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Abstract

Optical micro-resonators have been studied for decades as a platform to investigate optical
physics, and to miniaturize bulky optical systems. In the last decade, optical frequency
combs, which have revolutionized the precision measurement of time and frequency, have
been demonstrated in optical micro-resonators via the combined effect of parametric os-
cillation and cascaded four-wave mixing. More recently, soliton mode-locking has made
possible low-noise/reproducible generation of these miniature combs (microcombs). In
this thesis, we demonstrated the generation of soliton microcombs from silica wedge disk
micro-resonators and the characteristics of the soliton microcombs are described. We also
applied soliton microcombs to dual-comb spectroscopy and distance measurement (LI-
DAR) for the first time. Also, ways to improve spectral resolution, signal-to-noise ratio,
and spectral coverage are discussed. In addition to soliton microcombs, a novel spiral res-
onator is studied as a stable optical frequency reference. Combined with a frequency comb,
this new type of chip-based reference cavity is also applied to generate stable microwaves
via optical frequency division. Lastly, we generated a stimulated Brillouin laser (SBL)
from the optical micro-resonator and its phonon-limited linewidth is studied. Application
of the SBL for rotation measurement is also demonstrated. This thesis is organized into
six chapters. Throughout the thesis, the implication and potential of my PhD work toward
chip-based advanced optics system are discussed.

In chapter 1, the research field of optical microresonators is briefly reviewed. The basic
concepts and terminology of the research topics in this thesis are also introduced. The
fabrication process and characteristics of the typical silica wedge disk resonator are also
described.

In chapter 2, conventional optical frequency comb technology is overviewed and the
emerging microresonator-based comb technology is introduced. Generation and character-
istics of soliton microcombs from silica wedge disk microresonators are also described.

In chapter 3, application of microresonator soliton to dual-comb spectroscopy is de-
scribed. Detection of H*CN is demonstrated and detection of CH, by expanding spectral

coverage via Raman stokes process is discussed. Approaches to improve spectral resolution
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and signal-to-noise ratio are also discussed.

In chapter 4, application of microresonator soliton to distance detection is described.
Time-of-flight measurement is demonstrated using the chip-based dual-soliton source from
a single pump laser and a single microresonator.

In chapter 5, laser frequency stabilization and low-noise microwave generation are
demonstrated using on-chip spiral reference cavity. The theoretical noise limit of the spiral
reference cavity is also discussed.

In chapter 6, stimulated Brillouin lasers generated from optical microresonators are in-
troduced and the phonon-limited linewidth at cryogenic temperature is studied. Application

of the stimulated Brillouin laser to gyroscope is also described.
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Chapter 1

Optical Microresonators

Optical microresonators have been studied for over two decades and the interest in this
research field is ever increasing with the advancement of micro/nano fabrication technolo-
gies. This subject of research has distinct and rich optical physics, and the applications of
optical microresonators have huge implication on miniaturization of bulky optical systems
and potential integration on a chip similar to the case of electronics. This chapter briefly
reviews the role of optical microresonators in integrated optics, and introduces silica wedge
disk resonators which are studied in this thesis. Basic concepts and background knowledge

are also introduced.

1.1 Introduction

Conventional optical components in free-space and fiber optics are large compared with the
wavelength, and this limits their density of integration. With the success of semiconduc-
tor industry, advances in micro/nano fabrication technologies allowed us to make optical
structures with sizes in the order of the optical wavelength. In this wavelength-order size
limit, optical components can be integrated similar to integrated microwave components.
The ideas of optical circuits and design concept in the integrated optics are originated from
microwave circuits due to the similarity. For integrated optical circuits, researchers have
demonstrated and developed various optical components, such as waveguide, add/drop fil-
ter, splitter, polarization splitter-rotator, and grating coupler. In these integrated optics, mir-

coresonators are used for various purposes, such as cavities for laser emission and add/drop



filters, and have a crucial role.

Optical microresonators not only miniaturize optical components, but also significantly
increase the optical field intensity by confining light to small volumes by resonant recircula-
tion. The high optical field intensity can allow the study of cavity quantum electrodynamics
(QED) and many optical nonlinear phenomena, such as parametric oscillation and stimu-
lated brillouin scattering. Recently, application area of microresonators has expanded to
sensors and metrology and various types of microresonators (microsphere, ring resonator,
toroid, wedge-disk resonator, ridge-disk resonator, etc.) are demonstrated in many mate-
rial systems. In this thesis, we’ll study silica wedge disk resonators fabricated on a silicon

wafer, which will be introduced in the next section.

1.2 Silica Wedge Optical Microresonators

Achieving high optical Q-factor in microresonators relies critically on two things: low
material absorption loss at the wavelength and low surface scattering loss. Although mi-
croresonators made of crystalline materials (MgF,,CaF,, etc.) provide Q-factors greater
than 10, silica provides the lowest material loss (highest-Q) among chip-based microres-
onators. Making the resonator surface smooth is also very important. Among chip-based
silica resonators, silica microtoroid resonators show very high Q-factor and finesse (free
spectral range divided by cavity linewidth) because the reflow process utilizes the surface
tension to make a smooth surface. However, the reflow process is not scalable and hard
to use to make large devices. Moreover, the reflow process makes it difficult to precisely
control the size of the resonators.

Recently, silica wedge disk resonator with the Q-factor as high as 875 million is re-
ported [1]. This device is scalable to larger size (millimeter/centimeter scale) and the size
is precisely controllable. As shown in figure 1.1, the silica wedge disk microresonators

with various sizes and designs are fabricated and used for the studies in this thesis.



Figure 1.1: Silica optical microresonators silica wedge disk resonotors with various
diameters ( 3 mm, 4.5 mm, 6 mm, 7 mm, 12 mm, 24 mm ) and spiral resonators with the
roundtrip lengths 1.2 m and 4 m (from left to right). The devices are whispering-gallery-
mode resonators, which guide light at the silica wedge.

1.2.1 Fabrication Process

The process flow chart for the fabrication of silica wedge microresonators is shown in figure
1.2. An 8-micron-thick silica layer is thermally grown on a 4-inch (100) prime-grade float-
zone silicon wafer. Disk patterns are defined through standard photolithographic methods:
Spin coating of the photoresist (S1813), soft baking, UV exposure (Either MA6 aligner or
GCA 6300 stepper), post-exposure hard baking, and developing using MF-319. After the
photolithography, the photoresist disk pattern is transfered onto the silica layer by buffered
hydrofluoric acid wet etching. Wet etching time for 8 um silica layer is 80 ~ 90 minutes,
but the etching time is typically extended to 120 min ~ 180 min to make a smoother etch
surface and control the diameter and wedge angle of the device. Wedge angle increases
a few degrees as the wet etch time is increased from 120 min to 180 min. After the HF
etching, the conventional organic cleaning process is followed to remove the photoresist
layer using Remover PG, Acetone and IPA. Finally, silicon substrate is isotropically etched
by xenon difluoride (XeF,) to create air cladding around the silica wedge region where the

optical whispering-galley-modes are confined.
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Figure 1.2: Fabrication process of silica disk resonator Starting from thermal oxide
growth (typically ~ 8 ym) on a crystalline silicon wafer, a photoresist layer is coated on
the silica layer for standard photo-lithography. 2-dimensional resonator pattern is trans-
ferred from a chrome-coated quartz mask onto the photoresist. Buffered hydrofluoric acid
wet etching transfers the photoresist pattern onto the oxide layer and the photoresist layer
is removed via organic cleaning. Final whispering-gallery mode silica resonator is made

by creating an air-cladding around the silica wedge through Xenon difluoride isotropic
etching of silicon underneath the silica wedge.




1.2.2 Optical Mode Structure

Figure 1.3(a) shows the SEM image of the device cross section. The silica disk has a
wedge-shaped feature at the circumference as shown in figure 1.3(b). The wedge angle
of the device in the SEM image is around 20 degrees, but can be controlled by adjusting
the surface energy of the photoresist. Typically, adhesion promoter (e.g. HMDS), baking
temperature, and HF etching time are used for the wedge angle control.

Figure 1.3(c) shows various optical whispering-gallery-modes supported by the 20 de-
gree wedge resonator device. COMSOL is used for the simulation and the electric field
intensities of the different transverse optical modes are shown. Each transverse mode has

its own longitudinal mode family with a similar cross-sectional mode profile.

25.08kV X200 158+m

Figure 1.3: Cross section of device and optical modes. (a) SEM image showing the
cross section of the silica wedge resonator. (b) Zoom-in of the red dotted box in (a). (c)
Various simulated optical modes guided by the silica wedge. The simulated device has ~
8 pm thickness, 6 mm diameter, and 20 degree wedge angle.



1.3 Coupling Light into Microresonator via Tapered Fiber

Efficient coupling of the whispering gallery modes is a prerequisite for studying optical
microresonators. Since the fundamental whispering gallery modes are confined by the
wedge surface of our silica microresonators, evanescent coupling techniques can provide
powerful means in controlling the coupling properties. Tapered optical fibers allow both
efficient excitation and extraction of optical power from the same fiber, while maintaining
fiber-optic compatibility[2, 3].

untapered region taper transition

untapered region

!

arr taper waist

actuator for vertical movement
of micro-heater

Figure 1.4: Fiber taper profile and pulling setup a. Schematic profile of fiber taper. b.
Fiber taper pulling setup.



Tapered optical fibers are made by heating a single-mode fiber (typically SMF-28 for
the wavelength near 1550 nm) using a microheater and slowly pulling the fiber apart until a
waist region only a few microns in diameter is created. Transferable fiber holding stage is
used to pull the tapered fiber and hold the tapered fiber during our experiments. The heating
temperature is typically > 1000 degree C and the pulling speed is ~ 3 mm / min. The taper
profile is adjusted by varying the heating temperature and pulling speed. By maintaining an
adiabatic taper profile, an initially launched fiber mode is converted to an air-guided taper
mode and converted back to the fiber mode upon propagating through the tapered region.
Tapers used in our work typically have losses less than 0.5 dB. The schematic diagram of
tapered fiber profile is illustrated in figure 1.4(a) and the taper pulling setup used in this
work is shown in figure 1.4(b).

Coupling laser light into the microresonator requires three conditions. First, the evanes-
cent field of the fiber taper and the microresonator should spatially overlap. Second, the
frequency of laser light must be resonant with the WGM mode of the microresonator. Fi-
nally, the propagation constants of the taper and WGM mode should be matched (phase-
matching). In the experiment, phase matching can be done by adjusting the position of
tapered fiber that is coupled to the microresonator. Figure 1.5(a) shows a typical tapered
fiber coupling setup, which consists of tapered fiber, tapered fiber holder, a microscope to
monitor the relative position of tapered fiber and resonator, XYZ stage to adjust the relative
position of the device from the tapered fiber, and the thermoelectric cooler (TEC) to con-
trol the temperature of the device. Figure 1.5(b) is the top view of the device at the tapered
fiber coupling region monitored through the microscope. Figure 1.5(c) shows the entire

microresonator sitting on the TEC element.



Figure 1.5: Tapered-fiber coupling setup a. Silica resonator is place on the XYZ stage
to change the its relative position from the tapered-fiber suspended by a separate fiber
holder. The coupling area is monitored via a microscope above the system. Thermoelec-
tric cooling and heating unit is installed on the XYZ stage to tune the temperature of the
resonator. b. Zoomed-in top view seen through the microscope. To couple laser light into
the resonator, the taperd fiber contacts on the silica microresonator near the silica wedge
where whispering-gallery-modes exist. c. Typical silica wedge disk resonator sitting on
the tapered-fiber coupling setup.



1.4 Quality Factor

Quality (Q) factor is an universal measure to characterize numerous resonating systems.

The general definition of the Q factor is

Energy stored

Q =21 % . (1.1
Energy loss per cycle

It quantifies how many cycles the input signal can stay inside the resonator until it lose half
of its energy, and it also characterizes the resonance frequency of a resonator relative to its

linewidth.
w

Q257

(1.2)

where w is the resonance frequency and Aw is the full-width at half-maximum (FWHM)
of the resonance lineshape.

Optical Q-factor is the most commonly used and important specification of optical mi-
croresonators studied in this thesis. Q-factor of the silica wedge disk resonator microres-
onators mainly depends on the material absorption loss and the surface scattering loss,
which can vary with the geometry of devices (thickness, diameter, wedge angle, etc.) and
the surface roughness due to imperfect fabrication process. Figure 1.6 shows how the Q-
factor of the microresonators is measured. Briefly, pump laser is coupled to the microres-
onator via a tapered fiber and the transmitted pump laser intensity is monitored while the
laser frequency is swept. Relative frequency is measured by Mach-Zehnder interferometer
(MZI). The linewidth of the resonance is obtained by Lorentzian fit of the resonance dip
in the transmitted laser power intensity. The typical Q-factor of the microresonators in this

study is 10 million ~ 500 million.
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Figure 1.6: Example of quality(Q)-factor measurement. Typical oscilloscope traces for
the Q-factor measurement are shown. Pump laser is coupled to the microresonator and
the transmitted pump laser intensity(blue circles) is monitored while the laser frequency
is swept. Relative frequency is measured by Mach-Zehnder interferometer (MZI) with
2.56 MHz period as shown in black circles. The transmitted pump laser intensity trace
and MZI trace are fitted using Lorentzian function and sinusoidal function, respectively.
Q-factor is estimated from the linewidth and coupling depth of the resonance dip.
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1.5 Nonlinear Phenomena in Optical Microresonators

1.5.1 Parametric Oscillation and Four-Wave Mixing

For a material in general, the electric polarization (P) depends on the electric field (£). In

a simple mathematical form,

3 3 3
—sOZX”)E + & ZZXWE Eptend Y. Y XEEE+--, (13)

j=1 k=1 j=1 k=1 I=1

where i = 1, 2, 3. Here, ¢, is the vacuum permittivity and (™ is the n-th order electric
susceptibility of the material.

