM, the PC3, and the Pol2, and the equivalent-MZM?2
consists of the PolM, the PC2, and the Poll. The cascaded use of the equivalent-MZM?2 and the
MZM achieves an adjustable frequency multiplicative factor.

output envelope C can be written as C = G,J?[|.A[]J?[|B|]e!*)+™) where the phase satisfies

(t) = 41)(t), and the output gain is G, = 2755 Fy/ (Virr1)-

3.5.4 The Sextupled Frequency Generation

In this configuration, we need to bias the equivalent-MZM?2 at the MATP and the MZM
at the MITP while the shifter does not induce shift. One additional setting is |A| = |B| which
is achieved by adjusting the bias voltages of the modulators. If we set |A| ~ |B| ~ 1.91, the
Bessel functions obey Jq[|A|] > Jof|A]] > Jo[|A|] > J3[|A|] > ---. Under these conditions,
the output can be written as &,(t) ~ 2v/Po{J1[|A[]J2[|Al] + Jo[|A|]J3[|A[] } cos[3Qt + 31(¢)]
where the amplitude of the fundamental frequency term is close to 0. This procedure achieves

the sextupled-frequency generation.
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3.5.5 The Octupled Frequency Generation

We bias the MZMs at the MATP while tuning the phase shifting to 7/2. Also, we set
|A| ~ |B| ~ 1.70, so that Jo[|.A|] > Js[|A|] > ---. The maximum point does not generate
odd-ordered term and we can only consider the zeroth and second order Bessel functions which
lead to &,(t) =~ —2/PyJ3[|Al] cos[4Qot + 44(t)]. The beating of the fourth sidemodes generates

the octupled-frequency as the output of PD2.

3.6 Conclusion of the Chapter

We have studied the dynamics of the four frequency multiplicative OEOs, which successfully
manipulate the state of polarization and phase of optical fields to generate harmonics of the
oscillation frequency at the output ports. The models streamline the loads of electronic components
thanks to the harmonic generations and achieve frequency-tunability through the utilization of the
RF tunable filter or by regulating the transmission points of the cascaded modulators. Notably,
the envelope equations of these models are equivalent to that of the basic architecture shown in
Eq. (2.19), which implies the dynamical similarities between the OEOs [63].

However, several concerns remain unresolved. The first issue is the limited frequency-
tunability of the systems. The Sagnac-loop OEO can achieve fine tunability by using the tunable
RF filter, but the component is bulky and expensive to be commercialized. The OEO based on
cascaded modulators has demonstrated that the potential for achieving a tunable multiplication
factor by controlling the transmission points of the cascaded modulators. However, the resolution
of frequency tuning is limited, given that it operates on a multiplication factor. More importantly,
a well-known challenge arises from the fact that this technique inevitably entails a 6 dB decrease
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in phase noise for every octave increase in frequency. Considering additional noise contributions
from other components within the multi-loop structure, the resulting degree of phase noise may
prove unacceptable. The aforementioned issues have prompted researchers to explore frequency

selection in the optical domain, thereby achieving MPFs.
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Chapter 4: The OEO based on Stimulated Brillouin Scattering

4.1 Introduction of the Chapter

The models shown in Chapters 2 and 3 have already presented great performances in
terms of high frequency generation and low phase noise, but a critical drawback is that since
the filtering still occurs in the RF domain, the resulting oscillators are generally not tunable in
frequency. Another drawback is narrowband RF filtering in the millimeter-wave range becomes
progressively less effective as the frequency increases.

Both these problems are addressed by OEOs based on SBS. Using Brillouin scattering
to improve the functionalities of OEOs is a widespread strategy that has been implemented
in various platforms [52-55]. In the configuration of interest in this chapter, a pump laser
is launched in a highly nonlinear fiber spool in order to generate a Brillouin gain profile at
an adjacent redshifted frequency. This process permits the selective amplification of a phase-
modulated and contra-propagating laser signal. Most importantly, the RF oscillation frequency
solely depends on the spectral gap between the pump and signal lasers and is thereby easily
tunable. From that regard, a main characteristic of this approach is that frequency selection
is achieved by the means of a MPF instead of an RF filter [56-58]. Once the RF beatnote
is generated after photodetection, it is filtered, amplified, and fed back to the PM to close the

optoelectronic loop. It has been demonstrated by several research groups that these SBS-based

51



OEOs feature frequency tunability from DC to more than 60 GHz and an ultra-low phase noise
figure [59-61]. In fact, the km-long fiber spool can be replaced by a sub-cm-long highly nonlinear
waveguide, and in that case, the system has the potential to be reduced to a chipscale size [62].

Despite the potential and many distinctive advantages of SBS-based OEOs, no dynamical
model has ever been proposed to describe their nonlinear behavior. Indeed, Chapters 2 and 3
have shown that it is in general possible to obtain an equation for the envelope of the microwave
generated by these OEOs. In this chapter, we undertake a theoretical analysis showing that an
delay-differential envelope equation for SBS-OEOs can be derived, analogously to what had
been done earlier for the conventional architectures of OEOs. In agreement is shown that as
the gain is increased, the system undergoes a primary Hopf bifurcation and then a secondary
Neimark-Sacker bifurcation before being driven to fully developed chaos, presenting dynamical
similarities with the basic OEO shown in Chapter. 2.

The outline of this chapter is following. In Section 4.2, the SBS-based OEOQ is presented,
and its principle of operation is described. Section 4.3 is devoted to the analysis of the SBS
dynamics, and an input-output relationship is derived for the selectively amplified signal wave.
The dynamical characterization of the SBS-based MPF enables us to obtain a time-domain
differential equation for the OEO in Section 4.4. Sections 4.5 and 4.6 are focused on evaluating
the stability of the stationary dynamical states predicted by the model in the cases where the
frequency-selective amplification is mediated by a km-long fiber delay line (7" # 0) or by a

sub-cm-long waveguide (7' ~ 0), respectively. The last section concludes the article.
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4.2 System and Operation Principle

The schematic representation of the SBS-based OEQ is presented in Fig. 4.1. The dynamics
of this system can be described by two key variables. The first one relates to electric field F(¢) at
the input of the PM, while the second relates to the voltage V'(¢) feeding the modulator. Instead
of working directly with the real-valued variables F(t) and V' (¢), we use instead their complex

slowly-varying amplitudes £(t) = E(t)e'*® and V(t) = V (t)e™*® defined through

E(t) = %E(t)emt + %8*(15)6“’“ 4.1)
V(t) = %V(t)emot + %V*(t)emot, 4.2)

where wy and (), are the angular frequencies associated with the signal infrared laser beam

(around 1550 nm) and to the microwave signal (multi-GHz frequency to be defined later), respectively.
The pump optical path is also called high-order frequency selection branch, and it is where

the RF frequency €2 is determined. The pump field is E,(t) while E4(t) and E(t) is the phase-

modulated signal field that is launched at the input of the highly nonlinear fiber. The two

waves counter-propagate in the nonlinear fiber spool, and the pump wave stimulates Brillouin

backscattering. The frequencies of the fields involved in this process are related as w, = wy +

Qo + g, so that the RF output frequency can be obtained as

QO = Wp —Wp — QB (43)

where (23 is the Brillouin shift in the fiber (typically 27 x 10-20 GHz). In the oscillator, the first
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Figure 4.1: The schematic representation of the OEO based on SBS, for the generic case where
T # 0 that consists of a pump laser, a signal laser, two polarization controllers (PCs), a phase
modulator (PM), two isolators (ISOs), a high nonlinear fiber delay line (HNLF), a circulator
(Circ), a photodetector (PD), a filter, a radiofrequency amplifier (RFA), and a phase shifter (PS).

blue-sidemode is chosen for the SBS amplification. The peak of the Brillouin gain is such that
wp = wp — {1p, and the MPF amplifies this mode while narrowing its linewidth [see Fig. 4.1(a)].
In Eq. (4.3), the frequencies wy and €)g are fixed: however, the tunability of w, allows the RF
output frequency to be tunable as well. As a result of the frequency-selective amplification, the
zeroth (central) and first-order (blue-side) modes of the phase-modulated signal beam become
dominant [see Fig. 4.1(b)], and their spectral spacing defines the RF beatnote frequency after
photodetection.

It 1s important to note that one of the most outstanding challenge in OEO technology
is the generation of millimeter-wave [72—75]. In general, achieving such high frequencies (>
30 GHz) is achieved via frequency multiplication. Additionally, the other outstanding challenge
for OEOs is tunability, which has been addressed using several different techniques [49, 76—
84]. From that perspective, a key advantage of SBS-based OEOs is that they address both

challenges simultaneously and the only limitation for the maximal frequency of the RF signal
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Figure 4.2: The schematic representation of the chipscale SBS-based OEO. This system
corresponds to zero-delay case by containing only essential components which are a pump laser,
a signal laser, a phase modulator (PM), a high nonlinear waveguide (HNLW), a circulator (Circ),
and a photodetector (PD).

is the bandwidth of the PD and PM.

4.3 Frequency-Selective Amplification Based on SBS

4.3.1 Brillouin Amplification

The phenomenology of frequency-selective Brillouin amplification is the following. We
consider that the highly nonlinear fiber of length L and aligned along an axis 2 such that the fiber

is located at 0 < z < L. The pump laser wave

1 W 1 * _—iw
Ep(t) = §€p€ vt + §gp€ pt (44)
is launched on the right end (at z = L), with power P, = |&,|* and optical frequency w, ~

2m x 193 THz (i. e. A, ~ 1550 nm). As it propagates in the —z direction, it creates a Lorentzian
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Brillouin gain profile

_ (AQp/2)°
gB (w) - gBO (AQB/2)2 + (w _ wB)Q

4.5)

around the red-shifted frequency wg = w, — {1, where () is the Brillouin shift in the fiber
(typically 27 x 10-20 GHz), AQp being the full width at half-maximum of the gain profile
(typically 27 x 10-50 MHz) and g,,, being the peak value of the Brillouin gain (in m/W).

Consider now a contra-propagating signal laser beam FE(t) defined as
1 iwot 1 * —iwot
Ey(t) = 5556 0" 4 5856 o, (4.6)

that is launched on the left end (at z = 0), with power P, = |&;|? and a frequency that falls within
the bandwidth of the Brillouin gain, that is wy ~ wp [note that this simplified situation does
not correspond to the one described in Fig. 4.1(a), where it is a sidemode of the phase-modulated
signal that is amplified, so that we have instead wy ~ wp +{).¢; equivalently, one can say that both
configurations are equivalent is {2,y = 0]. The signal wave would undergo frequency-selective
amplification, i.e., the spectral components of the signal falling within the bandwidth will be
amplified, while those that are outside would remain unchanged (provided we ignore all other
effects in the fiber, such as losses, cross- and self-phase modulation, etc.). Since the fiber has
a length L, it takes a time 7" = L /v, for the signal E; to exit the fiber amplifier, with v, being
the group velocity of light in the fiber. The output signal would therefore a selectively amplified
and time-delayed counterpart of the input signal, and the purpose of this section is to find the

dynamical relationship between both.
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4.3.2 Equations of Traveling Waves

The time-domain slowly-varying envelope of the input and output signals are written as
E(t) and E2"(t), respectively (in units of v/W). We can introduce their corresponding intensities
as [0 () = |Emout($)]2 / Ao (in units of W/m?), with A.g being the effective area of the fiber.

If we neglect dispersion and cross/self-phase modulation in the fiber, the pump and signal
intensities /,,(z,t) and I4(z, t) at any point of the Brillouin amplifier obey the well-known equations [85,

86]

oI, 1 0I,
o Z% g 1] +al 47
0z vy Ot e S
IR 1 01

L9 Il 4.8
0z + vg Ot Izop @ 4.8)

where « stands for the linear losses in the fiber (in units of m~'). Note unlike in ref. [86], the
z-coordinate is here oriented along the propagation direction of the signal laser wave (instead of
the pump wave), for being the variable of interest in our study.

We furthermore make the following two assumptions: (i) The pump laser power is assumed
undepleted (i. e. I, is assumed approximately constant, and such that I;, > I;); (ii) and the losses
in the fiber are negligible in comparison to the Brillouin amplification (i. e., & =~ 0). As a

consequence, the above equations are reduced to the single equation

0l 1 01, .
P + U—gg = gy Ipls with I, = Const., 4.9)
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which has a generic solution of the form

I(z,t) = e9sole [ (t — 3) (4.10)

Vg

where [ is at this point an arbitrary waveform propagating along the fiber in the z direction.

Indeed, the input and output signals in the fiber can be defined as

I™(t) = 1,(0,t) = I (t) (4.11)

I°"(t) = I(L,t) = el [(t — T, (4.12)

where L = v,T" is the length of the Brillouin-active fiber yielding a time-delay 7" when light
travels at the group velocity v,. We therefore deduce

(1)

S O N 2 4.13
-1 1)

and since efeo’rl > 1, it results as expected that owing to SBS, the output signal is an amplified

version of the delayed input signal.