In silica microresonators, the lowest order nonlinearity is the third-order nonlinearity
due to the inversion symmetry of silica material. If high power pump laser is coupled into
the high-Q microresonators, the intra-cavity field intensity become high enough to see the
optical nonlinearity. The third-order x®) nonlinearity (Kerr-nonlinearity) induces optical
parametric oscillation (OPO) and four-wave mixing (FWM). OPO process converts two
pump photons at w,, into ”signal” photon at w, and "idler” photon at w;. This OPO process
requires energy and momentum conservation, and phase matching of the involved optical
fields is critical. On the other hand, four-wave mixing can occur if at least two lasers
with different frequencies propagate together in a nonlinear medium. Assuming two input
lasers with frequencies w; and wo (With ws > wy), a refractive index modulation at the
difference frequency occurs, and creates two new lasers with frequencies w3 = 2wy — wo
and wy = 2wy — wy.

The generation of optical frequency combs in microresonators, which will be discussed
in chapter 2-4, is possible due to these important nonlinear effects: parametric oscillation

and four-wave mixing.

1.5.2 Stimulated Brillouin Scattering

Stimulated Brillouin Scattering (SBS) is also a third-order (x®) optical nonlinearity that

results from the interaction between light and acoustic (mechanical) fields in a dielectric
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material due to the coupling by electrostriction [4, 5, 6, 7]. In a quantum mechanical
picture, a pump photon having k, (wave vector) and w,, (angular frequency) annihilates and
creates a down-shifted Stokes photon (ks, ws) and a phonon (8, {25). This SBS process

requires the conservation of energy and momentum as follows:
wy = ws + O (1.4)

Ky = ke + Bs. (15)

For backward Brillouin scattering, which will be discussed in chapter 6, this gives the
Brillouin shift frequency, 25/27 = 2nV, /\,, where V, is the sound velocity and )\, is the
pump laser wavelength. Figure 1.7 illustrates the principle of the backward SBS process.
When pump laser propagates through the dielectric medium, variation of light intensity
creates periodic refractive index change (Bragg grating) via electrostriction. Then, the
pump laser sees the Bragg grating and is reflected backward. To satisfy the momentum

conservation, the refractive index grating (acoustic phonon) is moving forward.

Wy
Light Intensity

' ' ' ' ' ' Variation of light intensity creates
periodic refractive index change
(Bragg grating) via electrostriction.

EM-Field of a single frequency pump laser
Wy
m e
o 4m\,
Wy QB B }\p
Reflected Light Moving Index Grating

(Stimulated Brillouin Laser)

Figure 1.7: Schematic of backward stimulated Brillouin scattering.



In optical fiber systems, SBS process has been an important signal impairment mech-
anism in long-distance optical communication systems [8]. It is also useful and applied to
all-fiber lasers [9] and slow-light generation [10]. Recently, the SBS process has attracted
considerable interest in micro/nano-scale devices [11]. Brillouin laser action has been
demonstrated in various microresonator systems including silica resonators [12, 1, 13, 14]
and CaF, resonators [15]. Brillouin amplification has also been observed in integrated
Chalcogenide waveguides [16], and confinement-enhanced amplification has been realized
in silicon waveguides [17]. SBS also provides a powerful tool for integrated photonics
signal processing [18, 19, 20].

The SBS process was originally a parametric process. In the case that we will discuss
in chapter 6, the acoustic field (phonon) decays much faster than optical field (photon).
Under this circumstances, the more strongly damped field (phonon) will be eliminated
adiabatically and the less-strongly damped optical field (photon) will be amplified. Thus,
the parametric process will look like a stimulated scattering process. However, in certain
systems, the phonon damping rate is lower or comparable to the photon damping rate. In
these systems, cavity optomechanical effects [21] including optomechanical cooling [22]

and optomechanical-induced transparency [23] can be observed.
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Chapter 2

Microresonator-based Optical
Frequency Comb

Since their demonstration in the late 1990s [24, 25, 26], optical frequency combs have
revolutionized a wide range of research areas requiring precision measurements of time
and frequency, including optical clocks, precision spectroscopy, precision distance mea-
surement, microwave signal synthesis, and astronomical spectrograph calibration. In this
chapter, optical frequency comb technology will be briefly overviewed and the genera-
tion of optical frequency combs from microresonators will be introduced. Microresonator
soliton, which is the mode-locked frequency comb, and the method to trigger/stabilize the

soliton will also be discussed.

2.1 Introduction to Optical Frequency Comb

Optical frequency comb is a very precise tool for measuring different frequencies of light
and it is the only technology that can accurately measure optical frequencies. The technol-
ogy is made possible by recent advances in mode-locked ultrafast lasers that emit femtosec-
ond pulses lasting millionths of a billionth of a second. In a mode-locked laser, peaks of
many laser fields at different frequencies coincide at regular time intervals. By the destruc-
tive and constructive interference, the laser lights form very short light pulses containing
many different frequencies. Figure 2.1(a) illustrates the relationship between frequency
comb and mode-locked laser.

The properties of the optical frequency combs rely on the properties of mode-locked

14
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Figure 2.1: Concept of optical frequency combs. (a) Schematic diagram showing the
relationship between the femtosecond mode-locked laser and the optical frequency comb.
(b) Schematic diagram showing a frequency comb as a frequency ruler. The two degrees
of freedom (f,. and f;;) determines the property of a frequency comb and these two fre-
quencies must be stabilized for an "absolute” frequency ruler. f, is the pulse repetition
frequency and fj is the offset frequency at baseband.
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pulse in time domain by the inverse relationship between time and frequency. The pulse
width determines the span of the frequency comb, and the timing between pulses deter-
mines the spacing between the teeth of the frequency comb. The shorter the laser pulses,
the broader the range of frequencies in the comb. The faster the pulse repetition rate, the
wider the spacing between the teeth. Frequency comb systems exist across a broad spec-
tral range spanning ultraviolet to infrared, and have very fine, evenly spaced teeth. The
teeth can be used like a ruler to measure the light emitted by lasers, atoms, stars with high
precision.

The stability of the laser frequency determines the linewidth, or precision, of the each
comb teeth. As shown in figure 2.1(b), the optical frequency of n-th comb tooth (f,,) can
be expressed as f, = n x f. + fo, where f, is the pulse repetition frequency and f;
is the offset frequency at baseband. Typically, these two frequencies are not stable and
drifting around. To make optical frequency combs as an absolute frequency ruler, the two
frequencies should be detected and stabilized. This process of stabilizing frequency comb
is called "’self-referencing” and the stabilized comb is called the “’self-referenced frequency
comb”.

Frequency combs are already widely used in metrology and physics research, and
there are several commercially available products based on femtosecond lasers, such as

Ti:sapphire, Er:fiber, and Yb:fiber mode-locked lasers.
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2.2 Generation of Optical Frequency Combs from Microres-
onators

Although conventional optical frequency comb technology based on fiber lasers is robust
and become a commercial technology, it would be advantageous to further reduce the size,
cost, and power consumption. In addition, it would be useful in some applications to have
repetition frequency above 10 GHz. For this reason, miniature optical frequency combs
or microcombs[27, 28] have been demonstrated across a range of emission bands using
several dielectric materials[27, 29, 30, 31, 32, 33] as shown in figure 2.2. Some of the
material systems are suitable for monolithic integration with other chip-based photonic
components[34, 35, 36].

Figure 2.3 illustrates the principle of microcomb generation. Under continuous-wave
laser pumping, the laser light coupled into the microresonator builds up the intracavity
optical field intensity above the threshold of optical nonlinearity. The combs are initiated by
way of parametric oscillation [37, 38] and are broadened by cascaded four-wave mixing[27,

28]. Typically, the generated microcombs are not phase-locked, which means the comb

10 pm

10 pm

Figure 2.2: Various material systems generating microcombs. (a) Silicon nitride ring
resonator. (b) Silica microtoroid. (c) Diamond ring resonator. (d) Silica micropillar. (e)
Crystalline (M gF5, C'aF,) microresonator. (f) Aluminum nitride ring resonator.
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teeth are not equally-spaced.

The silica wedge disk resonators used in this work have been applied to generate combs
with the free spectral range (FSR) ranging from 2.6 GHz to 220 GHz[32]. Phase-locked
states are also observed from the devices. Figure 2.4 shows two examples of microcomb

optical spectra.

a
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pump laser l
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four-wave mixing  __,
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Figure 2.3: Principle of microcomb generation. (a) Continuous-wave (CW) laser is
amplified using an erbium-doped fiber amplifier (EDFA) and coupled into the microres-
onator. Inside the microresonator, the intracavity optical field intensity builds up above
the threshold of optical nonlinearity, and the micocomb is generated by parametric oscil-
lation and four-wave mixing process. OSA : Optical spectrum analyzer. (b) Schematic
diagram showing the parametric oscillation and four-wave mixing processes involved in
microcomb generation.
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Figure 2.4: Typical optical spectra of microcomb. The microresonator is pumped at
1550 nm and generates sidebands via parametric oscillation and cascaded four-wave mix-
ing process. The two optical spectra are obtained by adjusting the pump-resonator detun-
ing frequency.
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2.3 Soliton Mode Locking in Microresonators

While phase-locked states and pulse generation have been demonstrated in earlier works
on microcombs, microcombs typically were not phase-locked and the noise characteristics
were difficult to control. Recently, temporal soliton mode-locking[39, 40, 41, 42, 43], a
major advancement in microcomb research, has been realized. Optical solitons are propa-
gating pulses of light that retain their shape, and soliton microcombs are temporal solitons
because the pulse shape coming out of the cavity is same at each time period. Soliton
microcombs feature dissipative Kerr solitons that leverage the Kerr nonlinearity to both
compensate dispersion and to overcome cavity loss by way of parametric gain[39]. Un-
like earlier microcombs, this new device provides phase-locked femtosecond pulses with
well-defined, repeatable spectral envelopes. Their pulse repetition rate is typically several
GHz to THz, and has excellent phase noise characteristics[40]. Different from conven-
tional mode-locked lasers, microresonator-based solitons don’t require active gain or sat-
urable absorber. Self-referencing of microcombs has also been demonstrated via external

broadening[44, 45] or generation of dispersive wave[41].

2.3.1 Soliton Generation

Solitons form when the pump frequency is red detuned relative to an optical mode, and
shows quantized power steps in the pump power transmission versus frequency tuning. To
generate soliton microcombs, the mode family must feature anomalous dispersion[37] and
the dispersion is minimally distorted by other resonator modes. Typically, the excitation of
soliton pulse trains is complicated by the thermal nonlinearity of the resonator. To reduce
thermal nonlinearity originated from wet oxidation process and surface adsorption of HyO,
the silica wedge disk resonators are annealed at 1000 degree C for several hours.

In the measured silica resonators in this work, typical threshold power for microcomb
generation is several mW. This value is consistent with the theoretical formula of the thresh-

old of parametric oscillation,

Wﬂ@erff 1
dnny D1 Q%

Py, = 2.1)
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where n is the refractive index, wy is the optical frequency of pump laser, A s is the
effective mode area, D; is the cavity FSR, and = )/Q.. is the cavity loading factor
where ().,; and () are external and total Q-factor, respectively.

The soliton power and pulse width are also given by the following formula [39, 46, 47]:

2nA.
Puy = 121 S oneBaiw, 2.2)
na@
cha
=14/- 2.3
’ 2now’ 2.3)
where 3y = —nD,/cD? is the group velocity dispersion and dw = dwydw, is the pump-

resonator detuning. Here, dwy is the resonator frequency and éw, is pump frequency. From
the equation 2.2, it is obvious that soliton power depends on the pump-resonator detuning

frequency. Throughout this thesis, soliton microcombs are servo-locked to the soliton-
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Figure 2.5: Soliton generation setup. (a) Typical soliton generation setup using power-
kick method. (b) Top view of typical silica wedge disk microresonator. (c) Typical oscil-
loscope trace monitored for soliton generation.
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existing detuning frequency by using the soliton power change around a fixed set point as
the discriminator of pump-resonator detuning frequency[40, 48].

Figure 2.5(a) shows typical soliton generation setup. Here, the frequency of the pump
laser is tuned towards the resonance from the lower frequencies at a speed of approximately
~ 1 GHz/ms. The pump frequency tuning is stopped before reaching the resonance and the
pump power is modulated using an AOM to induce a power kick, which deterministically
generates soliton steps[40]. A feedback loop is then turned on to selectively lock to specific
soliton numbers according to their comb power levels. The linewidth of the pump lasers
is ~2 kHz and the pump power used for a soliton generation is in the range between 100
~ 500 mW. The generated solitons are stable indefinitely until the system was turned off
by the operators. Figure 2.5(b) shows the top view of silica wedge disk microresonator
used for soliton generation. Devices having diameters of 3 mm, 4.5 mm, 6 mm, and 7 mm
are used in this work. Typical oscilloscope trace monitored during the soliton generation
procedure is also shown in figure 2.5(c).

If an optical mode has a high enough quality factor and less thermal broadening, the
soliton step becomes longer and controllable soliton mode locking is possible via direct
frequency tuning. Compared to the power-kick method, controllable soliton generation us-
ing direct frequency tuning method is typically harder to achieve. However, it requires less
components and remove the optical power loss at AOM. For this reason, direct frequency

tuning method is more desirable, especially for portable microcomb systems.
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Figure 2.6: Oscilloscope traces showing controllable soliton mode locking via direct laser
frequency tuning: (From left to right) single, two, three, and four soliton states. At each
figure, transmitted pump power (black), comb power (red), and MZI signal (blue) are
shown.
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Figure 2.6 shows the oscilloscope traces of four different cases, from single-soliton to
four-soliton state, which are generated using direct frequency tuning method. By offsetting
the comb power level of single-soliton step to zero using servo box, single soliton state is
captured. Capturing two-, three-, and four-soliton state is also possible by increasing the
offset level by 2, 3, and 4 times. The optical spectra of four different soliton states are
shown in figure 2.7(a-d)

It is worth noting that the maximum comb tooth power at the center of spectral envelop
is determined purely by the resonator properties. This can be easily shown by eliminating

dw in eq. 2.2 and eq. 2.3.
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2.3.2 Breather-to-Soliton Transition

Microresonator can exhibit numerous localized intracavity patterns and provide rich in-
sights into nonlinear dynamics. Breather soliton, which represents pulses with oscillating
amplitude and duration, is a particular solution of such nonlinear systems. It is also known
to exhibit Fermi-Pasta-Ulam (FPU) recurrence, a paradoxical evolution of nonlinearly cou-
pled oscillators that periodically returns to the initial state. Study of breather solitons will
help to understand many nonlinear systems and it gives more information about the differ-
ent operating regimes and evolution of soliton microcombs.

Breathing solitons were first demonstrated in fiber cavities [49], and have been widely
predicted in microresonators. Observations of the breather soliton in SiN and MgF, mi-
croresonators are also reported[50, 51, 52]. Here, we observe and study the breather soliton
in our silica wedge disk device. This helps to understand how dissipative Kerr solitons are

generated from chaotic noisy comb states.
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Figure 2.8: Generation of soliton and breather soliton. Optical spectra of (a) soliton
and (b) breather soliton having 10.7 GHz repetition frequency. Electrical spectra of (c)
soliton and (d) breather soliton showing the repetition frequency and breathing frequency.
Measurement is performed over 100 MHz span with the resolution bandwith(RBW) of 20
kHz.

25



To generated breather solitons, the same experimental setup shown in figure 2.5(a) is
used. First, single soliton state is generated and deterministic transition into breather soliton
state is achieved by reducing the soliton power set point of the servo loop. Lower soliton
power indicates blue detuning of pump laser frequency, which can be seen in figure 2.5(c).
Typical optical spectra of single-soliton state and breather soliton state are shown in figure
2.8(a) and (b), respectively. Attenuated pump laser peak is shown near 1550 nm and mode-
crossing-induced spurs are also shown in the spectra. The electrical spectrum of breather
soliton in figure 2.8(d) shows many sidebands near the repetition frequency. In comparison,
the electrical spectrum of single soliton in figure 2.8(c) does not have such sidebands.

Figure 2.9 shows the electrical spectra of the repetition frequencies at four different

pump frequency detunings from larger frequency (blue detuning) to smaller frequency (red
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Figure 2.9: Transition from breather soliton to soliton. Upper panel shows the oscil-
loscope trace monitored during the measurement. The pump laser transmission power
(black), comb power (red), and Mach-Zehnder interferometer(MZI) signal (blue) are
shown. The period of MZI is 3.225 MHz. (a-d) Electrical spectra near the repetition
frequency of 10.7 GHz at different pump detuning frequencies. As the pump frequency
is detuned from blue to red, the comb state evolves in the order of chaotic state, sub-
harmonic breather, breather, and soliton.
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Figure 2.10: Breathing frequencies. Comb powers in three different states are recorded
using an oscilloscope.

detuning). Mach-Zehnder interferometer (MZI) signal (blue trace in the upper panel) is an
indicator of the pump laser frequency. The electrical spectra in figure 2.9 (a-d) show that the
single soliton state (figure 2.9(d)) evolves from chaotic state ((figure 2.9(a)), subharmonic
breather soliton state (figure 2.9(b)) and breather soliton state (figure 2.9(c)).

Figure 2.10 shows the oscilloscope time traces of photodetected comb powers at three
different pump detunings. When the pump frequency is detuned from blue to red (Breather
1 state to Breather 2 state), the breathing frequency is increasing and eventually there’s no
breathing (soliton state). This corresponds to the electrical spectra data shown in figure 2.9.
It’s interesting to note that, in some cases, further red-detuning of the pump laser frequency
results in a new soliton at longer wavelength (Figure 2.11). The new soliton is generated
by Stokes Raman scattering of the original soliton near 1550 nm, and is called ”Stokes
soliton”. The generation of Stokes soliton and its application will be discussed in detail in

chapter 3.
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Figure 2.11: Transition from breather to Stokes soliton. By adjusting the pump detun-
ing from larger frequency to smaller frequencies, continuous transition from (a) breather
state to (b) soliton state and (c-f) Stokes soliton generation state is observed.
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Chapter 3

Microresonator Soliton Dual-Comb
Spectroscopy

Rapid characterization of optical and vibrational spectra with high resolution is important
in many spectroscopic applications. In this regard, dual-comb spectroscopy has emerged
as a powerful approach to acquire nearly instantaneous Raman and optical spectra with
unprecedented resolution. The dual-comb spectroscopy method enables the direct acquisi-
tion of material information from the electrical spectra instead of using bulky mechanical
spectrometers. Soliton microcombs, which are introduced in the previous chapter, can
potentially transfer the dual-comb method to a chip platform. These soliton microcombs
feature high-coherence (pulsed mode locking) and broad, reproducible spectral envelopes,
which is essential for dual-comb spectroscopy. In this chapter, dual-comb spectroscopy is
demonstrated using the dual-soliton source generated from microresonators. Improvements
in the performance parameters of this chip-based dual-soliton source, such as spectral res-
olution, signal-to-noise ratio, and spectral coverage, are also discussed. Our work shows
the potential for integrated dual-comb source on a chip, which can provide a new solution
for the next generation spectroscopy system featuring compact size, high signal-to-noise,

and fast acquisition rate.
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3.1 Introduction

Since their demonstration in the late 1990s [24, 25, 26], optical frequency combs have rev-
olutionized precision measurements of time and frequency and enabled new technologies
such as optical clocks[26]. One remarkable method they make possible is dual-comb spec-
troscopy, which leverages the coherence properties of combs for rapid, broad-band spectral
analysis with high accuracy([53, 54, 55, 56, 57, 58, 59]. Frequency comb systems exist
across a broad spectral range spanning ultraviolet to infrared, making this method well
suited for spectroscopic analysis of diverse molecular species[59].

As introduced in chapter 2, miniature optical frequency combs or microcombs[27, 28]
have been demonstrated for the widespread use of comb-based technologies. Not only
are the microcombs genenerated from microresonators via parametric oscillation [37, 38]
and cascaded four-wave mixing[27, 28], but frequency modulation (FM) combs [60] are
also demonstrated via four-wave mixing in the ultra-fast intraband gain medium of quan-
tum cascade lasers (QCL). These FM systems generated frequency combs in mid infrared
and have been applied to demonstrate dual-comb spectroscopy [61]. Heterodyne of two
microresonator-based microcombs in the mid infrared has also been demonstrated for dual-
comb spectroscopy[62]. However, these microcombs are typically not phase-locked and
the spectral envelop is not reproducible. On the other hand, soliton microcombs, which
provide phase-locked femtosecond pulses, can offer well-defined, repeatable spectral en-
velopes. They also provide excellent phase noise characteristics[40].The low-noise and
reproducible characteristics are important for reliable dual-comb spectroscopy.

In this chapter, we demonstrate dual-comb spectroscopy using the soliton microcombs.
A schematic view of the microresonator soliton dual-comb spectroscopy is shown in Fig.
3.1. It shows two soliton pulse trains having different repetition rates (Af, = f.1 — fr2)
are generated from distinct microresonators and then combined using a directional coupler.
One of the combined streams is coupled through a test sample (a gas cell of molecules
whose absorption spectrum is to be measured) and photodetected to provide a “signal”.
The other combined stream is directly photodetected to provide a reference”. The slight

difference in repetition rates of the soliton pulse streams creates a periodically time-varying
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Figure 3.1: Microresonator-based dual-comb spectroscopy. Two soliton pulse trains
with slightly different repetition rates are generated by continuous optical pumping of two
microresonators. The pulse trains are combined in a fiber bidirectional coupler to produce
a signal output path that passes through a test sample as well as a reference output path.
The output of each path is detected to generate an electrical interferogram of the two soli-
ton pulse trains. The interferogram is Fourier transformed to produce comb-like electrical
spectra having spectral lines spaced by the repetition rate difference of the soliton pulse
trains. The absorption features of the test sample can be extracted from this spectrum by
normalizing the signal spectrum by the reference spectrum. Also shown is the image of
two silica disk resonators. The disks have a 3 mm diameter and are fabricated on a silicon
chip.
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interferogram in the detected photocurrent with a period 1/A f,.. Fourier transform of this
time-varying intergerogram reveals the optical spectra of interfering soliton microcombs,
now shifted to radio-frequency domain. The signal spectrum containing the molecular ab-
sorption information is then normalized using the reference spectrum to obtain the spectral

absorption of the test sample.

3.2 Microresonator-based Dual-Soliton Source and H3CN

Detection

3.2.1 Microresonator-based Dual-Soliton Generation

Details on experimental setup for microresonator dual-soliton generation is shown in Fig.
3.2. Starting from two fiber lasers (Orbits Lightwave) at 1549.736 nm and 1549.916 nm
(the difference frequency of the pumps was determined to be 22.5 GHz by detecting their
electrical beat note and measurement on a spectrum analyzer), the pump lasers are ampli-
fied by erbium-doped fiber amplifier and coupled to an acousto-optic frequency modulators
(AOM). Each frequency-shifted output of the AOM is used to provide a controllable optical
pumping power that is required for soliton triggering[48]. The pump light is evanescently
coupled into the silica microresonator via a tapered fiber[2, 3]. Using a fiber Bragg grating
(FBQ) filter, residual pump power that is transmitted past each resonator is attenuated and
a 90/10 tap is used to monitor the soliton power for feedback control of the pump laser fre-
quency so as to stabilize the triggered soliton indefinitely [48]. The optical spectra of the
individual soliton pulse streams were monitored using a Yokogawa optical spectrum ana-
lyzer. Additional precision calibration of the spectra was performed using a Wavelength
References Clarity laser locked to a molecular absorption line.

Typical soliton optical spectra are presented in figure 3.3(a-b), and feature the charac-
teristic sech? envelope observed over a 60 nm wavelength span. The detected electrical
spectrum for each soliton source was measured using a spectrum analyzer with a band-
width of 26 GHz (Figure 3.3(c-d)). The narrow spectral lines have a signal-to-noise greater

than 75 dB, showing that corresponding repetition rates are extremely stable. Resolution
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bandwidth (RBW) of 500 Hz is used for the measurement. The high-Q resonators used
in this work are silica whispering-gallery devices fabricated on a silicon wafer using a
combination of lithography and wet/dry etching[1]. The unloaded quality factor of the
microresonators is approximately 300 million, and the solitons have repetition rates of ap-
proximately 22 GHz that were determined primarily by the diameter of the devices (3 mm).
The soliton pulse streams are detected by u2t photodetectors with the detection bandwidths
of 50 GHz. Then, the interferograms are recorded on an oscilloscope and the repetition
rates of the soliton pulse streams are also monitored by an electrical spectrum analyzer
(ESA).

Using a 50/50 bidirectional coupler, the two stabilized soliton pulse streams are com-
bined and coupled into two paths (Figure 3.1 and figure 3.2). One path contained a H*CN
gas cell which functions as the test sample. The H*CN gas cell (manufactured by Wave-

length References, Inc.) is 16.5 cm long and pressurized to 300 Tor. The estimated

Dual soliton generation setup Spectroscopy setup
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Figure 3.2: Detailed experimental setup. Continuous-wave (CW) fiber lasers are am-
plified by erbium-doped fiber amplifiers (EDFA) and coupled into high-Q silica wedge
microresonators via tapered fiber couplers. An acousto-optic modulator (AOM) is used
to control pump power to trigger soliton generation in the microresonators. Polarization
controllers (PC) are used to optimize resonator coupling. A fiber Bragg grating (FBG) re-
moves the transmitted pump power in the soliton microcomb. The pump laser frequency
is servo controlled to maintain a fixed detuning from the microcavity resonance by hold-
ing the soliton average power to a fixed setpoint. An optical spectrum analyzer (OSA)
monitors the spectral output from the microresonators. The two soliton pulse streams are
combined in a bidirectional coupler and sent to a gas cell (or a WaveShaper) and a ref-
erence path. The interferograms of the combined soliton pulse streams are generated by
photodetection (PD) and recorded on an oscilloscope. The repetition rates of the soliton
pulse streams are also monitored by an electrical spectrum analyzer (ESA). The temper-
ature of one resonator is controlled by a thermoelectric cooler (TEC) to tune the optical
frequency difference of the two solitons.
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Figure 3.3: Soliton comb spectral charaterization. (a and b) Optical spectra of the mi-
croresonator soliton pulse streams. (¢ and d) Electrical spectra showing the repetition
rates of the soliton pulse streams. The rates are given in the legends.

linewidth of the H'*CN spectral features is 200 pm or approximately 25 GHz at 1550
nm. The other path is coupled directly to a photodetector and functions as the reference.
The test sample path also includes an alternate path in which a WaveShaper is inserted.
Using a thermoelectric cooler, the temperature of one microresonator is controlled to tune
the relative optical frequency difference of the two solitons streams. In the measurements
this difference was held below 1 GHz, allowing the observation of the interferogram on an
1 GHz-bandwidth oscilloscope. The soliton pulse streams are also detected by u2t pho-
todetectors with the detection bandwidths of 50 GHz, and the repetition rates of the soliton

pulse streams (~ 22 GHz) are also monitored by an electrical spectrum analyzer (ESA).