4.3.3 Accounting for Frequency Selection

Equation (4.13) does not account for frequency selection in the amplification process; more
precisely, it assumes that the pump and the input/output signals are perfectly monochromatic
signals with center frequencies w;, and wy = wg, respectively.

Accounting for the effect of the Brillouin gain bandwidth on the amplification process
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requires rewrite Eq. (4.13) in the Fourier domain and to replace the gain parameter g, by the
Brillouin gain profile g, (£2), following

Q) &)

s = , = e (D01 (4.14)
Iin(Q)  |En(Q)e10T|2

where () = w — wg is the frequency detuning from the center frequency of the Brillouin gain. It
is important to note here that according to Eq. (4.14), the Brillouin gain viewed by the incoming
signal fsi“ (w) is not a Lorentzian; Instead, it is the exponential of a Lorentzian. This gain profile,
which is can prosaically be described as a hump on top of a flat background equal to 1, provides
a sound intuitive description of the Brillouin selective amplification. On the one hand, frequency
components w far outside the gain profile are not amplified [g, (w) ~ 0, i.e. %@ 5L ~ 1] and
the input signals are unaltered; On the other hand, frequency components w inside the gain profile
amplified [g, (w ~ wp) > 0, i.e. e9 Wkl > 1],

We need now to rewrite Eq. (4.14) in terms of fields in the Fourier domain, so that the phase

information of all the signals involved can be retrieved. We first express the Brillouin gain as

95(Q) = g5 [LB(Q)* (4.15)

where

(AQ2p/2)

£a(2) = (AQg/2) + i

(4.16)
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is the complex-valued Lorentzian profile as viewed by the signal field. Using the equality

OnOIL — | one Tl La(@]” 4.17)

we can now rewrite Eq. (4.14) as

E2M(Q)

Fn(yesr = . (4.18)
Sln e_Z

It is not possible to perform rigorously an inverse Fourier transform for the fields £™°" ()
in Eq. (4.18). The main reason is that there is no closed-form relationship giving the inverse
Fourier transform for the exponential of Lorentzian. However, one can note that for small
gain (1. e. g,,[,L < 1), the exponential of a Lorentzian can be approximated to a Lorentzian
superimposed to a flat background, following

1
G%gBOIpLﬁB(Q) ~1+ §gBoIpL ‘CB(Q) : (4.19)

which allows to perform a closed-form inverse Fourier transform for the fields é;nvout(Q) in
Eq. (4.18).

Because of this useful mathematical property (the possibility to perform an inverse Fourier
transform), we propose to generalize the small-gain expansion of Eq. (4.19) to the case of large

gain. We therefore consider that gain is the sum of a flat background (= 1) and a Lorentzian,
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even in the case of large gain, that is

290 LB ~ 1 4 QLo (Q) with  Log(Q) = HLZQ (4.20)
where L(€2) is an equivalent Lorentzian with full width half maximum bandwidth 2y, while
G, is the equivalent peak gain. The rationale behind the approximation of Eq. (4.20) is twofold.
The first reason is that as explained earlier, we can find a closed-form analytical formula for the
inverse Fourier transform for a Lorentzian gain, while we cannot do so for the exponential of a
Lorentzian. The second reason is related to the experimental features if Brillouin grain: Indeed, in
practice, the gain profile g, (€2) of the Brillouin gain is only approximated by a Lorentzian, so that
strictly speaking, expressing our gain as the exponential of the Brillouin Lorentzian in Eq. (4.14)
is also an approximation, and not an exact result; therefore, the choice of the fitting function
for the Brillouin amplification is not critical as long as that function displays the main features
of frequency-selective amplification (input signal is unaltered outside of bandwidth, while it is
amplified when within bandwidth; see for example [87, 88]).

For the approximation of Eq. (4.20) to be physically valid, we have to make sure that the
peak value and half-linewidth values of the equivalent Lorentzian gain 1+ G,L.,({2) match those

of the exact profile 290 L £5(Y) We therefore have the equalities

Gain peak condition:

eggBOIme(m) = |1+ GoLeg(0)] (4.21)

3980 oL L (£1)

Gain bandwidth condition: = |14 GoLeq(Ep)| (4.22)
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that lead to

G, = e29molol _ 1 (4.23)
AQB gBopr

— 1. 4.24

o \/ in 5 (et 5 1)] o

Note that unlike Brillouin scattering that has a peak gain and bandwidth independent of the pump

intensity I, frequency-selective Brillouin amplification has a pump dependent peak gain and

bandwidth.

4.3.4 Time-Domain Equations for Brillouin Amplification

We now have all the elements needed to perform the inverse Fourier transform that will
give the us the equations ruling the field dynamics in the time domain. Let us first rewrite the

output signal as

ECU(t) = EMP () + EM(t — T) (4.25)

where £2™P(t) is the amplified portion of the output signal. Then, we can use Egs. (4.18) and

(4.20) to express the Fourier transform of this amplified portion as

Samp _ gout _ Sin —iQT _ H Sin —iQT
EXMP(Q) = EIM(Q) — EM(Q)e GO,LL—{—Z'Q El(Ne . (4.26)
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After multiplying both sides of this equation by p + €2, we can perform an inverse Fourier

transform and finally obtain the desired equation

EIP(8) = —pEXP(t) + Gy EM(t — T) (4.27)

where the overdot stands for time derivative. Equation (4.27) rules the frequency-selective amplification
in the time domain, and the output signal £2"(¢) is recovered via Eq. (4.25). It is interesting to
note that we have mapped the partial differential Eq. (4.9) into a time-delayed equation, while
adding the narrowband filtering property of the amplifier.

It is interesting to note that: (i) We do not need to add a detuning o; (ii) We adopt an
input-output convention such that the excitation term is not multiplied by 7; (iii) By definition,

the initial condition for £ is 0, which corresponds to £2™?(0) = 0.

4.4 Model

4.4.1 Phase Modulation

The signal laser emits a monochromatic wave, that can be written as

&L=, (4.28)
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where P, is the optical power of this continuous-wave laser (i.e., &, is in units of vVW). We

assume that this PM has an RF modulation signal V' (), so that its output optical field is

Epm(t) = ELexp {m ‘;(t) } =/ Pyexp {zﬁr |]‘}/(t)| cos[Qot + 1/1(15)]} . (4.29)

Using Jacobi-Anger expansion given in Eq. (2.9), we have the expansion

Em(t) = VR ED) =Py f &, (t)e™ ot (4.30)

n=—oo

with the modal fields
En(t) =1i"J, {ww} e (4.31)

Note that the complex envelope field £ and its modal components &, are dimensionless.
The first sidemode & (¢) is now injected into the Brillouin amplifier. Following the analysis

led in the preceding section, the amplified portion of the signal in the fiber obeys the equation
B(t) = —uB(t) + pGo&i(t — T) (4.32)

with initial condition B(0) = 0 [also note that B(t) is a dimensionless variable]. The total output

optical field after Brillouin amplification is now

+o0
F(t)= ) Fult)e™™, (4.33)

n=—0oo
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with F,,(t) being defined as

Et—-T)+B(t) forn=1
Folt)=E,(t—=T)+d6(n—1)B(t) = ) (4.34)

E(t—=T) otherwise
where 0(z) is the Kronecker function (equal to 1 for z = 0 and to 0 otherwise), while all the

modal fields &, (t) are defined as in Eq. (4.31).

4.4.2 Accounting for the Brillouin Amplification

Now that we have the equation ruling the Brillouin amplification, we can proceed with
calculating the voltage generated by the photodetection of this optical signal, which can be

expressed as (in units of V):

2

+o0o
Voa(t) = SRy F(t))? = SPy Z ]:n(t)emﬂot

n=—0oo

1 = (1 A
= 5Mo(t) + Z {ng(t)e’m“t + C-C-} ,
k=1

where c.c. stands for the complex conjugate of the preceding terms, and
M (t) =25Py Y | Fro () Fonn(£) (4.35)

is the complex slowly-varying envelope corresponding to the microwave spectral component
of frequency n x )y (in volts), while S stands for the PD sensitivity (in units of V/W). This
photodetected signal is then bandpass filtered, so that it rejects the DC component M, and the

harmonics M, with £ > 2. Hence, only the spectral component at frequency (2 is allowed to
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pass through (note that this filter is not narrow, so that it does not specifically induce dynamical
effects other than fundamental mode selection). The slowly-varying amplitude of the voltage at
the output of the PD is therefore M, (¢) (still in units of V). This signal is then amplified in the
electrical branch with a gain G, (dimensionless). We can also account for all the loop losses
through a single loss coefficient « (dimensionless). Therefore, the slowly-varying envelope V()

of the microwave signal fed back to the RF input of the PM is

+0o0o
V(t) = KGee® My (t) = 26GSPoe™® > Fr(t)Funa(t), (4.36)

n=—oo

where the phase factor ¢‘® accounts for the effect of the microwave round-trip phase shift ®. If
necessary, this phase be tuned to any desired value (modulo 27) using a RF phase shifter.
We now need to put all these elements together in order to obtain our final model. Let us

introduce the dimensionless microwave envelope

Alt) = —V(t). 4.37)
| 2%
and the optoelectronic gain as
G.SPF
8= MV 0. (4.38)

Note that [ is not a loop-gain parameter as it is the case for conventional fiber-based OEOs, since
it explicitly excludes the Brillouin amplification.

We therefore have the following four-step model for our tunable OEO based on Brillouin
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amplification:

En(t) = i" Jen[[A(1)[JA"(2) (4.39)
B(t) = —uB(t) + pGo&i(t — T) (4.40)
Folt) =E,(t —=T)+ 6(n—1)B(t) (4.41)
+o00
A(t) =28e Y Fr(t)Funa (D) (4.42)
where
Jn(z) .
Jen(z) = o with x € R and n € Z, (4.43)

is the Bessel-cardinal function of order n.

Note that the gain of this OEO can be tuned in this system following two different ways:
either via the optical gain (&, (controlled by the power of the pump laser), or via the optoelectronic
gain 3 (controlled via the gain G of the RF amplifier of the electronic branch). In this study, we
will consider without loss of generality that the optical gain G, is fixed, while the optoelectronic

gain (3 is tunable via G.
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4.4.3 Envelope Equation for the Generic Case T # 0

The four-step model presented in the preceding subsection can be simplified. We have

indeed

+oo
A(t) =28e™ Y Fi(t) Fuia (D) (4.44)

n=—oo

=28 { B[ A = T)] - B (Oes[JA( = )[4 = T)}  (445)

+o0
+2iBe' e N (A = T) ) T [JAE = T)]], (4.46)

n=—oo

but however, Bessel functions of the first kind obeys

+oo
> JIn(@)Tsm(x) =0 (4.47)

n=—oo

for all z € R and all m € Z. Knowing that & = i Jc;[|.A|].A, we can now rewrite the four-step

model under the simpler form

B(t) = —pB(t) + ipGoles[|Ar[JAr (4.48)

A() = 286 { Bt) o[l Ar] — B Jeal Ar]) 45 } (4.49)

where we omit the time-domain expressions of the envelopes for simplicity, such as A(t) — A.

Equation (4.49) can be furthermore simplified. Indeed, an analysis of the above equations shows
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that the phases ¢(¢) and ¢(t) of A and B are such that

o(t) = g St —T) and h(t) = @ + (1) (4.50)
which leads to the solution

o = —g and  Y(t) = p(t) — g = Constant . (4.51)

Note that a direct consequence of this solution is that we now have ¢’®* = —i, so that a phase
shifter has to be introduced in the loop to implement this phase condition. A phase rotation

therefore allows to obtain
A= —QiBB{JOHATH + JQHATH} — 4iBBJe[| A7), (4.52)

where we have used the recurrence relationship

2nJ,(z
Jn—1(x) + Jppa(2) = x( ) : (4.53)
Note that Eq. (4.52) preserves the phase relationship of Eq. (4.51).
Let us now rewrite Eq. (4.52) and Eq. (4.48) as
A

B=—-————r—s 4.54

5B Ie: [ A7) (39

B—LH'GJC [|AZ[].A (4.55)

- 426JC1HATH Hio 1 T T .
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meaning that both B and B are expressed completely as a function of A and Az.

We can now determine A as

_0AOB | DA OJAs| _0A,  0A
T 9B ot | 9lAf ot 9B 9| Af]

A O Arl, (4.56)

where

AT.A} + .ATA}

O el = Ol Ar ATl = ==

(4.57)

is the derivative of | A7| with regard to time. It is important to note that 0| Ar| # |0.Ar| =

[ArAz]2. From Eq. (4.52), we obtain

0A

35 = ~diBJei[lArl] (4.58)
0A , /

We now use the results from Eqs. (4.55), (4.54), (4.58), and (4.59) to rewrite Eq. (4.56) as

, , A .
A= —4if JClHATH{M— + ipGo J01[|ATHAT}

4if8 Jey || Arl]
LI A B A ] — — A (4.60)
HIZREN T 4iB Jel[| A7) [ '
and using Jc|(z) = —Jo(z)/x, this can be finally be written as
. Jo[| A
A= —pA+ dpry IE] Ar|| Ar — Matmﬂ A (4.61)
Ji[|Arl]
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with v = 8G, being the loop gain.

Equation (4.61) is well-defined, and in particular, the time-delayed terms in the brackets
in the right-hand side are well-defined at any time. The term J;|.Ar| is indeed unusual, but is
not problematic from the mathematical viewpoint because at any time ¢, the variable A7 and any
variable that univocally depends on it can be determined unambiguously, even at the numerical
level. One can also note that in the steady state, we have A= 0, 0| Ar| = 0. Note that unlike
the conventional envelope equations for OEOs, Eq. (4.61) involves coupling between the delayed
and non-delayed variables. Also note that the phase dynamics is irrelevant in the deterministic

case, and can be disregarded but will become key at the time to investigate the noise performance

of the system [35, 89-92].

4.4.4 Envelope Equation for the Practical Case 7' = 0

Using Eq. (4.61), we can obtain an envelope equation for the case 7' = (0, which corresponds
to the physical configuration where the system is chipscale. We first note that the phase v of the
microwave envelope A is a constant of motion [see Eq. (4.51)]. It results that [0,].A|] A = A| A

and consequently, Eq. (4.61) can be written as

A= —pdt yryacapa— ) 2L L4 (4.62)
Ji[|All
from which we directly obtain
1 — dy Jet[| A

A=—puA

T+ L[ A e[ A (+:63)
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Figure 4.3: The graphical representation of (4.65) where L(Ay) = Ay /4y and NL(Ay) =
J2[As]/ A are expressed as discontinuous colored and continuous black lines respectively.

This equation is the one that has to be considered to track the temporal dynamics of the microwave

envelope in the case where 7' = 0.

4.5 Stationary States and Their Stability for 7" = 0

We already know that the phase of A is an arbitrary constant, which can be set without loss
of generality to zero. In that case, .4 becomes real-valued and we can remove the calligraphic
fonts following A = A > 0, so that the amplitude equation reads

1 — 4y Jci[A]

A=- 1+ Jo[A]/Jci [A]

(4.64)
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The stationary state of Eq. (4.64) can be obtained as

Ast J %[Ast]
L _ 4.65
A (462
and two possible solutions are
Atr == 0
Aosc - ! T—
Jey [ 2\/7}

where Ay, = 0 is the trivial solution, A, # 0 is the oscillatory (nontrivial) solution, and J cl_1 is
the inverse function of Jc; (whenever single-valued). The above solutions are valid regardless of
there is a time-delay or not. Equations (4.65) and (4.66) are graphically shown in Fig. 4.3. The
trivial solution exists for the all gains while the oscillatory solution is valid for v > 1.

Equation (4.66) shows two possible oscillatory solutions, but we can reduce to one by
confirming the limit of the Bessel-Cardinal function. The function oscillates between —0.066 <
Jep(x) < 0.5. If we consider 7 is a positive value, the two solutions should cover the positive and

negative range separately, and thus

1
for 0 < Jeg[Apse) < 0.5

N
Jey [Aosc] = QW (467)

1
——— for —0.066 < Jci[Apse] <0
N or 1 [Aosc)

The only requirement for the validity of the positive solution is v > 1 while the negative solution

needs v > 56.0 practically very difficult to achieve. We can only consider the positive solution,
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and therefore, the oscillatory solution A,.. we will consider is

1
Agse = Jei {ﬁ} where 1 < v < 56.0. (4.68)

Now, we need to determine the stability of the two solutions. However, since the upper
limit v o~ 56 is already far beyond physically achievable, we are going to restrict our analysis to

the range 0 < v < 56 for the gain values.

4.5.1 Stability of the Trivial Solution

To evaluate the stability of the trivial solution A;, = 0, we can perturb the fixed point
and check if it decays or grows by depending on the loop gain . Considering a very small
perturbation 6 A around the fixed point, thereby applying A — A, + d.A, leads Eq. (4.64) to be

written as
SA=—pu(1—~)6A (4.69)

where higher order nonlinear terms are neglected. It is trivial to show that §.4 decays to zero for
v < 1, while it diverges for v < 1. Therefore, feedback gain 4, = 1 defines the threshold below
which the trivial fixed point Ay, = 0 remains stable (no oscillations), and above which microwave
oscillations are triggered (microwave oscillation of frequency {2y and constant amplitude). It can
be shown that this bifurcation corresponds to a Hopf bifurcation for the microwave signal, and a

pitchfork bifurcation for its amplitude [3, 32-34].
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Figure 4.4: Numerical simulation of the SBS-based OEO with null delay [Equation (4.63)] for
various values of the gain «. The value of the Brillouin gain bandwidth is set to ;1 = 27 x 25 MHz.

4.5.2 Stability of the Oscillatory Solution

We now perturb the oscillating solution A, (which only exists for v > 1), so that the

linearized counterpart of Eq. (4.64) can be written as

SA = —puyRi5A 4.70)
where we define
8J01 [Aosc] J2 [Aosc]
R . 4.71
! ]. + J2[A0sc]/JCI[AOSC] ( )

Since the constant coefficient R, of is always positive, it appears that we always have A — 0

for 1 < v < 56, so that the oscillatory solution A, is always stable for that range of gain values.
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4.5.3 Numerical Simulation for the Case T' = 0

Figures 4.4(a) and (b) display the transient dynamics of the SBS-based OEO with null delay
for v = 0.9 and v = 1.1, that is, just below and above the threshold value 7y, = 1. On the other
hand, Figs. 4.4(c) and (d) show the dynamics of the oscillator at v = 2.49 and v = 56, thereby
showing that oscillating solution is indeed stable in the gain range of interest in for that solution
(1 < v < 56). The amplitudes of the oscillating solutions also correspond to the intersections

points in Fig. 4.3.

4.6 Stationary States and Their Stability for 7" # 0

We now consider the generic case where the delay is not null. Here also we can take
advantage of the fact that that the phase 1 of the microwave is a constant. Once again it is
convenient to arbitrarily set ¢» = 0, so that the envelope .4 becomes real-valued, with A = A > 0

and Ar = A7 > 0. The microwave dynamics is now ruled by

Jo[Ar]
J1[AT]

A= — A + dpry IS Ar)| Ar — AAr, (4.72)

It first appears that the stationary states of Eq. (4.72) are exactly the same as those obtained for
the case 7' = (0. We have trivial and oscillatory solutions given by Eq. (4.66), and the restriction
discussed in Eq. (4.68) also apply in the present case. We can determine the stability of the two

solutions in the same way as 7" = 0 case.
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4.6.1 Stability of the Trivial Solution

When we perturb the trivial solution with § A = §Ag exp[( Ay + i&i:)t], Eq. (4.72) can be

written as

OA ~ —pud A+ pyoAr (4.73)

From the eigenvalue expression, the coefficients A, and the &, will obey

Ar = —0 + ,ufye_A“T cos & T 4.74)

i = —pye M sing, T (4.75)

We can only consider near Ay, = 0 where the sign change of the ), occurs. Equation (4.75)
generates two possible solutions &, = 0 and &, = 7 /7 but the later one cannot satisfy Eq. (4.74).

Therefore, the unique solution is

Ar & —— (4.76)

=0 4.77)

where we have assumed the condition p7' > 1. This solution generates the same result as for the

case 1" = 0, i.e. the trivial solution is stable for v < 74, and unstable otherwise.
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Figure 4.5: Numerical simulation of the SBS-based OEO when T' # 0 [Equation (4.72)] for
various values of the gain . The insets of (c) and (d) show the asymptotic dynamical behavior
of the system, evidencing the qualitative difference induced by the Neimark-Sacker bifurcation
at vo, = 2.49. The parameters of the system are pp = 27 x 25 MHz and T = 5 pus.

4.6.2 Stability of the Oscillatory solution

When we perturbing the oscillatory solution A, the linearization of Eq. (4.72) can be

yields

6A = —pd A+ pRy 6 A — Ry 6. A (4.78)
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Figure 4.6: Bifurcation diagram for the SBS-based OEO. The labels (a)—(f) indicate the values
of the gain 7 used for the time-domain simulations in Fig.4.5. The Hopf and Neimark-Sacker
bifurcations numerically emerge at the gain values v, = 1 and ., = 2.49 (resp.), as predicted by
the theory. The parameters of the system are p1 = 27 x 25 MHz and T" = 5 us.

where we use a Bessel-Cardinal function property Jc|(z) = Jo(x)/x — 2Jcq(x) /2 and define

Rg = 8")/J01 [AOSC]J()[AOSC] — 3 and Rg = JQ[Aosc]/Jcl[Aosc] (479)

If we define A = § Ag exp (Aose + i&osc)t, the real part will be ruled by

N + pRye 25T cos €pge T — Raze T o sin Eoge T 4.80)
o 1+ Rze rosel cos € T '

and the imaginary part can be written as

— (1R — R3)ose)e T sin Eog T
1 4+ Rae oseT cos Epc T

gosc = (481)
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The two results lead to two possible solutions

Ry —1 .
f
Ry T if Ry >0

Aose ™ (4.82)

Ry +1 .
f R 0
T 1 9 <

where we are still assuming p7" > 1. Equation (4.82) shows that A\ is negative for |Rs| < 1,
and that condition corresponds to the gainrange 1 < v < 2.49. Therefore, if we define ., = 2.49
as the critical value for which the microwave is destabilized, then the oscillatory solution is stable
for vy, < v < Yer-

The secondary bifurcation occurring at v., = 2.49 is a Neimark-Sacker or forus bifurcation [3,
32,33,93,94]. It should be noted that in the case of a short (but non-null) delay with p7" ~ 1,
the formalism developed above is not valid anymore and a more involved calculation would be

needed to determine ~.,. Please refer to [95].

4.6.3 Numerical Simulation for the Case 1" # 0

Figures 4.5(a) and (b) display the transient dynamics of v = 0.9 and v = 1.1 the just
below and above the threshold value 7;,. On the other hand, Figs. 4.5(c) and (d) show the
dynamics of the oscillator at v = 2.48 and v = 2.5, that is, just before and just after the torus
bifurcation. The amplitude of the output microwave is stable below the critical value (7.,) and
unstable above, as predicted by the bifurcation analysis. When the gain is further increased, the
oscillator displays 47-periodic behavior [Fig. 4.5(e)] while further increase of -y leads to a chaotic
behavior. [Fig. 4.5(f)]. The overall dynamics of the oscillator can be described via a bifurcation

diagram as displayed in Fig. 4.6, where the Hopf and Neimark-Sacker bifurcations are shown to
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occur exactly where they were analytically predicted.

4.7 Conclusion of the Chapter

In this chapter, we have studied the nonlinear dynamics of the SBS-based OEOs. We have
first analyzed the SBS effect in the nonlinear fiber acting as a MPF, and we have derived as well
an explicit input-output relationship ruling the frequency-selective amplification. The modeling
of the SBS process has enabled us to obtain a delay-differential equation for governing the
microwave envelope of the OEO output microwave signal. Then, a stationary state analysis was
conducted to find and evaluate the stability of the fixed points (trivial and oscillatory solutions),
leading to the analytical determination of the threshold gain value triggering the onset of microwave
oscillations, as well as the critical value leading to their destabilization. Numerical simulations
confirmed the stability analysis.

The proposed setup addresses the proposed concerns raised by the models presented in
Chapters 2 and 3. The key idea of this setup lies in achieving microwave photonic filtering
through SBS, thereby enabling frequency selection in the optical domain and alleviating the
reliance on electronic components. Furthermore, the model offers easy frequency tunability,
with the pump frequency serving as the tuning parameter. An additional noteworthy aspect is
that the dynamics exhibit strikingly similarities to the previous models, depending on electronic
components for frequency selection. Therefore, another significant realization from this section
is that OEOs demonstrate consistent dynamical similarities irrespective of the methods employed

for frequency selection.
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Chapter 5: The Universal Microwave Envelope Equation

5.1 Introduction of the Chapter

Throughout Chapters 2, 3, and 4, we explored the dynamics of the various OEOs by
deriving their respective microwave envelope equations. These equations effectively describe
the nonlinear behaviors of the systems and offer crucial insights into their magnitude and phase
dynamics. Interestingly, based on the obtained results, we could observe noteworthy dynamical
similarities among the different OEO setups. Upon comparing the analyses conducted for the
basic OEO in Chapter 2 and the SBS-based OEO in Chapter 4, we observed striking similarities in
their numerical simulation results and bifurcation diagrams. Notably, the only point of differentiation
appears to be the critical gain value. Furthermore, analogies were found between their dynamic
equations. In Chapter 3, we demonstrated that the dynamic equations governing the oscillation
loops of the frequency-multiplicative models can be described using Eq. (2.19), which represents
the envelope equation of the basic OEO proposed in Chapter 2. However, the envelope equation
of the SBS-based OEO, Eq. (4.61), is more intricate due to the additional complexities introduced
by the microwave photonics filtering. Nevertheless, both equations share common elements,
which consist of a damping and a nonlinear pumping term.