3.2.2 Interferogram and Initial Spectroscopic Test

The reference interferogram is shown in figure 3.4(a). It has a period of 386 ns, corre-
sponding to a soliton repetition rate difference of 2.6 MHz. This relatively small repetition
rate difference was possible by precise control of the resonator diameter using calibrated
wet etching of the silica[1]. Figure 3.4(b) shows the calculated Fourier transform of the

reference interferogram. The small repetition rate difference on the much larger 22 GHz
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Figure 3.4: Measured electrical interferogram and spectra. (a) The detected interfer-
ogram of the reference soliton pulse train. (b) Typical electrical spectrum obtained by
Fourier transform of the temporal interferogram in (a). To obtain the displayed spectra,
ten spectra each are recorded over a time of 20 s and averaged. (¢) Resolved (multiple
and individual) comb lines of the spectrum in B are equidistantly separated by 2.6 MHz,
the difference in the soliton repetition rate of the two microresonators. The linewidth of
each comb line is < 50 kHz and set by the mutual coherence of the pumping lasers. (d
and e) Fourier-transform (black) of the signal interferogram produced by coupling the
dual-soliton pulse trains through the synthetic absorber (WaveShaper) with programmed
absorption functions (spectrally flat and sine-wave). The obtained dual-comb absorption
spectra (red) are compared with the programmed functions (blue curves) from 1545 nm to
1565 nm.
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soliton repetition rate makes it possible to compress an optical span of 4 THz (1535 nm
to 1567 nm) into 500 MHz of electrical spectrum. The measured wavelength span in the
electrical spectrum is limited by the photodetector noise and narrower than the wavelength
span of the original soliton pulse streams in optical spectra. The electrical spectrum has a
signal-to-noise ratio (SNR) around 30 dB near the central lines. A zoom-in of the spectrum
(multi- and single-line) is provided in figure 3.4(c). The electrical comb lines are equidis-
tantly separated by 2.6 MHz and have a full-width-half-maximum linewidth less than 50
kHz, which is limited by the mutual coherence of the two independent pump lasers. The
pump laser line in a dissipative Kerr soliton is also a comb tooth in the soliton optical spec-
trum. As a result, the frequency jitter in each pump is transferred as an overall shift on
the resulting soliton comb. Externally locking the two combs should reduce the observed
linewidth in the electrical spectrum.

In figure 3.4(b), it is interesting to note that the pump lines are placed toward the high
frequency side (near 550 MHz) of the spectral maximum in the interferogram spectrum. In
the optical spectra (figure 3.3(a-b)) the pump is blue detuned relative to the soliton spectral
maximum (this occurs due to the Raman self-frequency-shift of the soliton[40]). This
spectral marker shows that high optical frequencies of soliton combs are mapped to high
rf frequencies. Avoided-mode-crossing induced Fano-like spurs[40] in the soliton optical
spectra (figure 3.3(a-b)) occurring near 1535 nm are also mapped into a corresponding
feature near 750 MHz in the electrical spectrum shown in figure 3.4(b).

As an initial test of the dual-comb source, synthetic absorption spectra were programmed
in Finisar WaveShaper 1000S and then measured as dual-comb spectra. The WaveShaper
required an erbium fiber amplifier to compensate its insertion loss. Fourier-transforms of
the signal interferograms produced using the synthetic absorber are shown in figure 3.4(d-
e). The two programmed functions are a spectrally flat 3 dB absorption and a sine-wave
absorption having a 4 dB amplitude. The synthetic absorption spectra, obtained by normal-
izing the signal and reference electrical spectra, are compared with the programmed func-
tions in figure 3.4(d-e). The ability to reconstruct these synthetic spectral profiles clearly

demonstrates the reproducibility of solitonic spectral profile.
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3.2.3 Detection of H'*CN 215 Absorption Band

Using the microresonator soliton dual-comb source, the absorption spectrum of the H*CN
2v3 band is measured. In figure 3.5(a), the measured dual-comb absorption spectrum from
1538 nm to 1562 nm is shown in red and compared with a directly measured absorption
spectrum shown in blue. Both absorption spectra are normalized.

The upper panel in figure 3.5(a) shows the directly measured H'*CN absorption spec-
trum, which is obtained by coupling an external cavity diode laser (ECDL) into the H'*CN
gas cell and scanning the laser while monitoring the transmitted optical power. A separate
signal is also tapped from the ECDL to function as a reference. The relative wavelength
change of the ECDL during the scan is calibrated using a fiber Mach-Zehnder interfer-
ometer (MZI) and absolute wavelength calibration was possible using a reference laser
(Wavelength References Clarity laser). The signal passing through the gas cell and the ref-
erence transmissions are recorded at the same time, and the absorption spectrum in figure
3.5(a) is obtained by dividing the signal transmission by the reference transmission.

The dual-comb spectrum (middle panel in figure 3.5(a) ) is choppy because of the rel-
atively coarse spectral resolution of the solitons in comparison to the spectral scale of the
H'3CN absorption lines. Nonetheless, the characteristic envelope of the H3CN 215 band
is clearly resolved. In the bottom panel of 3.5(a), the residual difference between the two
absorption spectra is shown in green and the calculated standard deviation is 0.0254. Fur-
thermore, a line-by-line overlay of the measured optical and dual-comb spectra in figure
3.5(b) confirms the wavelength precision and absorption intensity accuracy of the dual-
comb source.

In conclusion, two soliton microcombs having microwave repetition rates (~ 22 GHz)
were used as a dual-comb source to measure the absorption spectrum of the 23 band of
H'*CN. Simple micro-fabrication using hydrofluoric acid wet etching enabled precision
control of the repetition rates so that multi-THz optical spectrum was compressed onto
the electrical spectrum less than 1 GHz span. The repetition rate of this soliton comb can
be further reduced for improved spectral sampling, which will be discussed in the next

section. The dual-comb source has a high SNR and spans over 30 nm in optical C-band.
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External broadening using highly nonlinear fiber(HNLF) or generating dispersive wave in
the resonator[41], it is possible to extend this spectral span to an octave. Engineering the
dispersion of microresonator [63] can also extend the comb bandwidth. Within the trans-
mission window of silica, it is also possible to generate solitons at new pump wavelengths.
More generally, a wide range of materials are available to generate microcombs at differ-
ent wavelengths. Potentially, the dual-soliton source can be applied to realize chip-based
dual-comb coherent anti-Stokes Raman spectroscopy (CARS). Integration with other on-
chip devices will make soliton-based microcombs well suited for possible realization of a

dual-comb spectroscopic system-on-a-chip.
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Figure 3.5: Measured molecular absorption spectra. (a) Absorption spectrum of 2v/3
band of H'3*CN measured by direct power transmission using a wavelength-calibrated
scanning laser and comparison to the microresonator-based dual-comb spectrum. The
residual difference between the two spectra is shown in green. (b) Overlay of the directly
measured optical spectrum and the dual-comb spectrum showing line-by-line matching.
The vertical positions of the two spectra are adjusted to compensate insertion loss.
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3.3 Higher Spectral Resolution : Lower Repetition Rate
Solitons

In the previous section, H'3CN gas cell is pressurized to have ~ 25 GHz linewidth,
which is larger than 22 GHz spectral spacing of soliton microcombs. Although the comb
spacing is slightly narrower than the absorption linewidth, the measured absorption spectra
shown in figure 3.5 is still choppy.

In practice, various gases typically have several-GHz absorption linewidth at atmo-
spheric pressure. To resolve the absorption spectral lines better, microcombs with narrower
spectral spacing (smaller FSR) are preferred. Figure 3.6 shows the simulated absorption
spectra of H'3CN with three different comb spacings (100 GHz, 22 GHz, and 1 GHz). With
100 GHz FSR, the 25 GHz absorption linewidth is hardly resolved and the characteristic
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Figure 3.6: Simulated absorption spectra with varying free spectral range (FSR). (a)
100 GHz, (b) 22 GHz, and (c) 1 GHz.
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spectral envelop of H'*CN 25 band is also difficult to notice. When FSR is 22 GHz, the
simulated result shows the absorption spectrum similar to the measured spectrum in figure
3.5. If FSR is further narrowed down to 1 GHz, all the absorption lines are clearly resolved
in addition to the characteristic spectral envelop. By this simple simulation with varying
FSR, we could confirm the sampling-induced choppiness can be removed by making dual-
comb source with finer spectral spacing.

For higher spectral resolution, soliton microcombs having three different spectral spac-
ings (15 GHz, 11 GHz, 9 GHz) are experimentally demonstrated. Figure 3.7(a-c) shows the
optical spectra and the corresponding electrical spectra are also shown in figure 3.7(d-f). In
principle, solitons having the repetition frequency smaller than 9 GHz is possible, although
there are technical issues to improve Q-factor in larger devices. As an aside, a 2.4 GHz
non-soliton microcomb has been reported[32].

For higher spectral resolution, we can also modulate the microcombs by an integer frac-
tion of the repetition rate using an electro-optical modulator in addition to the development

of larger devices.
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3.4 Higher Signal-to-Noise Ratio : Dual-Soliton Source
from Single Microresonator.

In section 3.2, dual-soliton source is generated from two fiber lasers and two indepen-
dent microresonators. Because the two soliton microcombs are not mutually locked, the
linewidth of heterodyned signals is ~50 kHz and signal to noise ratio is limited to 30 dB.
To improve the signal-to-noise (SNR) ratio and the linewidth, phase-locking of the two
microcombs is necessary. External phase-locking is one straightforward way. In this sec-
tion, dual-soliton source is generated from single laser and single microresonator. By this
method, SNR can be improved and the dual-soliton generation system can be simplified.

Figure 3.8(a) shows the dual-soliton source generation setup. Single fiber laser at 1550
nm is amplified by erbium-doped fiber amplifier (EDFA) and splitted by 50/50 coupler to
pump the resonator in two directions. In each path, acousto-optic modulator (AOM) is used
to modulate the pump power and to tune the pump frequency. Pump laser is coupled into
the microresonator by evanescent coupling via fiber taper, and the polarization of the pump
laser is adjusted by polarization controller (PC) to maximize pump-resonator coupling.
The microresonator used in this work is shown in figure 3.8(a). It is a silica wedge disk
fabricated on a silicon wafer[1], having the unloaded quality factor of approximately 300
~ 500 million and 7 mm diameter corresponding to 9.36 GHz free spectral range (FSR).

Inside the microresonator, the two pump lasers are circulating in clockwise (CW) and
counter-clockwise (CCW) directions, guided by the common whispering-gallery mode near
silica wedge. With the high circulating power, the combs are initiated by way of parametric
oscillation [37, 38] and are broadened by cascaded four-wave mixing[27, 28]. When the
CW / CCW solitons are simultaneously triggered via power-kick method[cite], the laser
frequency is locked to the soliton existing detuning range by using the soliton comb power
as a servo error signal.

Figure 3.8(b) shows the typical oscilloscope traces to monitor during the dual-soliton
generation (not shown in figure 3.8(b) for simplicity). The generated CW / CCW soliton
streams in a fiber are separated by circulators. In each soliton stream, the transmitted

pump power is attenuated by fiber bragg grating (FBG) filter. To check the characteristics
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Figure 3.8: Dual-soliton generation from single microresonator. (a) Experimental
setup for dual-soliton generation. Continuous-wave (CW) fiber laser is amplified by
erbium-doped fiber amplifier (EDFA) and splitted by 50/50 coupler to pump the resonator
in two directions, clockwise(CW) and counter-clockwise(CCW). In each path, acousto-
optic modulator (AOM) is used to modulate the pump power and to tune the pump fre-
quency. Pump laser is coupled into the resonator via fiber taper and polarization of the
pump laser is tuned by polarization controller (PC). Solitons are triggered in both CW
and CCW direction, and stabilized by a servo feedback loop using the soliton power de-
tected at a photodetector (PD) as an error signal. The generated CW/CCW soliton streams
in a fiber are separated by using circulators. In each soliton stream, the fiber bragg grat-
ing (FBQG) filter is used to attenuate the transmitted pump power. Optical spectrum an-
alyzer (OSA), electrical spectrum analyzer (ESA), and oscilloscope are used to analyze
the dual-soliton source. (b) Typical signal traces observed in oscilloscope (not shown in
figure 1a) for dual-soliton generation. The transmitted optical intensity(black) is reduced
and brought up rapidly while suddenly stopping the laser frequency scan. MachZehnder
Interferometer signal is shown in green as an indicator of the relative laser frequency. The
comb powers of CW (red) and CCW (blue) soliton are monitored at the same time. (c)
Typical optical spectra of CW (red) and CCW (blue) soliton. Hyperbolic-secant-square fit
(green dotted curve) using the soliton pulse width of 200 fs as a fitting paramter is over-
laid onto the spectra. Inset : Typical electrical spectrum. (d) Zoomed-in plot of the electri-
cal spectrum near the repetition frequency 9.36 GHz.
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of the dual-soliton source, the two soliton streams are combined and detected by 1 GHz
photodetector and 50 GHz fast photodetector. The electrical spectrum and interferogram
are recorded by an electrical spectrum analyzer and an oscilloscope.