Therefore, comparing the envelope equations of the models reveal similarities between the

dynamic equations, suggesting that their dynamics can be governed by an envelope equation that
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can be reformulated under a generalized universal form [63]. In this chapter, we introduce the
universal equation, which we refer to as the universal microwave envelope equation, and conduct
analytical investigations. Furthermore, we perform stability analysis of the universal equation and
suggest models that can be used to find solutions and assess their stablilities. We also provide a
description of the envelope dynamics of the frequency-multiplied output in a universal form. This
chapter consists of the following sections: In Section 5.2, we present the universal microwave
envelope equation and perform stability analysis. We also apply the universal models to the basic
OEO and the SBS-based OEO to verify their validity. In Section 5.3, the universal equation for

the frequency-multiplied output is presented. Finally, the chapter is summarized in Chapter 5.4.

5.2 The Universal Microwave Envelope Equation

Comparing the envelope equations presented in the preceding chapters, we can express the
universal microwave envelope equation in terms of a damping and nonlinear pumping terms, as

follows:

A=—pe A - pyee f A, A, Ar] (5.1)

where £, [A, A, Ar] is an arbitrary nonlinear function fulfilling the following condition £, [0, 0,0] =
0. Chapter 3 demonstrated that the nonlinear functions of most RF-filtering based OEOs depend
on A and A7, while Chapter 4 illustrated that the microwave photonic filtering process can give

rise to a more complicated form by involving higher-order terms, such as Ar.
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5.2.1 Stationary States and Their Stabilities

The first task in analyzing the universal equation is stability analysis, akin to what was
conducted in Chapters 2 and 4. Please refer to Chapter 2 to see more detailed analysis process.
Even though this chapter explains important steps required for stability analysis. In order to find
the stationary states of the universal envelope equation, we can set the time-derivative terms as
zero, which allows one to express Eq. (5.1) in terms of a stationary solution A = A = Ay as

follows:

Ast - ,ye—iU NL [Asta Ast7 0] - O (52)

We approximate ¢ = 0 as this parameter is naturally very small and has minimal effect on
the amplitude dynamics. Here, we utilize two phase matching conditions. First, as shown in
Eq. (5.2), we require 0 = 47 and this fact can generate two solution sets. However, since the
nonlinear function given in Eq. (5.1) should have a proper pumping term, we select a specific
solution set 0 = mmod[27] and v > 0. Secondly, if we plug the aforementioned conditions back
into Eq. (5.1), it can be found that we need to have the following condition ¢ (t) = (¢t — T') due
to a phase-matching requirement. This implies that the phase terms can be canceled out on both
sides of Eq. (5.1), allowing us to rewrite the universal equation solely in terms of the magnitude,

as follows:

A= —pA+ pyf (A, Ar, Ar) (5.3)
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where the calligraphic fonts out represent they are real-valued now. We already used the above
mentioned analyses in Chapter 2.

From Eq. (5.2), we find two solutions for Ay,: a trivial solution A, = 0 and an oscillatory
solution satisfying Aose = ¥ fy; [Aoscs Aosc; 0]. We first analyze the stability of the trivial solution
by directly replacing A — Ay + 9.4, where the small perturbation is complex-valued and defined
as 0.A = 5 Aget 60! Then, we could observe whether the real part of the perturbation grows
or decays depending the loop gain in order to asses stability. Considering the small perturbation

expression, Eq. (5.3) can be rewritten as:
6A = —pdA — jAg + py fo, [Ast + 0A, Ay + 0 A7, 6 A7) (5.4)

In the next, we apply a Taylor expansion to the nonlinear function, which leads the nonlinear

function to be expanded as follows:

fNL [Ast + 5“47 Ast + 5AT7 6~’4T] =~ fNL [Ast> Ast7 0]+

5Aa +6AT 0 +6AT 0 }fNL[A,AT,o]

5.5
oA, (3.5)

AvAT:Ast

where we consider up to the first-ordered terms. By applying Eq. (5.5) into Eq. (5.4), we can

express the perturbation equation as

_ of of of
OA = —pd A+ py|0AZZ + 6 Ar o ot S Ap—2 i (5.6)

where each partial differential term is evaluated at A = Ay = Ay, and we denote f = f, [A, Ar, 0]
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for notational simplicity. This means, for example, that the first differential term is equivalent to:

af

6A8—A

B
= 0z fu A, A, 0] . (5.7)

AvAT =Ast

In Eq. (5.6), the terms —u Ay and f, [Ast, Ast, 0] are removed, as they are both zero in the case
of the trivial solution and cancel each other out in the case of the oscillatory solution. Now, we
look into the two solution cases separately using the eigenvalue expression. A given solution will
be stable if Ay < 0, as instability decays exponentially, and unstable if A\ > 0, as instability

grows exponentially on the other hand.

5.2.1.1 Stability Analysis of the Imaginary Part

By plugging the expression of the eigenvalue expression in Eq. (5.6), we can express the
imaginary part g, as follows

) 0 ) 0
§st = #76_/\“T{ (fst cos T — Mgy sin fstT> an — sin gstTﬁ } (5.8)
T

For the imaginary part analysis, we can simply plug Ay, = 0 into the above expression, which

results in the following expression:

—pysin & T L

ést = .
1= oy coneaT A

(5.9)

Interestingly, both sides of Eq. (5.9) exhibit a significant scale difference when considering the

typical magnitude of p. Hence, in a sinusoidal cycle, the only possible solutions could be 0 or
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7 /T, where the choice depends on the evaluation of the real part of the eigenvalue.

5.2.1.2 Stability Analysis of the Real Part

By applying the eigenvalue expression to Eq. (5.6), we can express the real part Ay, as

follows

af

0
At = — b+ ,Lw{a—A + e cos 4T /

0Ar

+ e M (A cos €T + &gy sin fstT)aan } (5.10)
T

It is possible to further simplify Eq. (5.10) by using Taylor-expansion on the exponential term,
thereby rewriting it as e 7 ~ 1 — )\, T. Next, we can linearize it near A = 0, which finally
generates:

—p+ py (55 + cos & T HE)

st — .
1+ pycos fstT(Ta‘?TfT — 8%;)

(5.11)

Finally, Eq. (5.11) suggests a universal criterion for evaluating the stability of OEOs.

5.2.2  Apply the Universal Stability Analysis into the Basic OEO

Now, we apply the universal stability analysis to the basic OEO proposed in Chapter 2 to
evaluate its effectiveness by comparing the stability results from the universal models with the

results obtained in Chapter 2. First, we need to identify the nonlinear function, which can be
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written as:

fra[Ar] = 2Jei[2A7] Ar. (5.12)

Since the function only depends on A7, we can only calculate the derivative with respect to A,
which can be obtained as

of

Yy —2Jc [2A4] + 2J0[2A4]. (5.13)

For the trivial solution, Ay, = 0, the nonlinear function corresponds to 1. Applying this into
Egs. (5.9) and (5.11) results in Egs. (2.29) and (2.30) respectively. Therefore, through the
universal models, it is possible to obtain the same results as those obtained in Chapter 2. For the
oscillatory solution, Eq. (5.13) is equivalent to 2J[2A.s.] —1/7. Applying this into Egs. (5.9) and

(5.11) yields Egs. (2.35) and (2.36), which also verify the validity of the universal expressions.

5.2.3 Apply the Universal Stability Analysis into the SBS-based OEO

Now, we apply the universal analysis into the SBS-based OEO proposed in Chapter 5 to

observe their validity. We first need to identify the nonlinear function, which can be written as:

AApJs[Ar]

. 5.14
pyJ1[Ar] G194

FulA, Ar, Ag] = 433 [Ar) Ar —

Due to the more complicated dynamics of the microwave photonic filtering compared to the basic

setup, the nonlinear function of the SBS-based OEO depends on A, Ar, and AT. Therefore, we
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need to define the three differentials, which can be expressed as:

of _

= 1
9A 0 (5.15)
O 12 :
_— = 4JC1 [2Ast] -+ 8AStJC1 [QASt]Jcl [2Ast] (516)
0Ar

8f _ Ast JZ [Ast]

L . 5.17
OAT pyJ1[Asi) C-17)

Equating the three differential results into Egs. (5.9) and (5.11) results in Eqgs. (4.75) and (4.74)

for the trivial solution case and Eqs. (4.81) and (4.80) for the oscillatory solution case as expected.

5.2.4 Universal Stability Analysis

Through studying various models and the universal equation, it is possible to conclude
that the stability analysis generally yields two bifurcation values v, and ~.,. For the gains, the
trivial fixed point is stable when 0 < v < ~4,, while the oscillatory solution is stable whenever
Yinh < ¥ < 7Yer- As long as BPFs are narrow enough, OEOs generally display similar behavior,
with different critical gains and oscillation magnitudes, thereby different oscillatory solutions.
Comparing Figs. (2.5) and (4.5) or Figs. (2.6) and (4.6) further verifies their similarities.

Below the threshold gain, the trivial solution is stable, but the system soon experiences
a primary Hopf bifurcation at the threshold [3, 33]. When the gain is further increased, the
system undergoes a secondary Hopf bifurcation, also known as a Neimark-Sacker (or torus)
bifurcation, beyond which the oscillatory solution is unstable [3,93,94]. The amplitude shows
2T periodic behavior right after the Neimark-Sacker bifurcation and 47" periodic behavior by
further increasing the gain. At very high gains, the behaviors finally become chaotic. Note that
the square-wave behavior is due to the fact that the delay is substantially larger than 1/x [67].
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5.3 The Frequency-Doubled Output

By manipulating phase or polarization of optical fields, a frequency-multiplicative model
generates a subsequent harmonic at a separate output port and keeps tuning the fundamental
(oscillation) frequency in the closed-loop [41-45,50,51]. We can describe the doubled-frequency

generations using the following variable [63]:

C = GoJy[d| Al)e™#) (5.18)

where G is the output gain and d is an integer determined by modulators. Taking the time-
derivative of the above expression, we obtain dynamics in a similar form as Eq. (5.1), which

results in:

C = —zﬁc + dGLJ [d] A Aet S (5.19)

The output is expressed as a coupled equation with the dynamic equation, and thus, the expression

can also open possibilities of researching the oscillating loop and separate output ports simultaneously [96].

5.4 Conclusion of the Chapter

In this chapter, we derived the universal microwave envelope equation based on the findings
from the preceding sections and developed the models suitable for stability analysis. Utilizing
these universal models, we conducted stability analyses of the OEOs, which yielded the results

consistent with those presented in Chapters 2 and 4, affirming the validity of the universal
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Figure 5.1: The illustration of the bifurcation sequence of the OEOs. The dynamics of OEOs can
be segmented into three regimes. In the first regime, where the gain is below the threshold level,
there is no oscillation occurs because the trivial solution is stable. When the loop gain parameter
exceeds the threshold value, a Hopf bifurcation occurs, stabilizing the oscillatory solution while
rendering the trivial solution unstable. Consequently, OEOs operate as limit-cycle oscillators
in this regime, ensuring stable oscillation regardless of the initial conditions. This is dedicated
for pure microwave generation. With further gain increases, the systems encounter a Neimark-
Sacker bifurcation, causing the oscillatory solution to become unstable. Initially, the systems
exhibit regular amplitude modulation, but with continued gain increase, the oscillators behave
akin to a torus, as depicted.

envelope equation. Importantly, the universal equation suggests that the dynamics of OEOs
remain highly similar irrespective of their dynamical complexities. We also derived the universal
envelope equation of the frequency-doubled setups so that it is also possible to open possibilities
of researching the oscillating loop and separate output ports simultaneously.

The analysis is encapsulated in Fig. 5.1, illustrating the system dynamics across varying
loop gains. The behavior of OEOs can be segmented into three regimes. In the first regime, where

the gain is below the threshold level, there is no oscillation occurs because the trivial solution is
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stable. When the loop gain parameter exceeds the threshold value, a Hopf bifurcation occurs,
stabilizing the oscillatory solution while rendering the trivial solution unstable. Consequently,
OEOs operate as limit-cycle oscillators in this regime, ensuring stable oscillation regardless of the
initial conditions. This is dedicated for pure microwave generation. With further gain increases,
the systems encounter a Neimark-Sacker bifurcation, causing the oscillatory solution to become
unstable. Initially, the systems exhibit regular amplitude modulation, but with continued gain
increase, the oscillators behave akin to a torus, as depicted.

The significance of this chapter lies in the revelation that the universal envelope equation
highlights the dynamic similarities among OEOs regardless of their complexities. This suggests
that dynamical behavior observed in one setup may be mirrored in others, enabling interpretations
or analyses applicable across different setups. For instance, results of a detailed examination of
the fundamental setup can be applicable to other OEOs while the universal equation can provide

a path for the transferring.
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Chapter 6: The Stochastic Delay Differential Equation of the Phase

6.1 Introduction of the Chapter

In Chapter 5, we examined the dynamical similarities among different OEOs and derived
the universal microwave envelope equation, expressed in the first order delay differential deterministic
form. Our focus primarily centered on comprehending the dynamics of the magnitude, while the
phase dynamics left unaddressed. Here, our focus shifts to investigating phase dynamics through
the utilization of a stochastic approach, which enables us to optimize and comprehend phase
noise performance effectively.

We first transform the universal deterministic envelope equation into a stochastic delay
differential equation (SDDE), effectively describing the phase dynamics. To analyze the oscillators,
we categorize noise sources into two types: an additive noise contribution, stemming from
random environmental and internal fluctuations, and a multiplicative noise contribution, arising
from noisy loop gain. The existence of the additive noise is independent of oscillation existence,
while the multiplicative noise is intertwined with the noisy loop gain, thereby nonlinearly mixed
with signals above the threshold [35,64—66]. Since our focus is on investigating the phase noise
spectrum, we delve into the above-threshold regime in this chapter.

By employing the Langevin approach, we can directly incorporate the noise contributions

into the envelop equations. Subsequently, we can convert the stochastic envelope equation into
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the SDDE of the phase using stochastic calculus. Later, through Fourier transform of the model,
we can obtain the power spectral density (PSD) of the phase term, enabling theoretical investigation
of phase noise. Thus, the SDDE serves as a tool for predicting phase noise of setups and
optimizing phase noise performance. We delve into a thorough analysis of the noise spectrum
and compare it with experimental results.

This chapter comprises the following sections. In Section 6.2, we employ the Langevin
approach to transform the deterministic universal envelope equation presented in Eq. (5.1) into a
stochastic form. In Section 6.3, we convert the noisy envelope model into the SDDE of the phase,
where we conduct a thorough investigation of the model. We derive the phase noise spectrum
from the stochastic model and deeply explore its characteristics, presenting an experimental result

for comparison. Finally, the chapter is summarized and concluded in Section 6.4.

6.2 Derivation of the Stochastic Delay Differential Equation

To consider noise in the oscillators, we can account for two main noise contributions of the
systems. The first contribution is the additive noise which accounts for thermal noise, shot noise,
and laser relative intensity noise (RIN) at high frequencies. This contribution can be assumed to
be spectrally white and is not related to existence of an oscillating signal. Since we are interested
in noise near the oscillation frequency, it is possible to express the noise in terms of its complex
conjugate envelopes, similar to how we defined the oscillation voltages and optical fields in terms

of their complex conjugate envelopes. This results in the following expression:
1 ot | L oxipy —it
€a(t) = §Ca(t)e + §Ca (t)e (6.1)
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where (,(t) represents the complex envelope, with the subscript ”a” denoting the additive noise.

1/2and their auto-correlations respectively

The real and complex noise variables are in units of 1/s
obey (& (1)EX(t)) = o(t — t') and (C.(8)C () = 20(t — t'), leading to their PSDs being
&.(iw)? = 1 and |((iw)|> = 2. The effect of this contribution can be accounted for as
a Langevin forcing term, and it can be directly added to the dynamic equation of the OEO.
However, it should be noted that since we have not considered the diffusion constants in the auto-
correlations defined above, we should include the scale factor in the ultimate expression, which
will be shown in Eq. (6.4) later.

The next noise contribution that we consider is the multiplicative noise due to the noisy loop
gain which depends on a lot of factors that can be noisy as shown in Eq. (2.7). The multiplicative
noise considers colored noise of amplifiers, laser RIN at low frequencies, and optical frequency
noise due to dispersion. Given the noisy parameters such as the noisy conversion gain S —
S + 05(t) and noisy amplifier gain G — G + §G(t), there will be overall noisy fluctuation near

the gain, which can be mathematically expressed as v — Jv(¢). In order to express the noise

differently, we introduce a dimensionless multiplicative noise as

Mm(t) = —= (6.2)

where it is in units of 1/s'/2

and represents the relative gain fluctuation and obeys 7, (f) <
1 [35]. When considering that the main causes of the noise are generally RFAs and PDs, we can

approximate the multiplicative noise as flicker at low offset frequencies and white above a certain
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knee value [35,64—-66]. Under these conditions, we can justify the following expression:

(6.3)

(i) = |1+ 2]

w + O,
where €)1, and 2y are respectively the low and high corner frequencies of the flicker noise. The
noise remains flicker in between the two corner frequencies and white elsewhere. Based on the
given definitions and Langevin approach, we can directly include the additive and multiplicative
noise contributions into Eq. (5.1) to describe the universal envelope dynamics with noise, resulting
in

i Om i i i0
A= = At | 14 T20)] o [A Ar. Ar] + e

Oa

e

Ca(t) (6.4)

where we omit the time-domain expression for the complex envelope A(¢) — A and adapt
o = m (Please refer to Chapter 2), while o, ,, respectively describe the magnitudes of the two
noise sources and generate their diffusion constants, which can be written as D, ,,, = aim /2. We
intentionally subtract 1/+/2p from o, , to make the diffusion constants as dimensionless.

In the sub-threshold regime where the loop gain is less than unity, we can linearize Eq. (6.4)

around the trivial solution, yielding:

i_ . i i0 i Ta
A= —p(1 —ay)e A+ uybe™ Ar + pe \/ﬂ(’a(t) (6.5)

where we take into account that in the sub-threshold regime, we could linearize the nonlinear
function as f, [A, Ar, Ar] = a.A + bAyp around the trivial fixed point. Here, we do not consider

a dependence on A7 because it either does not appear in most OEO equations or results in higher-
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order terms as shown in the previous chapters. In Eq. (6.5), it is noteworthy that the multiplicative
noise contribution is neglected in this regime as it generates higher-order terms. This is indeed
acceptable considering that the multiplicative noise is attributed to the noisy loop gain, but the
loop is not closed in the sub-threshold regime. By Fourier transforming Eq. (6.5), it is possible

to obtain the PSD of this regime as:

A1/ 2 QuDa
A = =) = tre ot ¥ we o ©0

The dynamics described by Eq. (6.6) is illustrated in Fig. 6.2. For the simulation, we consider
the basic OEO setup case (¢ = 0 and b = 1) and neglected ¥} by assuming the filter has a high
enough Q-factor. The PSD follows the spectral shape of the RF filter, considering a single-side
band. However, it is noteworthy that unlike classic filters, it exhibits a quasi-flat shape inside the
bandwidth, where the spurious peaks are generated due to the FSR from the fiber delay line. If

we further increase the loop gain, the roll-off becomes steeper.

6.3 Phase Dynamics Above the Threshold

In the above-threshold regime, we can linearize the nonlinear function near the oscillatory
solution by using a property given as f., [A, Ar, Ar| = [a. A+ DbAg] /v, resulting in the following

expression:

+ e T2 (8). (6.7)
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Figure 6.1: The analytical PSD |/~l(zw)|2 below the threshold shown in Eq. (6.6) with the
parameters of T = 22 us, p = 27 x 10.5 MHz, D, = 1 x 107% v = 0.1, a = 0, b = 1,
and ¥ = 0. The PSD follows the spectral shape of the RF filter, considering a single-side band.
However, unlike classic filters, it exhibits a quasi-flat shape inside the bandwidth, where the

spurious peaks are generated due to the FSR from the fiber delay line. If we further increase the
loop gain, the roll-off becomes steeper.

Now, we convert the above stochastic equation that describes the dynamics of the noisy envelope
into another stochastic form describing the noisy dynamics of the phase. In [35], it was proposed
that we can use Ito chain rules to derive the stochastic differential equation for the phase. Before

using the rule, we first write (6.7) under the differential form

dA=— e |(1—a —aa—mmt}Adt—i— bewlqua—mmt]A dt

+ uew;—Qa_dea(t). (6.8)

where dW,(t) = dW,,(t) + idW,;(t) is the differential Wiener process. W, ,(t) and W, ;(t)

are respective the real and imaginary parts of the Wiener process, and they are uncorrelated
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(W (t), Wa.(t)) = 0, while having equal variance (W, ;(t))?) = (W,..(¢))?) = dt.

Now, from the above expression, we want to extract the information of the phase solely,
50 as a trick, we define A = /P(t)e?® = e+ where p(t) = (1/2)InP(t). Plugging
this expression into Eq. (6.8) allows us to use It6 lemma, and at order d¢, we obtain the new

expression as follow:

2
dp(t) + idp(t) = dinA = 4 _ 1 {d““} ~ ‘%

At) 2| A
_ 0 . . Om i O'_m ﬂ
=— pe {(1 a) amnm(t)] dt + pbe {1 + mnm(t)] 1 dt
+ e 7 Lo, ). (6.9)

VAT

The above expression implies that we can only consider the imaginary part to explore the dynamics

of the phase solely, and it is possible to write:

dip = — psind [(1 —a)— aa—mnm(t)] dt + % AW (1)

V21 Aose V21
o
b1+ —==nm(t)| sin(? —)dt 6.10
b4 T) sin0 + o~ ) .10
where we consider |A| = |Ar| = Ay and omit the time-domain expression, 1(t) — . The

real Gaussian white noise &, ,(¢) has its differential Wiener process dW, ,(t) = dW,,.(t) sin v +
dWe,i(t) cos ¥, satisfying (£, (t)&,.4(t')) = 6(t — t'). For the ultra-stable oscillators, the noise
is necessarily very small and we can establish the following approximation: |¢) — ¢r| < ¥ < 1,

which allows for the linearization sin[¢ — (¢ —tr)] =~ ¢ — (¢ —1r). Then, the SDDE describing
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the dynamics of the phase, can be written as:

. b— m b a
b= % — b(t = vr) + %ww e CRL

The first term on the right-hand side can be discarded in the frequency domain as it is a Dirac

term, which leads to write the PSD of the phase as

. 2
= v f| (@t b)owTin(iw)/(2Qr) + 0aap(iw)/Aosc
()" = 2 iw + pub(l — e=wT) ' (6.12)

The aforementioned expression delineates how specific factors influence the ultimate phase noise.
Firstly, oy, and o, govern the overall noise level, where these parameters are determined by
components within the setup, such as RFAs and PDs, and environmental fluctuations. Chapter 7
elaborates on quantifying these parameters, enabling the prediction of noise levels prior to frequency
locking. The multiplicative noise contribution can be mitigated by implementing narrow filters.
The PSD of the phase (the phase noise spectrum) is depicted in Fig. 6.2. We now partition
the offset frequency into three regimes and analyze each separately, as they exhibit distinct
shapes. The regimes are as follows: (i) low offset frequencies (w < €2y); (ii) the spurious

peak region ({2 < w < w); and (iii) beyond the half-bandwidth: w >> pu.

6.3.1 Phase Noise at Low Offset Frequencies: w < 2y

In the regime where offset frequencies are very small, particularly when w < €y, the
flicker noise is dominant over the additive noise, as illustrated in Fig. 6.2. In order to comprehend

it mathematically, we can approximate Eq. (6.12) for this specific regime. Throughout the
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Figure 6.2: The PSD of the phase (phase noise spectrum) above the threshold obtained by using
Eq. (6.12) with the parameters of 7' = 22 us, = 27 x10.5 MHz, D, = 1x107°, D, = 1x 1074,
Qp = 21 x 100 kHz, ), = 27 x 1 Hz, Ao = 0.58, and Qrr ~ 500. In order to obtain the
results, sampling frequencies of 100 Hz within the range of 100 Hz to 10 kHz, 0.2 Hz within
10 kHz to 10 MHz, and 9 kHz within 10 MHz to 100 MHz are used. If frequencies near the
carrier (w < {2p), the flicker noise is dominant over the additive noise. When frequencies lie
between the high corner frequency of the flicker and the half-bandwidth (25 < w < p), there
are spurious peaks due to the FSR on the quasi-flat baseline and the effect of the multiplicative
noise is minimal here. Lastly, if frequencies beyond the half-bandwidth (w > 1), the FSR term
becomes negligible and the noise level decreases.

entire thesis, we have set that 47" > 1, which is generally reasonable for most OEOs, and this
assumption allows us to further approximate w7’ < 1 in the current region. Considering that, we
can obtain the PSD in the regime by following the below procedure:

2 M (@ + b)omiim(iw)/(2Qx) + Uaéaﬂl)(iw)/Aosc ’
2 iw + iwbuT

W (iw)|

+ 0)*(2Qxt) " D (iw) |* + DaAgee
b2 uT?w?
_(a+ 0)2(2Q.t) 2D Ox
- b2pT2w?

(6.13)
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where we apply the Taylor expansion for the exponential term and assume that D,, > D,. In
this regime, the noise becomes nearly inconsequential to the oscillation magnitude, provided that
the multiplicative noise dominates over the additive noise. In addition, it is worth to note that the
oscillator adheres to Leeson’s model, given that the noise spectrum is proportional to f~3 for the

flicker noise [35,97].