Figure 3.8(c) shows the optical spectra of CW / CCW solitons within 60 nm span.
The characteristic hyperbolic-secant-square function (green dotted curve) is fitted to the
spectral envelop. The soliton pulse width of 200 fs is used as a fitting parameter. Figure
3.8(d) shows the electrical spectrum near the repetition frequency (f.,) 9.36 GHz. Not
only the two repetition frequencies of CW/CCW solitons, but also the multiple-heterodyned
comblines, are also shown.

Figure 3.9(a) shows the Fourier transformed interferogram at baseband. Approximately
2.5 THz optical span is down-converted to the baseband below 5 MHz. The measured
power spectral density spectrum shows the signal-to-noise (SNR) ratio ~ 40 dB. The pump
laser peak and mode-crossing spurs are clearly seen and corresponds to the optical spectrum
shown in figure 3.8(c).

If the rf spectra below 200 kHz is zoomed-in, electrical peaks equally-spaced by ~ 18
kHz can be seen (Figure 3.9(b)). It’s interesting to note that the first peak starts at 0 Hz,
which means that two comblines apart from the pump laser lines are overlapping in optical
domain. More interestingly, the linewidth of electrical comblines become broader as the
heterodyned frequency increases (Figure 3.9(c)). Near the heterodyned pump laser peak at
2.53 MHz (figure 3.9(d)), the linewidth is approximately 20 Hz. This 20 Hz linewidth is
originated from AOM driver noise. This linewidth measurement clearly shows the phase-
locking of the overlapping two optical comblines. If the technical noise from AOM driver
is removed, the linewidth should be much narrower.

The repetition frequency difference (Af,.,) between CW and CCW solitons are ad-
justed by tuning the frequency difference of two pump lasers (A fpmp) using AOM. Typ-
ically, A f,., increases as A fy,m, increases within the dual-soliton coexistance pump fre-
quency detuning range of several MHz and maximum A f,., ~ 20 kHz is achieved when
A fpump ~ 3 MHz as shown in figure 3.9(e). It’s worth noting that the current A f,,,,,,,,, of

dual-soliton coexistance is limited by the 3dB frequency shift range of AOM.
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Figure 3.9: Characteristics of dual-soliton source. (a) Typical rf spectrum of the dual-
soliton source. (b) Rf spectrum at baseband (< 200 kHz). (c) Rf spectrum between 1
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frequency difference (A f,.,) versus pump frequency difference (A fpmp)-
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3.5 Expanding Spectral Coverage : Stokes Soliton and
Methane (CH,4) Detection

Because the molecular fingerprints of various chemicals exist over a wide wavelength
range[59], expanding the spectral coverage of soliton microcombs has immense spectro-
scopic importance. In previous sections, soliton microcombs are generated within 1.5
pm - 1.6 pm band by pumping the silica microresonator using a continuous-wave laser
with 1.55 pm wavelength. Basically, pumping the microresonator using lasers at differ-
ent wavelengths can generate solitons centered at the new wavelengths if several important
conditions are met: First, the microresonator must feature anomalous dispersion at the new
wavelength, which can be achieved by the combination of choosing a proper material and
designing the microresonator geometry. Second, the microresonator must feature low opti-
cal loss (high Q-factor) and high enough Kerr nonlinearity at the wavelength to excite the
parametric oscillation and cascaded four-wave-mixing. Third, there must be optical com-
ponents (laser, optical amplifier, AOM, optical filter, photodetector, etc.) at the wavelength,
which can generate and manage high optical power.

In addition to pumping at different wavelenths, there are other ways to expand the
spectral coverage of soliton microcombs. Dispersion of the microresonator can be en-
gineered to generate coherent dispersive waves that broaden the soliton spectrum within
the microresonator[41]. Stokes soliton can be also generated at Raman-shifted wavelenths
through Raman amplification and Kerr-nonlinearity-induced trapping in the presence of a
primary soliton at the pump wavelength[64]. In this section, Stokes soliton will be dis-
cussed as a method to expand the spectral coverage for methane detection.

Methane (CHy) is the primary component of natural gas, which is a promising clean
energy source due to the lower CO, emission during the burning process [65]. However,
the leakage from the natural gas production sites and transport pipes is an important envi-
ronmental issue, because methane itself is a green-house-has (GHG) having higher energy
trapping efficiency than CO, [66, 67]. For this reason, it is highly important to develop
a methane detector which is fast, sensitive, and widely field-deployable. Furthermore,

methane detection is of great interest to fundamental science. For example, analyzing the
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Figure 3.10: Primary-Stokes mode pair analysis using COMSOL From the FSR
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biological contribution to the methane formation can help find the evidence of life on plan-
ets like Mars [68, 69, 70, 71].

There are commercially available methane detectors, e.g., electrochemical sensors [72,
73] and semiconductor gas sensors [74], which measure physical changes induced by chem-
ical reaction when in contact with certain gases. These gas sensors are typically small and
low-cost. Some of them can provide ppm level sensitivity [72]. However, they require
direct contact with gases, making it difficult for remote sensing. More importantly, these
sensors are sensitive to more than one chemical species [72] and this makes it challeng-
ing to identify the leakage of a certain chemical species. On the other hand, traditional
analytical instruments such as chromatography and mass spectrometry [75, 76] can also
be used, but these instruments are relatively bulky and expensive. Optical detection meth-
ods, such as scanning laser spectroscopy, are also possible and enables remote sensing and
identification of chemical species.

Here, methane detection by using Stokes soliton at the wavelength around 1.66 pm
will be discussed. The generation of Stokes solitons from primary soliton at the pump

wavelength requires certain conditions. The primary soliton creates a spatial variation of
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Figure 3.11: Stokes soliton for Methane R-branch detection. Primary soliton near
1550 nm and Stokes soliton near 1635 nm generated from 22 GHz microresonator. The
red spectrum is the simulated absorption spectrum of Methane at 1 atm.
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refractive index via the Kerr nonlinearity, which serves as an effective potential well to
trap the Stokes soliton. Also, the primary soliton creates spatial Raman gain profile. The
effective potential well and Raman gain propagate together with the primary soliton at
the same group velocity. Actually, the group velocities, i.e. the repetition frequencies, of
the primary and Stokes solitons are locked due to Kerr-mediated cross-phase modulation.
Therefore, to generate the Stokes soliton, there must exist two optical modes having close
free-spectral-range (FSR) values: primary mode at pump wavelength and Stokes mode at
the Raman-shifted wavelength having a good mode overlap with the primary mode and
high enough Raman gain.

To design the microresonator structure for Methane detection, optical mode spectrum
analysis is performed using COMSOL. Silica wedge angle is used as a single variable that
changes the resonator dispersion. At different wedge angles within the fabricable range
from 10 degree to 50 degree, the primary mode at 1550 nm is determined first. Then, the
Stokes modes with the same FSR are found at the wavelength range of Methane absorption
spectrum. Figure 3.10 shows the example of this primary-Stokes mode pair analysis in 22
GHz and 9 GHz device cases.

Figure 3.11 is the optical spectrum of 22 GHz Stokes soliton generated for Methane
R-branch detection. Absorption spectra of Methane at 1 atm is simulated using HITRAN
Application Programming Interface (HAPI) and overlaid as red spectrum in the figure 3.11.
Because the 22 GHz spectral spacing relatively large compared to the linewidth of Methane
absorption peaks ( < 15 GHz near 1550 nm at 1 atm ), it’s better to measure the charac-
teristic envelop of Methane absorption spectrum in addition to resolving each absorption
peak. The methane Q-branch, where many absorption peaks are densely located within a
narrow wavelength range, is targeted to measure for this reason. 22 GHz device is further
optimized to generate Stokes soliton at the Methane Q-branch wavelength. Experimentally,
this optimization was made possible by increasing the HF etching time, which results in a
larger wedge angle.

Figure 3.12(a) shows the 22 GHz Stokes soilton spectrum, which is centered at Methane
Q-branch wavelength near 1665 nm. To improve the spectral resolution, the same opti-

mization process is performed for 15 GHz and 9 GHz devices and successful generation
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of Stokes solitons near 1665 nm was possible. Figure 3.12(b-c) are the measured optical
spectra showing 15 GHz and 9 GHz Stokes solitons. In figure 3.12(c), the center frequency
of Stokes soliton is not well aligned to the Q-branch and efforts are being made for further
optimization.

After developing devices that can generate 9 GHz Stokes soliton at Methane Q-branch
wavelength, dual-comb spectroscopy measurement will be performed. To improve the
signal-to-noise of the dual Stokes soliton source, counter-propagating Stokes solitons are

also demonstrated, as shown in figure 3.13.

dBm

1550 1600
Wavelength (nm)

Figure 3.13: Counter-Propagating Stokes soliton for Methane Q-branch detection.
Primary soliton near 1550 nm and Stokes soliton near 1665 nm generated from 22 GHz
microresonator. Both clockwise (CW ; black) and counter-clockwise (CCW ; red) Stokes
solitons are generated to improve the signal-to-noise of dual Stokes soliton source.
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Chapter 4

Microresonator Soliton LIDAR

Distant detection is important in wide range of areas including autonomous vehicles, robotics,
large scale manufacturing, formation-flying satellite, and basic science like gravitational
wave detection. With the advent of optical frequency comb technology, coherent laser
ranging systems using frequency combs enabled unprecedented absolute distance measure-
ments with larger ambiguity range and faster update rate, which were not possible in con-
ventional ranging technology. However, optical frequency combs are typically bulky and
expensive systems which hinder the widespread use of many comb-based technologies.
As compact, inexpensive, and potentially integrable comb sources, miniature frequency
combs (or microcombs) have been developed and soliton mode-locking become possible
for better utilization of microcombs. In this work, distance detection is demonstrated using
a dual-soliton microcomb source generated from single pump laser and single microres-
onator. From the time-of-flight measurement, 200 nm precision at 500 ms averaging time

is achieved.

4.1 Introduction

Typical interferometric distance measurement with a single wavelength provide sub-nanometer
precision, but the ambiguity range is limited to half of the optical wavelength[77]. On the
other hand, pulsed or frequency-modulated laser distance measurement systems offer am-
biguity ranges larger than meter, but with limited precision [78, 79].

Since the invention of optical frequency comb, various comb-based distance measure-
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ments have been demonstrated, including multi-heterodyne interferometry[80], comb-calibrated
multi-wavelength interferometry[81], comb-calibrated frequency modulated continuous wave
(FMCW) laser interferometry[82], and time-of-flight measurement[83]. Because frequency
comb is a highly coherent multi-wavelength laser source, these comb-based laser radar
(LIDAR) systems provide more precise and longer-range distance measurement. Ultimate
precision of these comb-based LIDAR systems is derived from the fractional frequency
instability of rf timebase and optical frequency which are used to stabilize the frequency
comb. Combined with an optical clock having the state-of-art fractional frequency insta-
bility of < 1077, an absolute distance measurement with nm-precision is possible at long
range ~ 10° km, which is the order of the distance from Earth to Moon.

The challenge for the widespread use of comb-based LIDAR system lies in the coherent
dual-comb source, which is typically bulky and expensive. There have been continued ef-
forts to develop a smaller, cheaper, and environmentally robust dual-comb source. Besides
conventional comb technologies such as fiber-based mode-locked lasers, miniature optical
frequency comb or microcomb([27, 28] using naturally-compact microresonators have been
demonstrated in several material systems[27, 29, 30, 31, 32, 33]. Some are monolithic on
silicon chip and integrable with other silicon photonic components[34, 35, 36], which al-
lows significant cost reduction by a mass production. A major advancement in microcombs
has been the realization of soliton mode-locking[39, 40, 41, 42, 43], which naturally pro-
vides phase-locked femtosecond pulses with repetition rates ranging from several GHz to
THz. Microresonator-based soliton microcombs are used to demonstrate the existing fre-
quency comb applications, such as an optical frequency synthesizer[84], and dual-soliton
sources are also demonstrated[85, 86, 87] and applied to dual-comb spectroscopy|[85, 86].
In this work, we demonstrate time-of-flight distance measurement using chip-based dual-
soliton source. To make the system simpler and improve mutual coherence between the

two combs, a single pump laser and single resonator are used.
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4.2 Distance Measurement using Microresonator Dual-Soliton

Source

Figure 4.1 shows the experimental setup, which can be largely divided into two parts: dual-
soliton source generation setup (left green panel) and LIDAR setup (right blue panel). Sin-
gle fiber laser at 1550 nm is amplified by erbium-doped fiber amplifier (EDFA) and splitted
by 50/50 coupler to pump the resonator in two directions. In each path, an acousto-optic
modulator (AOM) is used to modulate the pump power and to tune the pump frequency.
The pump laser is coupled into the microresonator by evanescent coupling via fiber taper,
and the polarization of the pump laser is adjusted by polarization controller (PC) to max-
imize pump-resonator coupling. The microresonator used in this work is shown in figure
la. It’s a silica wedge disk fabricated on a silicon wafer[1], having the unloaded quality
factor of approximately 300 ~ 500 million and 7 mm diameter corresponding to 9.36 GHz
free spectral range (FSR).