6.3.2 Phase Noise in the Spurious Peak Region: () < w <

When frequencies lie between the high corner cutoff frequency of the flicker and the half-
bandwidth, we observe an intriguing dynamics, which are the spurious peaks. These peaks are
generated due to the FSR from the fiber spool, superimposed on a quasi-flat noise floor. This
frequency regime merits exploration, particularly because it is where we typically evaluate the
performance of OEOs, most commonly at a 10 kHz offset frequency. In the regime, the impact of
the multiplicative noise is less pronounced compared to the preceding regime, owing to the high
Q-factor of a filter in the system and the approximate equality of |77(iw)|* to 1. Additionally, the
effect of the colored noise is minimal here as shown in Fig. 6.2.

In order to define the quasi-flat noise level initially, we need to find the minimum value of
Eq. (6.12), which occurs when 7" = (0. Accordingly, from Eq. (6.12), it is possible to find the
baseline level by employing the following procedure:

| O (iw) / (2Q0) + TaSa (m’)/AOSC|2
w? + 4p2b?

1 | owfim(iw) | oabap(iw) |

N 8,U/b2 2Qrf Aosc

o 4ub? A2

0osc

“ilﬂoor|2 = g

(6.14)
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where we consider that the two different noise contributions are uncorrelated. The above expression
indicates that we can mitigate the phase noise in this regime by increasing the loop gain, consequently
increasing the oscillation magnitude. Therefore, one great way for phase noise optimization is
increasing the loop gain manually, therefore by fixing the additive noise contribution as a constant
factor. In Fig. 6.2, obtained for the case of the fundamental OEO proposed in Chapter 2 meaning

a = 0and b = 1, we used the following parameters: D, = 1 x 1075, A, = 0.58, and

1 = 27 x 10.5 MHz. In that case, the floor level is approximately calculated as —139 dBc/Hz
from Eq. (6.14), and it aligns with the displayed result in Fig 6.2.

The above expression indicates that we can mitigate the phase noise in this regime by
augmenting the loop gain, consequently amplifying the oscillation magnitude. This is because
the presence of oscillations renders the additive noise contribution irrelevant.

Now, we want to more closely look at the spurious peaks. Considering the definition of
the FSR, one would anticipate that the positions of the spurious peaks ought to align with w,, =
nQr = 27n /T, denoting that they are located at integer multiples of the FSRs, where n represents
any integer indicating the order. However, for a more precise determination of their locations, we
opt to redefine these positions. For the analysis, we first define the denominator of Eq. (6.12) as

a new function k(w):

k(w) = |iw + pb(1 — “T)|?

_ w2 + Z-,uwb<€7in . ein) + M252(2 o e*'in _ €+1WT>. (615)

Now, we consider a small perturbation near the frequencies and we look into up to the fourth-
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order Taylor expansion, as follows:

/ 6w2 " 5("}3 n 5(,{}4 "
k(nQr + dw) ~ k(nQr) + dwk'(nQr) + Tk (nQr) + Tk (nQr) + ﬂk (nQr)
T3 T
~ (nQp + dw)? + ipwb(—2iTéw + i?&u?’) — 120} (T?6w* + Edcf)

1 1
~ (nQp + pTbéw)? — §MT3nQTb5w3 - EMQT%?&U‘* (6.16)

where we consider 7' > 1 again. Using the new expression of the denominator, the PSD of the

phase at the fouth-order Taylor expansion can be newly written as follow:

[(a + b)owfm(w)/(2Qx) + Uaga,w(W)/Aosc,2

: 6.17
nQp 4+ puThéw)? — LuT3nQpbdwd — L p2T402 6w ©.17)
3 12

T 2 M
() =&

In order to pinpoint the locations of the spurious peaks, we need to identify the perturbation
frequencies that minimize the denominator function. In the scenario, the perturbation should
fulfill the condition nQ2r+pTbdw = 0, as outlined in Eq. (6.17). Consequently, the corresponding
frequency perturbations can be expressed as 6 f = —n /(T AFT?b), which finally leads to the peak

locations being described as:

n n

=7~ AFTE (6.18)

In the above expression, it is possible to observe that there exists a trade-off when selecting the
length of the fiber spool. As mentioned frequently, a longer delay can lead to a higher Q-factor of

the system. However, according to Eq. (6.18), increasing the delay causes all the spurious peaks
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to shift to the left side (towards lower offset frequencies). Consequently, augmenting delays may
induce unstable oscillations as the peaks move closer to the evaluation offset points. Given the
locations, we can define their peaks by directly plugging Eq. (6.18) into Eq. (6.17), and it results

in the following expression:

5(a+b)*Din/(2Qur)?[1 + Qni/(w + Q)] + Da/AS,
Amint /(L2T*)
5(a+ ) D/ (2Qu)* + Do /A%
4int /(b2T*)
N wv*TD,

T UA2 rApdc
4A2 min

[Wpussli, =

(6.19)

The above expression also emphasizes the trade-off of selecting the length of a FDL, because
a larger delay can result in greater spurious peaks. Given the narrow linewidth of the peaks,
it is essential to determine an appropriate frequency resolution for simulations. In order to
comprehend the narrowness, it is worth to look at their 3 dB bandwidths. By definition, we
can find Aw,, that satisfies the following condition: | ¥ (w,)[*> = 2|¥(w, + Aw,/2)|> where Aw,
stands for the angular bandwidth of the spurious peaks. From Egs. (6.17) and (6.18), we can

establish the following relationship:

ox A (Lra) - [ (6.20)
— = =1z W, — = - .
b2u? | T Pk b2u? | T

Then, we can finally define the 3 dB bandwidth of the spurious peaks as

g 27

105



—-30 —40
(@) The 1st Peak

(b) The 2nd Peak

|
N
o

|
o
S

|
-
o

Phase Noise Spectrum [dBc/Hz]
2
Phase Noise Spectrum [dBc/Hz]

|
=3}
S

%0 4.540 4.541 4.542 4.543 4.544 —%0 9.083 9.084 9.085 9.086 9.087

Offset Frequency [x10*Hz] Offset Frequency [x10*Hz]

Figure 6.3: The zoomed views of the first two spurious peaks in Fig. 6.2 with the parameters
of T = 22us, p = 2w x 10.5 MHz, D, = 1 x 107%, D, = 1 x 1074, Qy = 27 x 100 kHz,
Qp = 21 x 1 Hz, Ay = 0.58, and Qrr =~ 500. For the simulation, the sampling frequency
of 4 uHz is used. The actual positions and magnitudes of the peaks little differ from the values
depicted in Fig. 6.2.

where we assume that ;1 > w in the regime and the Q-factor of the RF filter is high enough.
Given the simulation conditions illustrated in Fig. 6.2, the peak locations can be expressed
as f, = 50n kHz—50n/m Hz. Calculating for the first and second peaks yields their positions
as 49,984 Hz and 99, 968 Hz respectively. At these frequencies, utilizing Eq. (6.19), the peak
values are determined to be —32.9 and —44.9 dBm respectively. Notably, their bandwidths are
computed as 0.16 Hz and 0.54 Hz. These values indicate that the resolution of 0.2 Hz utilized for
Fig. 6.2 within the spurious peaks regime is not sufficiently narrow to yield accurate results.
Consequently, the discrepancy between the magnitudes of the two spurious peaks shown in
Fig. 6.2 and the calculated peak values arises. In Fig. 6.3, a resolution of 4 ;/Hz is employed,

aligning the displayed results with the calculated values.

6.3.3 Phase Noise Beyond the Half-Bandwidth: p < w

Lastly, beyond outside the bandwidth, the term generated by the FSR becomes negligible

as w > p in the denominator of Eq. (6.12). Consequently, the spectrum can be approximated as
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Figure 6.4: The analytical experimental phase noise spectra above threshold. The orange plot
is obtained experimentally with a resolution of 0.1 % across the entire frequency range. Within
every frequency decade, the spectrum is divided into two regions: the first 1/3 and the remaining
portion. In each region, the resolution is 0.1 % of the maximum frequency within that region.
For example, between 100 Hz and 1 kHz, the resolution is 3 Hz between 100 Hz and 300 Hz,
and 10 Hz between 300 Hz and 1 kHz. The analytical plot depicted in blue is generated through
numerically simulating Eq. (6.12) with the parameters of T = 22us, p = 27 x 10.5 MHz,
D, =1x107% D, = 1x 107, Q = 27 x 100 kHz, Q;, = 27 x 1 Hz, Ay = 0.58, and
Qrr =~ 500. In order to obtain the numerical results, sampling frequencies of 100 Hz within the
range of 100 Hz to 10 kHz, 0.2 Hz within 10 kHz to 10 MHz, and 9 kHz within 10 MHz to 100
MHz are used.

follows:

W (i) |* ~ (6.22)

2 A2
w Aosc

The expression present a strong damping obeying the f~2 decrease of the phase.
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6.3.4 Experimental Phase Noise Spectrum

The phase noise spectrum of the fundamental OEO setup is experimentally obtained and
illustrated in Fig. 6.4. The blue plot represents numerical simulations derived from Eq. (6.12),
while the orange plot depicts the experimentally acquired phase noise spectrum using the Rhode
and Schwarz FSW-43 phase noise spectrum function. The minimum resolution of the measurement
device that 0.1 % of every frequency decade is used. Within every frequency decade, the spectrum
is divided into two regions: the first 1/3 and the remaining portion. In each region, the resolution
is 0.1 % of the maximum frequency within that region. For example, between 100 Hz and 1 kHz,
the resolution is 3 Hz between 100 Hz and 300 Hz, and 10 Hz between 300 Hz and 1 kHz.

Upon comparison of the two sets of results, it was possible to estimate the diffusion constants
of the two contributions as D, = 1 x 107% and D,, = 1 x 107, respectively. In terms of the
spurious peaks observed in the measurement, they exhibit smaller magnitudes compared to those
in the simulation, suggesting that the lower amplitudes can be attributed to the limited resolution
of the measurement device. We checked that a very tiny frequency resolution is required to
correctly plot the spurious peaks. Overall, the close agreement between the two plots indicates

that Eq. (6.12) serves as an excellent model for predicting the phase noise of OEOs.

6.4 Conclusion of the Chapter

In this chapter, we converted the deterministic universal microwave envelope equation
into the SDDE form that describes the phase dynamics. During the derivation of the stochastic
phase equation, we distinguished between two types of noise in the oscillators: the additive and
multiplicative noise contributions. The additive noise contribution is attributed to the environmental
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and random fluctuations while the multiplicative noise is due to the noisy loop gain. Then, we
directly included the contributions into the deterministic envelope equation. Given the phase
equation, we were able to obtain the PSD of the phase, providing insight into the phase noise
spectrum of OEOs. We conducted thorough theoretical and numerical investigations of the
spectrum, revealing a significant level of agreement between two results. This alignment serves

to validate the theoretical expression for the phase noise spectrum.
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Chapter 7:  Quantifying Additive and Multiplicative Noise in Optoelectronic

Oscillators: An Experimental and Theoretical Analysis

7.1 Introduction of the Chapter

Since the primary goal of OEOs is generation of ultrastable microwave signal, a lot of OEO
research interests lie in optimization of phase noise. Achieving this goal requires a comprehensive
examination of the various noise sources, with a focus on how these stochastic fluctuations are
coupled to the phase dynamics. Most research works along that line are primarily centered on
phase noise analysis in the oscillating regime as discussed in Chapter 6, when the oscillator gain
is set above the threshold [35,63]. However, in that case, the noise is nonlinearly coupled to the
oscillating signal, and it is not straightforward to characterize it unambiguously.

In this chapter, we propose a novel approach for noise characterization in OEOs based on
the fact that from the modeling standpoint, noise sources should be accounted for independently
from the fact that the oscillator is under or above the threshold. However, under the threshold,
there is no signal and the oscillator is driven by the stochastic noise to be characterized. Since
the sub-threshold regime is linear, it becomes possible to reverse-engineer the noise power using
a Fourier transform formalism. We therefore aim in this study at presenting a comprehensive

framework for quantifying noise contributions in OEOs with that methodology, that is, by operating
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the oscillator in the sub-threshold regime.

In the previous chapters, it was discussed that for the OEOs, dynamic equations can be
derived by establishing relationships between input and output signals for an RF filter in the
electric path or a MPF in the optical path of the feedback loop, finally resulting in a first-order
integro-differential form. Importantly, in Chapter 5, it was demonstrated that the dynamics of
various OEO setups can be universally described using a deterministic form applicable across
various configurations. Therefore, although the work of this chapter focuses on a fundamental
setup, akin to the setup described in Chapter 2, that is only composed of the essential core
components, the same approach can be extended to derive noise characteristics for other OEO
setups as well. However, it should be noted that noise sources such as flicker noise cannot be
characterized using this approach for being consubstantial to the existence of a carrier above the
threshold.

The transformation allows us to obtain the expressions of the additive and multiplicative
noise contributions as functions of noisy RF output power, as shown in Section 7.2. In particular,
the additive noise can be defined by deactivating the laser source or operating the modulator at the
MITP, given its independence from loop gain. Conversely, the expression for the multiplicative
noise indicates a dependence on gain, but experimental observations suggest that its magnitude
may remain relatively constant beyond the threshold. As a result, in Section 7.3, it is shown that
we can effectively quantify the noise contributions by measuring the RF noise powers within the
RF domain. This methodology suggests valuable insights into noise characteristics and enables us

to proactively address noise-related challenges in OEOs. The chapter is concluded in Section 7.4.
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Figure 7.1: Schematic representation of the OEO setup, comprising a laser, a polarization
controller (PC) for principal axis alignment, a Mach-Zehnder modulator (MZM) for electro-optic
modulation, a fiber delay line (FDL) to store optical energy for RF signal generation, a variable
optical attenuator (VOA) for manual gain control, a photodetector (PD) for signal conversion, two
radiofrequency amplifiers (RFAs) for loss compensation, a bandpass filter (BPF) for the center
frequency selection, and an electric coupler (EC) for measuring purpose. The MZM is driven by
V (), and the RF power is measured using an RF power meter (PM).

7.2 Model

The setup is depicted in Fig. 7.1. The only two distinctions between this configuration and
the fundamental setup shown in Fig. 2.2 are as follows: Firstly, there are two RFAs introduced
to compensate the loop loss, where we define the total gain from the amplifier as G = GGbs.
Secondly, we incorporate a variable optical attenuator (VOA) to manually regulate the loop gain.
Therefore, without any induced optical loss from the VOA, the loop gain is always greater than

unity.

7.2.1 Derivation of the Stochastic Model

The oscillator is driven by a wide variety of noise sources. In this study, we lump them

into the two main contributions as mentioned previously in Chapter 6. The first contribution
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accounts for all the environmental fluctuations that perturb the system. We here consider that
this contribution is additive. The second contribution accounts for the fluctuations of the gain
in the feedback loop, and it mathematically corresponds to a multiplicative stochastic term. We
here consider that both stochastic contributions can be modeled as Gaussian white noise terms.
This methodology where noise is directly accounted for as a perturbation in a core deterministic
model in the time-domain is known as the Langevin approach.
We can directly incorporate the two noise contributions into Eq. (2.6) to obtain the following
Langevin equation:
1 d 0z [t 1
$+E£+A_gz ) x(s)ds = N/

—i—ﬂ{l + \/%amém(t)} cos®(z7 + @) (7.1)

0a&a(t)

where o, and o, are the dimensionless additive and multiplicative noise amplitudes. The normalized
Gaussian white noise terms &,(¢) and &, (t) [1/s'/2] have auto-correlations of (£, 1 ()& m(t)) =
d(t — t') and a cross-correlation of (&,(¢)&n(¢')) = 0. It is important to highlight that we
employ the same definitions for the noise sources as in Chapter 6. Consequently, upon deriving
the envelope equation from Eq. (7.1), the outcome will align with Eq. (6.4). Again, we have
scaled the noise amplitudes to the bandwidth with the prefactor \/m so that o, ;,, can remain
dimensionless.

The difference between the sub- and above-threshold analyses should be highlighted here.
The significance of this work lies in the quantification of the noise sources in the sub-threshold
regime so that we can comprehend the origins of the noise before the sources are nonlinearly

mixed with the signal. Therefore, the multiplicative contribution has been assumed to be white,
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whereas it exhibits different characteristics in the above-threshold [64—66]. As shown in Chapter 6,
in order to define the multiplicative noise in the above-threshold regime, we should consider the
colored noise induced by the RFAs, the low-frequency laser RIN generated at the PD due to
the conversion of the intensity noise into phase noise, and the optical frequency noise caused
by dispersion in the FDL. These are frequency-dependent and approximated as flicker. So,
comparing this work with the above-threshold analyses can help us to understand the formation
of the frequency-dependent noise at the threshold gain. We can also track the variation of
the additive noise by comparing the two analyses. In both regimes, the additive noise can be
described as the thermal noise of the electronic path, the laser RIN at the oscillation frequency,
and the shot noise at the detector. In the case of the RIN and shot noise, their magnitudes directly
depend on currents, and thus, they may fluctuate as the system transits from the small and large-
signal regime, which can be identified through the comparison.

Considering that the trivial solution remains stable below the threshold gain, Eq. (7.1) can
be further simplified. The square of the cosine term can be expanded through a Taylor series,
but we limit our consideration to the first-order terms. This is because higher-order terms have
negligible impact on the dynamics. Consequently, the time-delayed term is considered trivial and
disregarded in the regime. Taking into account these considerations and defining the integration
term as y(t) = (Q2/AQ) ftto x(s) ds, the stochastic equation can be reformulated as a set of

coupled equations:

Cji—f =—AQ(z +y) + VAQo L (L) + V Aﬁgamfm(t) (7.2)
dy O
W %, (73)
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where we operate the modulator at the QTP for the loop gain maximization and neglect the DC-
related terms as they are filtered out.

To further simplify, we introduce a dimensionless time variable, 7 = A() - ¢, giving rise
to dr = AQ - dt. Considering the stochastic terms defined as (&, (t)am(t')) = d(t — 1),
we express them in terms of 7 using the delta-function property §(az) = d(z)/|al, yielding
d(t—1t") = AQO(T — 7). Defining the Gaussian white noise in the dimensionless time-domain as
¢(7), we establish a relationship between their auto-correlations: (C(7)((7")) = (£(¢)&(t'))/AQ.
This relation ultimately leads to ¢(7) = (1/v/AQ)&(t) and consequently, the coupled stochastic

equations presented in Egs. (7.2) and (7.3) can be transformed into

T = —x-— ) + O'aCa<T> + ga-mCm<T> (74)

j =Q% (7.5)
where the upper dots denote derivative in terms of 7, namely & = dx/dr and y = dy/dr.

7.2.2 Derivation of the Noise Contributions

We now define the noisy RF output as a function of the two noise contributions. Initially,

we can employ Ohm’s formula to describe RF powers as follow:

i = L0 _ (o)1) 06

where the brackets represent the averages of the functions in their domains. Then, it is no longer

a function of time, but is a function of /3.
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In order to express the right-hand side as a function of 3, we use Parseval’s theorem, given

<ﬂm=i/ﬂmmmm an

2 J_o

where X (iw) is the Fourier transform of z(7) which can be obtained from Eqs. (7.4) and (7.5) as

5. Jaga(iw) + (@/Q)Umgm(iw).

X (iw) = 1+ iw(l — 02w?) (7.8)

In the Fourier domain, (,(iw) and (y(iw) represent the Fourier transform of the additive and
multiplicative noise where they are auto-correlated, |, m(iw)|?> = 1, and not cross-correlated
122 & i) o) = 0.

The integration obtained from equating Eq. (7.8) into Eq. (7.7) can indeed be simplified by

using the property below:

00 w?
= dw =
/_oo wt + (1 —2Q%)w? + Q*

m (7.9)

which indicates that the integration is independent of (). Consequently, we can convert Eq. (7.6)

as follows

. 2V, 2/(p2 2 4 2
P - (2w koo,

This expression enables one to determine the power of the stochastic output of the OEO under

the threshold as an explicit function of the additive and multiplicative noise powers.
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Figure 7.2: Variation in RF noise power for the () = 0.52 filter setup as a function of the DC bias
applied to the modulator. The laser power is set at 16 dBm, and three distinct gain parameters,
namely 8 = 0.3, 0.5, and 0.7, are achieved by adjusting the VOA. For = 0.3, the optical
output power of the modulator is minimized at approximately 8.6 V input, maximized around 2.8
V, with a 5.8 V gap approximately corresponding to the DC halfwave voltage of the modulator
Vi:pc = 6 V. Additionally, the output power of the modulator is halved near 5 V, marking the
QTP where the RF power reaches its maximum.

An important baseline for our analysis is the stochastic power in the open-loop configuration,
that is, when 3 = 0. The value of P(0) can be determined either theoretically and experimentally.

One can use theory of quantum electronics to obtain an approximated value following
— 1
P(0) ~ 4—[Fk:T0 + 2elpn Reg|GAQ (7.11)
v

where k is the Boltzmann constant, 7} represents the temperature, e is the electron charge, I,
represents the current to the PD, IR, is the equivalent resistance, and F' is the noise figure of the
first amplifier [35]. The first and second terms express the thermal and shot noise, and there is

no laser RIN as the laser is turned off.
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The expression of 02 can be obtained by plugging 3 = 0 into Eq. (7.10) as

2
2 _ 4R, PO) | —— ) . 7.12
7a ' (>(2vﬂ'RF (7.12)

Subsequently, it is possible to quantify o2 using P(0), which can be either obtained by Eq. (7.11)
or measured experimentally.
Once o2 is known, it is possible to quantify o2 . Using Eq. (7.10), the multiplicative noise

can be obtained as follows:

2 _
Om =

2V7TRF 52

_ T 4
4RoutP(ﬁ>( )—oi]—- (7.13)

This procedure requires to experimentally measure P(/3). In principle, one would mathematically
expect 02 to be gain-dependent (i.e., a function of /3), but as evidenced below the experimental

measurements indicate instead that is constant over a broad range of values.

7.3 Results and Discussion

7.3.1 Workflow

The workflow unfolds as follows: initially, we identify the threshold point at which the
oscillatory solution becomes stable, where 5 = 1. The gain is varied experimentally using the
VOA, while the power of the laser source remains fixed. We measure three optical power cases for
respective filter setups, and the feedback gain parameter is tuned by the attenuator. The associated

insertion loss of components is calculated as —15.5 dB. Subsequently, we experimentally measure
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Figure 7.3: Characterization of the PD near the power budget of the setup. The conversion gain
is approximately 30 V/W above -1 dBm input power and 18 V/W below -13 dBm input power,
with variation within -13 dBm and -1 dBm range, which corresponds to our power budget.

P(0) by deactivating the laser source and P(/3) by adjusting the attenuator respectively. Based
on the outcomes, we can analytically compute the values of o, and o, of the setups. To
validate these findings, we reintegrate the computed o, and o, back into Eq. (7.4), enabling us to
numerically compute P(0) and P(3). The subsequent comparison of these numerical results with
the experimental measurements serves as the final step in verifying the accuracy of our analytical

predictions.

7.3.2 Experimental Setup

The laser (IDPhotonics CoBrite-DX?2) operates at 1550 nm, and power levels of 14 dBm,
15 dBm, and 16 dBm are employed to demonstrate that this active component does not induce
significant noise changes as long as [ remains constant. The feedback gain parameter can
stay at the same by inducing more attenuation at different optical power levels. The optical

signal is introduced into the 10 GHz MZM (IXblue MX-LN-10-PD-P-P-FA-FA) characterized
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Figure 7.4: Variations in experimental and analytical RF output powers with the feedback gain
parameter /3 below the threshold. In parts (a), (b), and (c), we examine the cases with () = 0.52,
1.94, and 7.21 respectively, considering the three different optical powers: 14 (in red), 15 (in
green), and 16 dBm (in blue). The straight lines represent analytical solutions obtained through
numerical simulations by using the calculated multiplicative and additive noise contribution
magnitudes while the red circles, green triangles and blue squares represent the measured data of
the three power level cases. In order to obtain the simulation results, we used the calculated
o values from Egs. (7.12) and (7.13), obtained as o, = 4.527 x 1073, 1.218 x 1073, and
o, = 8.068 x 10~ for the broad, intermediate, and narrow cases. The calculated o, values for
each gain are depicted in Fig. 7.5, and the corresponding values were used for the simulations.
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Figure 7.5: Variations in multiplicative noise contributions with the feedback gain parameter
below the threshold. In parts (a), (b), and (c), we examine the cases with () = 0.52, 1.94, and
7.21 respectively, considering three different optical powers: 14 (in red), 15 (in green), and 16
dBm (in blue). It is worth noting that o,,’s exhibit a rapid decrease at very low gains, after
which it stabilizes at nearly the same value as the gain increases. This behavior becomes more
pronounced at higher Q-values. Furthermore, it is evident that the noise contributions remain
consistent across the different optical power levels since they share the same gain control through

the VOA.
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by Virr = 5.5 Vand V,pc = 6 V. The FDL is 4.4 km long, resulting in a time-delay of 22 us.
It is important to acknowledge the potential impact of the length of the delay line, as it can
cause wavelength fluctuations and deteriorate the phase noise performance through chromatic
dispersion, but this work uses one delay length as the length-dependent noise can be lumped into
our phenomenological noise sources [98].