Inside the microresonator, the two pump lasers are circulating in clockwise (CW) and
counter-clockwise (CCW) directions, guided by the common whispering-gallery mode near
silica wedge. With the high circulating power, the combs are initiated by way of parametric
oscillation [37, 38] and are broadened by cascaded four-wave mixing[27, 28]. Solitons are
triggered in both CW and CCW directions and stabilized using a feedback loop[48]. Figure
4.2(a) shows the typical oscilloscope traces to monitor during the dual-soliton generation
(not shown in figure 4.1 for simplicity). The generated CW / CCW soliton streams in
a fiber are separated by using circulators. In each soliton stream, the transmitted pump
power is attenuated by fiber bragg grating (FBG) filter. Figure 4.2(b) shows the optical
spectra of both solitons within 60 nm span. The characteristic hyperbolic-secant-square
function (green dotted curve) is fitted to the spectral envelop, showing the soliton pulse
width of 200 fs.

To check the characteristics of the dual-soliton source, the two soliton streams are com-
bined and photodetected (red dotted path in figure 4.1). Figure 4.2c shows the rf power
spectral density within 26 GHz bandwidth of electrical spectrum analyzer (ESA). The mea-

sured repetition frequency (f.p) is 9.36 GHz and the multiple heterodyne signal near f,,
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Figure 4.1: Experimental setup. The experimental setup consists of dual-soliton gener-
ation setup and LIDAR setup. Continuous-wave (CW) fiber laser is amplified by erbium-
doped fiber amplifier (EDFA) and splitted by 50/50 coupler to pump the resonator in two
directions, clockwise(CW) and counter-clockwise(CCW). In each path, acousto-optic
modulator (AOM) is used to modulate the pump power and to tune the pump frequency.
Pump laser is coupled into the resonator via fiber taper and polarization of the pump laser
is tuned by polarization controller (PC). Solitons are triggered in both CW and CCW di-
rection, and stabilized by a servo feedback loop using the soliton power detected at a pho-
todetector (PD) as an error signal. The generated CW/CCW soliton streams in a fiber are
separated by using circulators. In each soliton stream, fiber bragg grating (FBG) filter is
used to attenuate the transmitted pump power. Optical spectrum analyzer (OSA) and elec-
trical spectrum analyzer (ESA) are used to analyze the dual-soliton source. For distance
detection, CW soliton stream is splitted in two paths: reference path (green dotted line)
and target path (yellow dotted line). The target path includes a circulator to redirect re-
flected signal, fiber patch cord, fiber collimator, and mirror. CW Soliton streams of both
paths are combined with CCW soliton stream (blue dotted line) and photodetected.
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is shown in figure 4.2d. The linewidth of each electrical combline is approximately 20
Hz, which is limited by AOM driver noise. The repetition frequency difference (A f.,)
between CW and CCW solitons are adjusted by tuning the frequency difference of two
pump lasers (A fpump) using AOM. Typically, A f,., increases as A f,,,,,, increases within
the dual-soliton coexistance pump frequency detuning range of several MHz and maximum
A frep ~ 20 kHz is achieved when A f,,,,,, ~ 3 MHz. The current A f,,,,,, of dual-soliton
coexistance is limited by the 3dB frequency shift range of AOM. The time-domain voltage
signal, or interferogram, from the photodetector is also recorded by an oscilloscope (Fig-
ure 1(f)). It’s worth noting that the linewidths of electrical comblines near the pump laser
beatnote at A f,, is approximately 20 Hz, which is limited by AOM driver noise. The
linewidths of the electrical comblines become continuously narrower as the frequency of
comblines decrease from A f,,,,, to 0 Hz, which indicates the phase locking of the CW

and CCW solitons through the spectrally overlapping optical comb teeth[88].
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Figure 4.2: Characteristics of microresonator dual-soliton source. (a) Typical sig-

nal traces observed in oscilloscope (not shown in figure 1a) for dual-soliton generation.
The transmitted optical intensity(black) is reduced and brought up rapidly while suddenly
stopping the laser frequency scan. MachZehnder Interferometer signal is shown in green
as an indicator of the relative laser frequency. The comb powers of CW (red) and CCW
(blue) soliton are monitored at the same time. (b) Typical optical spectra of CW (red) and
CCW (blue) soliton. Hyperbolic-secant-square fit (green dotted curve) using the soliton
pulse width of 200 fs as a fitting paramter is overlaid onto the spectra. (c) Typical elec-
trical spectrum of the microresonator dual-soliton source with 9.36 GHz repetition fre-
quency. (d) Zoomed-in plot of the electrical spectrum near the repetition frequency. Rep-
etition frequency difference is typically O ~ 20 kHz. (e) Typical interferogram of dual-
soliton source.
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4.2.1 Time-Of-Flight Distance Measurement

The two soliton streams are plugged into the LIDAR setup shown in figure 4.1 (right blue
panel). CW soliton stream is used to acquire the distance information. It is split into
reference path and target path via 50/50 coupler and the CW soliton stream in the target path
passes through optical components such as a circulator, fiber patch cords, and a gradient-
index (GRIN) collimator, and reflected back at a target mirror. The reflected target CW
soliton stream is separated by the circulator and combined with the reference CW soliton
stream. The measured distance is the distance difference between the reference path and
target path. One-way fiber pathlength difference is approximately 18 m and the air gap
between the fiber collimator and target mirror is approximately 0.02 m. Finally, the CW
soliton stream having distance information is combined with a CCW soliton stream to
generate interferogram. The polarization of CCW soliton stream is adjusted to maximize
the target reflection peaks in the interferogram.

Figure 4.3(a) shows the measured interferogram with ranging information which is
measured by the oscilloscope. Voltage signal from the photodetector is recorded for 2
seconds with 250 ns sampling time and only 5 ms span is shown. Figure 4.3(b) is the
zoomed-in interferogram showing reference peaks and target peaks within two time peri-
ods. Time period is 176 ys, which corresponds to A f,..,, ~ 5.685 kHz. The intensity peaks
of the electrical pulse stream are detected by Hilbert transforming the interferogram and
the time interval between a reference peak and a target peak is calculated at each period.
After removing the time period uncertainty induced by the drift of Af,.,, the time inter-
val is converted to the distance scale and plotted with a time increment of 176 us period.
Figure 4.3(c) left panel shows the measured distance over 2 seconds. The zero distance
plane and red circle trace represent the reference peak and the target peak, respectively.
The average distance is 4.637429 mm with 16 mm range ambiguity, which is derived from
9.36 GHz soliton pulse repetition frequency. One time period of the Hilbert transformed
interferogram near 1 s (the dotted line in left panel) is also shown in the right panel. In the
inset of the right panel, the target intensity peak is zoomed-in, which shows the full-width

half-maximum pulse width ~ 1.45 us.
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Figure 4.3: Distance measurement. (a) The interferogram having range information.
Voltage out of the photodetector is measured for 2 seconds using the oscilloscope and
only 5 ms time span is shown. (b) Zoom-in of the interferogram showing two time peri-
ods. The reference peaks and target peaks are shown and the time period is approximately
176 ps (c) The measured distance between the reference peak and target peak is shown
with 16 mm range ambiguity (left panel). Intensity peaks are found from the Hilbert

transformed interferogram and the distance calculated from the time interval is plotted
at every time period. The corresponding electrical intensity trace (blue) and peaks (red
circle) near 1 s is also shown (right panel). Inset : Zoom-in of the target intensity peak

showing the electrical pulse width of 1.45 us.
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4.2.2 Precision of Distance Measurement and Resolving Ambiguity

Range

Figure 4.4 shows the precision of the time-of-flight distance measurement. Allan deviations
of the time-series distance are calculated at the averaging time ranging from 352 ps to 667
ms. The measured precision is o = 10 um (Typgare/T)*?, where T,pgare ~ 176 us is the
update time and 7' is the averaging time. This scatter results from ~ 35 fs residual timing
jitter between the two solitons, which is originated from AOM driver noise. Near 500 ms
averaging time, 200 nm precision is achieved and this level of precision is close to ~ 107
uncertainty from the environmental fluctuation [77].

The distance measurement shown in figure 4.3(c) has the range ambiguity of 16 mm.
To resolve the ambiguity, similar distance measurement is performed after swapping the
role of two soliton streams and Vernier effect[80] is used. Figure 4.5 shows the two
distance measurements, where Ry (red circle) and R, (blue cross) are the measured
distances when CW soliton and CCW soliton are used respectively for ranging. The
average distance difference (AR = Mean(R¢yw ) - Mean(Rccow)) between the two mea-
surements is 16.02 um. Considering Vernier effect, the ambiguity-resolved distance is
R = AR(fSW /Afrep) + Rew ~ 26.3729 m + 0.466 m with a new ambiguity range
of ~ 26 km. The measured distance is in good agreement with the one-way optical path
length difference of 26.815 m, which is measured by optical time-domain reflectometer
(Luna OBR 4400).

In current work, the update time of ~ 176 us and the new ambiguity range of ~ 26
km are determined by A f,., = 5.685 kHz, which can be tuned by A f,,,,,,, change. For the
applications requiring faster update rate, increasing A f,., to 1 MHz can improve the update
time to 1 us with the reduced ambiguity range of 150 m. The precision can be improved
by reducing the residual noise of dual-soliton source which is currently limited by the
technical noise from AOM. Complementary interferometric measurement in addition to
the time-of-flight can also improve the precision[80].

Microresonator-based dual-soliton source generated from single pump laser and single

resonator can miniaturize and simplify the conventional dual-soliton system with the im-
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Figure 4.4: Precision of distance measurement versus averaging time. Allan devia-
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Figure 4.5: Resolving range ambiguity. Two distance measurements are performed by
swapping the function of two solitons. Rqyy (red circle) is when CW soliton with the
repetition rate of fézv is used for ranging and Rocow (blue cross) is when CCW soli-
ton with the repetition rate of rcegw is used for ranging. The distance difference (AR =
Mean(Rcw) - Mean(Rocow)) between the two measurements is 16.02 ym. Considering
Vernier effect, this indicates the ambiguity resolved distance (R’) is 26.3729 m + 0.466

m. Af,., is the repetition rate difference between CW soliton and CCW soliton.
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proved mutual coherence. Using waveguide-integrated structure[89], the chip-based dual-
soliton source can be integrated with other on-chip optical components, such as optical
phased array, for LIDAR system. Our work shows the potential of chip-based dual-soliton
sources toward compact coherent-LIDAR systems, which features high precision, fast up-

date rate, and large-range ambiguity.
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Chapter 5

On-Chip Spiral Reference Cavity :
Frequency Stabilization and Low-Noise
Microwave Generation

Frequency references are indispensable to many applications requiring the precision mea-
surement of time and frequency, including navigation, communication, remote sensing, and
basic science. Over the past decades, laser-based optical technologies have been applied to
the time-keeping systems that can potentially revolutionize all of these areas. Currently, the
most precise clocks are based on a frequency-stabilized laser with short-term stability that
is derived from an optical reference cavity and long-term stability derived from an atomic
transition. In addition, the lowest noise microwave signals are now generated from a cavity-
stabilized laser by dividing the stable optical frequency down to microwave rates using an
optical frequency comb. Despite the improvement in the precision, these optical systems
remain bulk and complex laboratory systems. Thus, there are significant interests and a lot
of efforts are being made in the prospect of miniaturization of these systems, even towards
integrated systems on a chip. While progress in microcombs, as discussed in chapters 2-
4, provides the possibility of a chip-scale frequency divider and synthesizer, a miniature
stable frequency reference is still a missing component for the compact optical systems
in the precise timing applications. In this chapter, a chip-based optical reference cavity
having a spiral design is described and its properties are studied. This new kind of optical
reference cavity enhances the fundamental frequency stability by spatially averaging the

thermorefractive noise of the resonator. The ultimate performance of the devices is also
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studied theoretically. The spiral reference cavity is also applied to generate the low-noise

microwave signal via an optical frequency division method.

5.1 Introduction

Stable optical frequency reference has been studied for decades [90, 91] and has revo-
lutionized many application areas such as communication, time keeping, low noise mi-
crowave generation, and basic science[26, 92, 93]. Such optical frequency references ben-
efit from high optical Q factor or equivalently long optical storage time. Fabry-Perot cavi-
ties [94, 95, 96], absorption spectral-hole burning in cryogenically cooled crystals [97, 98],
and long-delay-line interferometers [99, 100] are examples of such stable optical reference
systems. Allan deviation (i.e. fractional frequency instability, which is a standard measure
of frequency stability) of 1x10716 at 1 s averaging [95] has been attained from the state-
of-the-art Fabry-Perot optical cavities. In these systems, a narrow resonator line for laser
locking is created by high-finesse-mirrors and the resonance frequency is immune to ther-
mal fluctuations by using low-thermal-expansion housings and low-thermal-noise mirror
coating [95, 94, 96, 101, 102]. However, these optical frequency reference systems remain
as laboratory systems, because they are rather bulky and sometimes use cryogenic systems.

While pursuing the ultimate stabiltiy, there has been a continuing need for portable
optical frequency references. Bench-top or rack-mount optical frequency systems with Hz-
level linewidth is developed by miniaturizing Fabry-Perot optical cavity[103, 104]. Besides
miniaturization of conventional Fabry-Perot optical cavity, attention has naturally turned
towards miniature devices such as ultra-high optical-Q, solid-state resonator systems based
on silica [105, 106, 107] and crystalline fluoride materials [108, 109, 110]. Besides the
compact size of these devices, their reduced mass can offer improved performance with
respect to shock and acceleration. Some systems are chip-based and there is the possibility
of integration with other components. These compact solid-state microresonators are also
demonstrated as optical reference cavities [111, 112, 113].

In solid-state microresonators, instability of resonance frequency arises from thermal

fluctuations such as thermorefractive, thermomechanical, and photothermal noise [114,
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115]. The former two are fundamental noise related to the material and structure of the mi-
croresonators, while the latter is determined by the laser power fluctuation which is trans-
ferred into thermal changes of the cavity refractive index and size. Typically, thermore-
fractive noise is the major source of the frequency fluctuation. For this reason, materials
with low thermal coefficient (dependence of refractive index on temperature), dn/dT are
advantageous to reduce the thermorefractive noise and the frequency noise of the system.
Along these lines, locking of a laser to a MgF, resonator, which has low thermal coefficient
in comparison to silica [115], has attained stabilization to 6x1071* at 0.1 s averaging time
[116]. While selecting materials and designing resonator geometry to reduce the depen-
dence of resonance frequency on temperature, stabilizing temperature of microresonator
has also been demonstrated by the dual-mode feedback control based on the measured
modal temperatures of two, orthogonally-polarized modes [117, 118, 119].

In this chapter, we study a chip-based, high-Q resonator having a spiral design to re-
duce the thermal fluctuation induced instability of the resonance frequency. Besides being
the first chip-based reference cavities, the spiral design makes the spiral reference cavity
immune to thermorefractive noise, as well as thermomechanical and photothermal noise.
This chip-based spiral reference cavity is applied to stabilize laser (i.e. optical) frequency

and used to generate stable microwave signal via optical frequency division.

5.2 Optical Characteristics of Spiral Reference Cavity

When the laser is locked to a cavity linecenter, the rms frequency difference of the locked
laser relative to a cavity line center depends upon the optical Q and signal-to-noise ratio
(SNR) (the SNR depends upon integration time or servo-control bandwidth). This relation-

ship can be written in the following expression [120].

AVrms —~ 1

vw  Q-SNR G-1)

If the resonator has a high enough Q factor and the feedback loop provides a large

enough SNR, “tight lock™ can be achieved and the rms frequency difference of the locked
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Figure 5.1: Photograph of spiral waveguide resonators. Left: 1.2-meter spiral res-
onator. Upper right: 4.5 cm spiral resonator used for studies of Q scaling. Lower right:
quarter shown to provide scale.

laser relative to a cavity linecenter becomes negligible compared to the fluctuation of the
cavity line center. In this case, the stability of the laser locked to the cavity becomes
determined by fluctuations in the cavity line center [121], which is mainly originated from
the thermorefractive noise [ 114, 115]. This source of noise can be reduced by increasing the
optical mode volume. For this reason, long fiber delays are used in optical fiber reference
cavity systems[100]. Intuitively, if there are randomly dispersed fluctuators (density p) in
an optical mode of volume V, the combined frequency fluctuation of the mode will scale
like \/pV assuming the fluctuators are uncorrelated. At the same time, the coupling of
each fluctuator to the optical mode will vary like % Therefore, the overall rms frequency
fluctuation will scale like \/LV or equivalently W in optical fibers. This scaling law can
be applied to all thermal-related fluctuations in resonators [114, 115].

To apply this scaling law (increased mode volume reduces frequency fluctuation) on a
silicon chip, a spiral design is adopted to the resonator geometry as shown in figure 5.1.
Previously, this spiral design have been used to create narrow free-spectral-range resonators
on a chip [122]. In our work, a special ultra-low-loss waveguide which feature the optical
waveguide loss as low as 0.037 dB/m [107, 123] is used to achieve both high Q and large
mode volume. The spiral resonators are shown in figure 5.1 and contain two interleaved
spiral waveguides with S-turn adiabatic couplers at the spiral center. Details on the process

used to create the waveguides are described in chapter 1. To measure the dependence of
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Q factor on resonator path length, Q-factors are measured from the spiral resonators with
different path lengths (4.5, 8.7, 14, 21, 40, 62, 120 cm). Two spiral resonators, longest path
length and shortest path length, are shown in figure 5.1. Optical coupling to the resonators
was possible using a fiber taper [124, 125] at the upper-right corner of the chip. The lower
right inset of figure 5.2 shows a typical oscilloscope trace for the measurement Q-factor
of the longest spiral resonator having a round-trip physical path length of 120 cm. The
measured FSR of the device agrees with the FSR expected from the round trip length. It
is worth noting that the observable mode spectral density is greatly reduced by the S-turn
adiabatic couplers at the center of each spiral, which tend to strip high-order modes and
increase optical loss for higher-order spatial modes [126]. The main panel of figure 5.2
shows the pathlength dependence on the Q-factor along with a theoretical estimate of the
Q factor based upon an adiabatic coupler loss of 0.02 dB per coupler and a waveguide loss
of 0.15 dB/m. The waveguide loss used for the fitting is higher than reported in earlier
work on account of using a contact aligner as opposed to a projection (stepper) lithography
system for the micro-fabrication of the devices [107, 123]. Nonetheless, resonators that are
over 1 meter in length with Q factors in excess of 100 million (a maximum Q factor of 140
million) are demonstrated on a footprint smaller than 5.4 cm?.

In addition to the immunity to the thermorefractive noise, these devices also provide
immunity to photo-thermal noise. As a result, it is possible to obtain high SNR by in-
creasing coupled optical power without degradation in resonator stability (see eqn. (5.1)).
Thermo-mechanical noise, which scales inverse-quadratically with resonator length [127],

is also greatly suppressed.
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Figure 5.2: Measured Q factor versus resonator length in meters. The maximum Q
factor obtained was 140 million at a length of 1.2 meters. The blue curve is a theoretical
prediction for the Q versus length that assumes a waveguide loss of 0.15 dB/m. Upper
left: a typical optical spectrum in blue. The sinusoidal curve is an interferometer scan that
is used to calibrate the linewidth. Lower right: Spectral scan in excess of one free spectral
range for the TE polarization. The black curve is the interferometer calibration trace.
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5.3 Frequency Stabilization using Spiral Reference Cavity

The experimental setup to measure the frequency stability of the spiral resonators is shown
in figure 5.3. Two fiber lasers (Orbits Lightwave, 193.43 THz) are locked to two spiral
resonators with independent Pound-Drever-Hall systems [120]. The locked fiber lasers
are heterodyned to generate a beat signal near 350 MHz. The instability of this beat note
represents the combined instability of the two stabilized lasers and it is analyzed using an
electrical spectrum analyzer, a phase noise analyzer (Rohde & Schwarz FSUP26), and a
frequency counter (Tektronix FCA3120 and Pendulum CNT 91). Acoustic shielding is
placed around the entire measurement setup to attenuate environmental sound noise, and
most of the noisy equipment (pumps and instrumentation in adjoining rooms) are turned-
off during measurements. Measurements were performed for several cases: free-running
fiber lasers , lasers locked to the 1.2 m spiral reference cavities, and lasers locked to the
disk resonators of varying diameters (3 mm, 7.5 mm, 15 mm) [107] for comparison with
the spiral resonators.

Figure 5.4(a) shows the phase noise spectral density for the heterodyned signals in
three cases : the free-running lasers, 3 mm disk resonators, and the 1.2 m spiral cases. In
each case, data is shown both with and without the locking systems engaged The spectra
are measured at the offset frequencies ranging from 1 Hz to 10 MHz. To show the trend
clearly, the measured values are smoothed by limiting fluctuations to 1% of the original
values. When the fiber lasers are locked to the 1.2-meter spirals, phase noise is reduced by
26 dB on average. In comparison, only 10 dB suppression was measured at 1 kHz offset
frequency in the case of the 3mm diameter disks. Below 1 kHz offset frequency, the 1.2 m
spiral case shows even better suppression than the 3 mm disk resonator case. This might
be due to the better immunity of the spiral resonators to photo-thermal noise. In the inset
of figure 5.4(a), the phase noise noise suppression relative to the free-running fiber laser
case is plotted for each resonator case at 1 kHz and 100 Hz offset frequencies. The data
indicate that the spiral resonator provides improved suppression of phase noise at lower
offset frequency.

Figure 5.4(b) shows the measured electrical spectra of the two fiber laser beatnote in
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Figure 5.3: Experimental setup. Two, fiber lasers independently locked to high-Q spiral
reference cavities using a Pound-Drever-Hall locking systems. The outputs of the sepa-
rately locked lasers were combined on a photodetector and the resulting photocurrent was
analyzed using an electrical spectrum analyzer, a frequency counter, and a phase-noise
analyzer. All components are on the same optical table.
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Figure 5.4: Phase noise spectra and linewidth measurement. a, Phase noise spectra
measured for two, free-running 193 THz fiber lasers (black), fiber lasers independently
locked to two, 3-mm disk resonators (blue), and fiber lasers independently locked to two,
1.2-meter long spiral resonators (red and dark red spectra were measured on separate
dates). The data for the spiral resonator show an average suppression by 26 dB of the
fiber laser noise when locked to the spiral resonators. Moreover, at least 16 dB of noise
suppression is observed for the 1.2-meter spirals relative to the 3 mm device. The inset
is a plot of the noise suppression at 100 Hz and 1 kHz offset frequencies plotted versus
resonator length for each of the resonators tested. b, The electrical spectrum of the fiber
lasers’ beat note for both free running and locked configurations. Spectral narrowing and
noise suppression are apparent in the locked spectrum.
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the two cases: when the two fiber lasers are free-running and when the lasers are indepen-
dently locked to the 1.2 m long resonators. The comparison clearly shows the frequency
noise suppression and linewidth narrowing with the 1.2 m spiral resonator. The resolution
bandwidth (RBW) was set to 50 Hz, resulting 80 ms sweeptime over 200 kHz span. As an

additional comparison, the effective linewidth (A f1), which is defined as

/OO 2L(f)df =1 (5.2)

Afr

[128], is calculated for each case from the phase noise spectra of the two laser beatnotes.
The calculated linewidths are 900 Hz (free running lasers), 400 Hz (locked to 3 mm disks),
and 100 Hz (locked to 1.2 m spiral resonators). Because the phase noise spectra are mea-
sured from the beatnote of two lasers, the individual laser linewidths will be narrower than
these values.

In order to further confirm the frequency stabilization by the spiral resonators, Zero
dead-time Allan deviation measurements [129] are performed using a Tektronix FCA3120
frequency counter and a Pendulum CNT-91 frequency counter. As shown in figure 5.5,
Allan deviations of the spiral-locking case are improved over the range of gate times from
5 ps to 3 s, compared to the free-running (unlocked) case. At 400 us gate time, a mini-
mum relative Allan deviation of 5.5x10~!® was measured, and is 10 times lower than that
of the free-running case. Assuming the two lasers are independent and have identical fre-
quency fluctuation level, the fractional frequency instability of a single laser is 3.9x10713,
or equivalently 75 Hz.

This level of instability is consistent with the effective linewidth calculated from the
phase noise shown in Fig. 5.4(a). The relatively flat profile of the Allan deviation from 0.1-
100 ms is also consistent with the 1/f3 nature of the phase noise. The small bump in the
Allan deviation near 10 ms gate time corresponds to the increased phase noise at 10-100 Hz
offset frequency, which is believed to be the environmental noise around the measurement
setup. The stability improvement of locked signal at longer gate times is consistent with
the phase noise suppression at low offset frequency (<10 Hz).

Thermomechanical noises in both the disk and spiral resonators are also measured. The
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optomechanical coupling parameter is expected to scale inversely with cavity length so
that the phase noise exhibits an inverse quadratic dependence on length [127]. This depen-
dence is observed over a range of cavity lengths by using the Hansch Couillard technique
[130, 131]. Spectral features believed to be thermally-excited mechanical resonances are
observed at > 1 MHz offset frequencies, but the amplitude of the noise peaks steadily di-
minished to levels below the sensitivity limit of the system for 1.2 m spiral resonator case.

In the measured phase noise spectra, there is no evidence of mechanical noise.
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Figure 5.5: Allan deviation measurement result. Allan deviation of the beat frequency
between the two, free-running fiber lasers (black squares), and for the lasers indepen-
dently locked to two, 1.2-meter long spiral resonators (red circles) is shown. A minimum
Allan deviation of 100 Hz at an optical frequency of 193 THz, corresponding to a relative
Allan deviation of 5.5 x 10713, was measured at a gate time of 400 ys. 10 dB improve-
ment in the minimum Allan deviation compared to the free-running case is achieved. As-
suming the fiber lasers are independent and equivalent, an Allan deviation of 75 Hz is
expected for each laser.
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5.4 Theoretical Noise Limit of Spiral Reference Cavity

In this section, the theoretical thermorefractive noise of the spiral reference cavity is studied
and the fiber lasers are stabilized to the theoretical limit through further technical noise
reduction. The improved stability shows the relative Allan deviation of 2.85 x 1073 at 500
us averaging time and the linewidth of 55 Hz.