To regulate 3, the manually controlled VOA is inserted. Higher optical power levels require
increased attenuation to ensure a uniform gain across the three optical power settings, resulting in
an identical input to the detector for all cases. The 50 GHz high-speed PD (Finisar XPDV2120R-
VF-FA) transforms the time-delayed optical signal into an RF signal. To compensate for loop
losses, two RFAs with gains of G; = 40.2 dB (Mini-Circuits ZKL-1R5+) and G5 = 11.6 dB
(Mini-Circuits ZJL-7G+) are incorporated, with the first amplifier exhibiting a noise figure of 3
dB. The setup employs three different BPFs: a) Filter with parameters )y = 27 x 510 MHz,
AQ = 27 x 980 MHz, and ) ~ 0.52 (Mini-Circuits ZABP-510-S+) for the broad bandwidth. b)
Filter with parameters €2y = 27 x 70 MHz, AQ) = 27 x 36 MHz, and () ~ 1.94 (Mini-Circuits
ZX75BP-B70-S+) for the intermediate bandwidth. c) Filter with parameters {2y = 27 x 101 MHz,
AQ = 27 x 14 MHz, and ) ~ 7.21 (Mini-Circuits SBP-101+) for the narrow bandwidth. These
designations help to compare their relative Q-values. The RF power of the setup is measured

using the RF power meter (Keysight V3500A).
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7.3.3 Variation in Output RF Noise Power with the DC Bias (Transmission

Point) of the Modulator

Although this work operates the setup at the QTP for noise measurement, it is valuable
to explore the dynamics of the setup at various transmission points to get a deeper insight into
the additive and multiplicative noise. The output powers of the modulator in different voltages
and gains are depicted in Fig. 7.2. For § = 0.3 measurement, the optical output power of the
modulator is minimized at approximately 8.6 V input, maximized around 2.8 V where a 5.8 V
gap corresponds to the DC halfwave voltage of the modulator V,pc = 6 V. Additionally, the
output power of the modulator is halved near 5.6 V, indicating it is the QTP where the RF power
reaches its maximum. The measurements were performed sequentially with /3 values of 0.3, 0.5,
and 0.7. It is also shown that the overall curve shifts leftward as the measurements progress,
starting with 5 = 0.3 and concluding with 3 = (.7 is measure last. This is attributed to the fact
that the transmission curves of modulators tend to shift leftward or rightward as the modulator
is heated up. No bias controller was used during these measurements to delicately control the
transmission point.

Based on the definition of Jacobi-Anger expansion [63], one might expect the output power
at the MATP should be equivalent to the output power at the MITP. However, Fig. 7.2 presents
a slight difference between them, and to understand this point, we should do characterization of
the PD. The experimental characterization of the PD is shown in Fig. 7.3. In our measurements,
the input power to the PD is in between —13 dBm and —1 dBm at the MATP, and it is presented
that the conversion gain is not a constant in the power budget, which needs to be accounted for

when calculating the feedback gain parameter. However, at the MATP, the power budget is still
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at the above the threshold of the detector.

The input power to the PD at the MITP is less than —30 dBm. However, the detector hardly
detects powers below —17 dBm, and it indicates that the range is below the threshold of the PD.
Consequently, the power at the MITP corresponds to the zero input power, P(0). Therefore, the
power gap between at the MITP and the QTP in Fig. 7.2 is related to the multiplicative noise

contribution, as defined in Eq. (7.13).

7.3.4 Quantifying the Additive Noise Contribution

By turning off the laser, P(0) values are measured as follows: —29.01 dBm for the broad
case, —40.41 dBm for the intermediate case, and —43.99 dBm for the narrow case. The values
can also be analytically verified using Eq. (7.11) by taking into account the provided parameters,
To = 295 K, I, >~ 2 mA, and F' = 3 dB for the first amplifier. The errors between the
experimental and analytical results fall within a range of 2 dB. Given the extremely low power
levels under consideration, this level of error is regarded acceptable, accounting for measurement
uncertainties stemming from the powermeter and temperature variations.

Utilizing Eq. (7.12), the additive noise contributions for the three setups are calculated
as follows: o, ~ 4.527 x 1073 for the broad setup, o, ~ 1.218 x 1073 for the intermediate
setup, and o, ~ 8.068 x 10~ for the narrow setup. It is important to note that to determine
the actual magnitudes of the noise, we need to multiply o, by \/m, since this term was
initially subtracted from o, to make the contributions dimensionless. Consequently, the effective
magnitudes of the noise can be calculated using o, X \/m and the values are calculated

approximately as: 5.769 x 1078 s!/2, 8.099 x 10~® s'/2, and 8.602 x 10~® s'/2 for the broad,
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intermediate, and narrow ones. In the configuration depicted in Fig. 7.1, the only difference
among the three setups is the replacement of the filters, while all other components remain
the same. Given the results, it is shown that the magnitudes of the three cases do not vary
significantly, indicating that the noise effect from filters is relatively minimal. In addition, it is
important to note that a larger bandwidth does not necessarily results in higher noise levels; the

level of the center frequency also needs to be taken into consideration.

7.3.5 Quantifying the Multiplicative Noise Contribution

To quantify the multiplicative noise contributions, the RF powers are measured for the
gains ranging from $ = 0.1 to 8 = 0.9 at intervals of 0.1, as depicted by the red circles, blue
squares, and red triangles in Fig. 7.4. Notably, the noise power increases as the linewidth of the
filter broadens. Applying the measured powers and the values of the calculated o, into Eq. (7.13),
the values of o, are calculated and presented in Fig. 7.5. It is valuable noting that o, displays a
quick decrease at very low gains, followed by a stabilization at nearly the same value as the gain
continues to increase below the threshold. This behavior becomes more pronounced at higher
Q-values. Furthermore, it is evident that the noise contributions remain consistent across the
different optical power levels, as they all share the same gain control through the VOA.

For the values of 3 greater than 0.3, the o,, for the three cases can be approximated as
follows: 0y, =~ 11.9 x 1073 for the broad one, o, ~ 3.92 x 1073, and o,, ~ 1.45 x 1073 for the
narrow one. Then, we can determine the effective magnitude of these noise using o, X \/m
and the results are calculated approximately as follows: 1.517 x 1077 s'/2, 2.606 x 107 s'/2,

and 1.546 x 1077 s!/2 for the broad, intermediate, and narrow setups. It is noteworthy that the
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magnitudes of the additive and multiplicative noise are comparable. Lastly, with the results of
om and o,, it is feasible to calculate the output power analytically through numerical simulation
using Eqgs. (7.4) and (7.5). The analytical results are represented as the solid lines in Fig. 7.4,
demonstrating a high match with the experimental results.

One important fact is that we should focus on the actual noise magnitudes, 0, 1, X \/m,
for comparing the magnitudes of the noise, not the measured powers as discussed. Although
the noise magnitudes are linked to the powers, the increased powers do not necessarily imply
increased noise, and it is imperative to consider that the power also depends on the bandwidth.
Another perspective to comprehend is defining the noise contributions differently. In Eq. (7.1),
we intentionally subtracted \/m from o, ,, to render them as dimensionless. However, if we
choose not subtract, the right side of Eq (7.10) needs to be multiplied by A2 as we should replace
Oam DY Oam X VAQ. This clearly highlights that power is contingent on both bandwidths and

noise contributions.

7.4 Conclusion of the Chapter

The primary objective of this chapter was to quantify the additive and multiplicative noise

contributions before the frequency-locking. We started from deriving the deterministic dynamic

equation of the OEO and used Langevin approach by directly including the additive and multiplicative

noise contributions into the deterministic form, similar to the approaches used in Chapter 6.
However, the distinction from Chapter 6 was utilization of the real-valued signal in this chapter,
instead of the complex envelope expression. This choice is made because there is no oscillating

signal here, thus it is not necessary to consider the envelope expression, as it was due to the
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time-scale issue.

By using the obtained stochastic equation, we derived the equations for the additive and
multiplicative noise. The additive noise is independent of the existence of actual oscillations,
meaning it has no dependency on the gain parameter. Therefore, in order to quantify the additive
noise, we measured the RF output powers by deactivating the laser source in the three filter
setups. On the contrary, the multiplicative noise contribution is influenced by the noisy feedback
gain parameter, making it a function of the gain. By manipulating the gain parameter through
regulating the attenuator, we measured the output RF powers and calculated the associated multiplicative
noise contributions. It was observed that these contributions remain at nearly constant values
regardless of the increases of the gain parameters, despite quick decrease in the initial stage.
However, it is important to note that as the noise contribution needs to be multiplied by the gain
parameter to determine the ultimate noise magnitude, the impact of multiplicative noise becomes

more substantial at higher powers.
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Chapter 8: Conclusion

In Chapters 2, 3, and 4, we successfully derived the microwave envelope equations of
the various OEOs where they used different approaches for frequency selections and conducted
in-depth investigation into the significance of the dynamic equations. Based on the similarities
between the envelope equations of the diverse OEOs, we derived the universal envelope equation
in Chapter 5. We derived the universal microwave envelope equation based on the findings from
the preceding sections and developed the models suitable for stability analysis. By employing
these models, we conducted stability analyses of the OEOs, yielding the results consistent with
those presented in earlier chapters and affirming the validity of the universal envelope equation.
Crucially, the universal equation suggests that the dynamics of OEOs remain highly similar
irrespective of their dynamical complexities. We also derived the universal envelope equation
of the frequency-doubled setups so that it is also possible to open possibilities of researching the
oscillating loop and separate output ports simultaneously.

The analysis of the universal envelope equation unveiled two distinct solutions: a trivial and
an oscillatory solution, with their stabilities shift as the loop gain increases. Below the threshold
gain, the trivial solution remains stable, and no oscillations manifest. The first bifurcation,
known as the Hopf bifurcation, precisely occurs at the threshold gain, resulting in a switch

in stability between the two solutions. In the interval from the threshold gain to the critical
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gain, the oscillatory solution remains stable, rendering this region optimal for pure microwave
generation. The oscillatory solution is gain-dependent, with each gain in the region having its
unique oscillatory solution. Moreover, it was demonstrated that different setups may exhibit
different critical gains. Upon reaching the critical gain, the system undergoes the second bifurcation,
referred to as the secondary Hopf bifurcation or the Neimark-Sacker bifurcation. Following the
bifurcation, the amplitude modulations emerge, with the results present 27" and 47" periodicity.
However, further increasing gain leads to the chaotic dynamics, where no clear amplitude modulation
is observed.

The significance of Chapter 5 lies in the revelation that the universal envelope equation
highlights the dynamic similarities among OEOs regardless of their complexities. This implies
that dynamical behavior observed in one setup may be mirrored in others, facilitating interpretations
or analyses applicable across different setups. For example, insights gained from a thorough
investigation of the fundamental setup can be extrapolated to other OEOs, while the universal
equation can serve as a pathway for such transfer of the knowledge.

In Chapters 6 and 7, we investigate the phase dynamics of OEOs. To explore the oscillators,
we discern between two types of noise in the oscillators: the additive noise and the multiplicative
noise. The additive noise contribution is attributed to the environmental and random fluctuations
while the multiplicative noise is due to the noisy loop gain. Both contributions are directly
incorporated into the deterministic equations for further analyses. In both chapters, we considered
the fundamental setup only due to its simplicity and we learned that interpretations towards
a specific OEO can be applicable to other OEOs in different configurations because of the
universality between OEOs. However, the multiplicative noise exhibits different characteristics

in the above-threshold and sub-threshold regimes, as its contribution is influenced by the presence
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of signals.

In Chapter 6, we examined the above-threshold regime where the multiplicative noise is
nonlinearly mixed with the oscillating signals. Here, we converted the deterministic universal
microwave envelope equation into a stochastic form that describes the phase dynamics, in the
form of a SDDE. During the derivation of the phase equation, we directly integrated the two noise
contributions into the deterministic envelope equation. With the phase equation established, we
proceeded to derive the power spectral density of the phase, offering valuable insights into the
phase noise spectrum of OEOs. We conducted thorough theoretical and numerical investigations
of the spectrum, revealing a significant level of agreement between two results. This alignment
serves to validate the theoretical expression for the phase noise spectrum.

In contrast, in Chapter 7, the primary objective was to quantify the additive and multiplicative
noise contributions before the frequency-locking. We started from deriving the deterministic
dynamic equation of the OEO and used Langevin approach by directly including the additive
and multiplicative noise contributions into the deterministic form, akin to the methodologies used
employed in Chapter 6. However, the distinction from Chapter 6 was utilization of the real-valued
signal in this chapter, instead of the complex envelope expression. This choice is made because
there is no oscillating signal here, thus it is not necessary to consider the envelope expression, as
it was due to the time-scale issue.

Using the derived stochastic equation, we formulated the equations for the additive and
multiplicative noise. The additive noise is independent of the existence of actual oscillations,
meaning it has no dependency on the gain parameter. Thus, to quantify the additive noise,
we measured the RF output powers by deactivating the laser source across the three setups.

Conversely, the multiplicative noise contribution is influenced by the noisy feedback gain parameter,
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rendering it a function of the gain. By manipulating the gain parameter through regulating the
attenuator, we measured the output RF powers and calculated the associated multiplicative noise
contributions. It was observed that these contributions remain at nearly constant values regardless
of the increases of the gain parameters, despite quick decrease in the initial stage. However, it is
crucial to note that while the impact of multiplicative noise remains relatively constant regardless
of gain parameter increases, its significance becomes more pronounced at higher powers, as the
noise contribution needs to be multiplied by the gain parameter to determine the ultimate noise
magnitude.

The contents of Chapter 3 are published in [63], Chapter 4 in [99], Chapter 5 in [63, 96],

Chapter 7 in [100].
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