Figure 5.6(a) shows a silica spiral resonator used in this work. The free-spectral range(FSR)
is ~ 167 MHz and the optical quality factor is typically ~ 100 million. Laser light is cou-
pled into the resonator at the upper corner of the chip via evanescent coupling method
using fiber taper[2, 3] . To make the optical coupling stable and reduce the acoustic noise,
the taper-fiber-coupled spiral resonators are fixed on a metallic sample mount using UV-
curable epoxy and packaged into portable brass boxes with FC/APC connectors. (Figure
5.6(b))

Frequency stability of the spiral resonators is measured using the experimental setup
shown in Fig. 5.6(c). Two fiber lasers (Orbits Lightwave, 193.43 THz) are independently
locked to two high-Q silica spiral resonators with Pound-Drever-Hall systems [91]. Optical
power coupled to the spiral resonators is about 1 mW. The entire setup sits on the active
vibration cancellation system and acoustic shielding was placed around the entire setup to
attenuate environmental sound. No active temperature stabilization or vacuum isolation is
used here. The locked fiber lasers are heterodyned to produce a beat signal near 60 MHz
and this beat note directly reveals the combined frequency instability of the two stabilized
lasers. The beat note is analyzed using an electrical spectrum analyzer, a phase noise
analyzer (Rohde & Schwarz FSUP26), and a frequency counter (Tektronix FCA3120).
Measurements were performed for two cases: free-running fiber lasers and stabilized fiber
lasers locked to the 1.2 m spiral resonators. Figure 5.7(a) shows the electrical spectra of
the two cases with 200 kHz span and 50 Hz resolution bandwidth(RBW). The linewidth of
laser beatnote has narrowed significantly when the lasers are locked to the spiral resonators.

Figure 5.7(b) shows the phase noise spectra of the heterodyned signals both free-running
and stabilized lasers. The spectra were measured over the offset frequencies ranging from 1

Hz to 10 MHz. When locked to the spiral resonators, the phase noise is improved within the
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Figure 5.6: Packaged silica spiral resonator and experimental setup for laser fre-
quency stabilization. (a) Silica spiral resonator on silicon chip with an optical roundtrip
length 1.2 meter and footprint less than 1 inch x 1 inch. Using UV-curable epoxy, the
silicon chip and fiber taper are fixed on a metallic sample mount, maintaining the optical
coupling. (b) Packaged spiral resonator with fiber-pigtailed FC/APC connectors. (c¢) Mea-
surement setup : two fiber lasers independently locked to high-Q spiral resonators using
Pound-Drever-Hall(PDH) locking systems. The outputs of the stabilized lasers were com-
bined on a photodetector(PD) and the resulting photocurrent was analyzed using an elec-
trical spectrum analyzer(ESA), a phase-noise(L(f)) analyzer, and a frequency counter. All
components are on the same optical table with active vibration cancellation, and acoustic
shielding is placed around the measurement setup. PID : Proportional-Integral-Derivative
servo controller, EOM : Electro-Optic Modulator, LO : Local Oscillator.
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200 kHz bandwidth of the servo-control loop. Specifically below 1 kHz offset frequency,
an average suppression by 30 dB of the fiber laser noise is measured. From the phase noise
spectra, the effective linewidth(A f;), which is defined in eq. (5.2), is calculated for each
case. The beatnote of the two stabilized fiber lasers using 1.2 meter spiral resonators shows
the effective linewidth of ~ 80Hz, which is an order of magnitude improved value from ~
890 Hz of the free-running case.

To analyze the measured phase noise theoretically, the power spectral density of thermal
fluctuations in rotationally symmetric structures[132, 133], such as microspheres and mi-
crodisks, is revisited. Specifically, the one-sided thermorefractive frequency noise Ss¢( f)
in a thin microdisk with radius R and thickness L at temperature 7" and offset frequency f

has the form

y k T2U2/3
SyM(R, f) = gaiBGT

-1
L (2RI L (RS
9v/3D 6 \ 4v1/3D ’

where D = k/(pC'), k is the thermal conductivity coefficient, p is the material density of

(5.3)
X

the microdisk, and C' is the specific heat capacity. «, is the thermorefractive coefficient of
the material and f is the laser frequency. The azimuthal quantum number of the optical
mode v ~ 2w Rn/\ [133], where n is the refractive index of silica and A is the laser
wavelength. For simplicity, the wedge angle of the microdisk is assumed to be 90 degree
instead of 30 degree in the real structure.

In case of spiral resonators, there is no azimuthal symmetry and the radius, i.e. the
distance from the spiral center, varies as the spiral turns. In lack of azimuthal symmetry,
the heat conduction also has azimuthal components. The azimuthal heat transferring rate

Jp 1s approximately related to the radial heat transferring rate ./ by

10p
Jy = ——L Jp. 54
0= a07" (5.4)
Because the radius of the spiral is slowly varying, satisfying the condition that }%%—g < 1,

the azimuthal heat transferring is a minor effect compared with the radial heat transferring.
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Figure 5.7: Electrical spectra and phase noise spectra of the frequency-stabilized fiber
lasers. (a) The electrical spectrum of the fiber lasers’ beat note for free-running(black) 193
THz fiber lasers and stabilized lasers(red) locked to 1.2-meter spiral resonators. Spectral
narrowing and noise suppression are apparent in the stabilized spectrum. Resolution band-
width(RBW) is 50 Hz. (b) Phase noise spectra measured for free-running lasers (black) and
the stabilized lasers(red). The data show an average suppression by 30 dB of the fiber laser
noise when locked to the spiral resonators. The theoretical thermorefractive noise (green)
of the spiral resonator is also plotted and shows a good agreement with the measured phase
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This indicates that the spiral is azimuthally adiabatic. Thus Sg?imz( f), the spectral density

of thermorefractive frequency noise in the spiral, can be deduced from that of disk by

R(0)

do
R 7’

S = [ S RO). D 5.5

where R = [ R(0)d6/2m. The theoretical thermorefractive noise of 1.2 m spiral resonator
is calculated and 2L(f) = [1/ fQ]Sgﬁml( f) is plotted in green (Figure 5.7(b)). Here, the
factor of two is multiplied to the theoretical noise to compare with the experimental noise
which is measured from the beatnote of uncorrelated two signals. The theoretical thermore-
fractive noise shows good agreement with the measured phase noise. Here, we use L = 8
um, T =300K, D=r/(pC)=9.5x10"7. p=2.65g/cm?*, k=10 x 10° erg/(cm - s- K),
C=741x10%erg/(g- K), a,, = =6 x 107K 1, f; =193.43 THz and n = 1.444. In the
calculation, the smallest radius of the spiral is 800 pm and the gap between the successive
turnings is 290 um.

As an additional confirmation of the frequency stabilization by the spiral resonators, Al-
lan deviations [134] were measured using a Tektronix FCA3120 frequency counter (Figure
5.8). Over the range of gate times from 5 us to 3 s, Allan deviations of the spiral-locking
case were improved compared to the free-running case. At a gate time of 500 us, a mini-
mum relative Allan deviation of 4.0 x 1073 was measured, which is 10 times lower than
that of the free-running case. If the two lasers are assumed to be independent, then the
instability of a single laser is 2.85 x 107'3, or equivalently 55 Hz. Moreover, the stabil-
ity improvement of locked signal at longer gate times is consistent with the phase noise
suppression at low offset frequency (< 10 Hz) and shows the enhanced immunity of the
resonator to photo-thermal noise. Here, no linear drift correction was performed on the
data.

By the ideal frequency division of the 193 THz optical carrier to 10 MHz, the demon-
strated frequency instability level of 2.85 x 107! would provide a signal with close-to-
carrier phase noise of approximately —100/ f* dBc/Hz. This is a level that is already com-
petitive with the state-of-the-art oven-controlled crystal oscillators (OCXO), and the basic

architecture to accomplish this has been demonstrated with the combination of laboratory
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Figure 5.8: Allan deviations of the beat frequencies in two cases are shown: two free-
running fiber lasers (black squares) and two stabilized lasers independently locked to two,
1.2-meter long spiral resonators (red circles). A minimum Allan deviation of 78 Hz at an
optical frequency of 193.43 THz, corresponding to a relative Allan deviation of 4.0 x 10713,
was measured at a gate time of 500 ps. 10 dB improvement in the minimum Allan deviation
compared to the free-running case is achieved. Assuming the fiber lasers are independent
and equivalent, an Allan deviation of 55 Hz is expected for each laser.
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frequency combs and electronic division [135]. The current stability can be improved fur-
ther by making the spiral resonator with longer optical roundtrip length and thicker silica
layer, which will result larger optical mode volume. The density of device (roundtrip length
per unit area) can be also enhanced by adopting silica ridge structure. SiN-waveguide inte-
grated structure is also possible[89] and it allows the spiral resonator to be integrated with
other chip-based optical components. Particularly, this on-chip frequency reference can be
combined with microcomb technology([39, 40, 41] to provide broad-bandwidth synthesis of
low-phase-noise signals from RF to optical domain. In addition, the high optical coherence
from on-chip reference cavity can enhance the performance of many chip-based systems
in the field of communication[136], remote sensing [137], atomic physics [94, 138], and
spectroscopy[85]. Its scalable and integrable nature combined with the performance re-
ported here makes the spiral resonator an appealing on-chip reference cavity for portable

optical devices.

5.5 Low-Noise Microwave Generation via Optical Frequency
Division

Low-noise microwave generation using optical signals has been studied for decades in sys-
tems including optical delay-line oscillators, dual-mode lasers[139, 140, 141, 142, 143,
144] and optical parametric oscillators. Among many microwave photonics technologies,
optical frequency division (OFD) has revolutionized the generation of stable microwave
signals[92, 145], which potentially benefit time keeping[146, 147, 148], communications[149],
and radar[137, 150]. Using a self-referenced frequency comb as an optical divider, this ap-
proach is applied to transfer the fractional frequency instability of optical frequency refer-
ence down to microwave domain and generate the state-of-art low-noise microwave signal
with the fractional frequency instability of < 8 x 10716 at 1 s of averaging [92]. Al-
ternatively, two optical frequencies with good relative stability are used as a stable THz
frequency reference for low-noise microwave generation via OFD [145, 151, 152].

While the approach using two optical references (or 2-point lock OFD) provides the
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same theoretical limit with the approach using one optical reference (or 1-point lock OFD),
2-point lock OFD is suitable for portable systems because the common noise cancellation
gives immunity to external vibration/acoustic noise and it does not need the complex self-
referencing of frequency comb[145]. An electro-optical method is also demonstrated for
the 2-point lock OFD. In this method, optical frequency combs are generated through a
cascade of direct phase modulation and self-phase modulation of the two optical frequen-
cies by using a voltage controlled electrical oscillator[152]. This electro-optical frequency
division (EOFD) method is simple relative to other comb generation methods. It is also tun-
able and scalable to higher division ratios within the tunable range of the voltage controlled
oscillator and the phase modulator.

In this section, stable microwave is generated from two laser lines locked to the on-chip
spiral reference cavity via EOFD method.

Figure 5.9(a-b) illustrates the measurement setup. Two fiber lasers with two different
frequencies were combined by a bi-directional coupler and evanescently coupled to the
spiral resonator via tapered fiber. The spiral resonator has the round-trip length of 1.2
meter, equivalent to the free-spectral-range of 167 MHz. The typical quality factor of the
device is 50 ~ 100 million. The coupled optical power is approximately 3 mW for each
laser. The two fiber lasers are independently locked to the optical modes of the spiral
resonator using Pound-Drever-Hall system (Figure 5.9(a)).

Then, the two frequency-stabilized lasers are tapped and combined through 50/50 fiber-
coupler. The combined laser lights are introduced into the electro-optical frequency divider[153]
as shown in figure 5.9(b), which generates frequency combs around the two stabilized laser
frequencies with the spectral line spacing set by the voltage-controlled electrical oscil-
lator(VCO). Optical spectra of the two frequency-stabilized laser lines and cascaded side-
bands are recorded using Yokogawa AQ6370D optical spectrum analyzer (OSA). The over-
lapping comblines at the midpoint are optically filtered and photodetected. The detected
beatnote signal is phase-locked to the ~ 10 MHz offset frequency from an oven-controlled
crystal oscillator (OCXO) by a feedback control. The phase noise spectrum and electrical
spectrum of the phase-locked VCO signal are measured using Rohde Schwartz FSUP26.

Fractional frequency instability is also measured using the Tektronix FCA3120 frequency
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Figure 5.9: Experimental setup for optical frequency division using a spiral refer-
ence cavity. (a) Setup for generation of relatively stable two laser lines locked to the
spiral resonator. Two fiber lasers with two different frequencies (f,,1 and f,,2) were
combined and evanescently coupled to the spiral resonator via tapered fiber. The po-
larization controllers (PC) are used to change the polarization of lasers. The two fiber
lasers are independently phase-locked to the optical modes of the spiral resonator us-

ing Pound-Drever-Hall (PDH) feedback loop. Instead of the spiral resonator, two fiber
ring resonators (FRRs) with different quality(Q)-factors (50 million and 500 million) are
also used. Then, the two frequency-stabilized lasers are tapped and combined through a
50/50 fiber-coupler. (b) A schematic of the electro-optical frequency divider to generate a
microwave signal. The combined two stabilized laser lines are introduced to the electro-
optic modulator (EOM) and phase modulated to generate cascaded sidebands around each
laser line. The frequency spacing between the sidebands are determined by the frequency
of voltage controlled oscillator (VCO). The cascaded sidebands are spectrally broadened
to generate two overlapping combs after passing erbium-doped fiber amplifier (EDFA)
and highly nonlinear fiber (HNLF). The two overlapping comblines at the mid point are
optically filtered and photodetected to generate ~ 10 MHz beat frequency. The beat fre-
quency is phase-locked to the oven-controlled crystal oscillator (OCXO) via feedback
loop. The phase noise spectra, L(f), and RF power spectra of the two combline beat fre-
quency and the VCO frequency( fy co) are measured using phase noise analyzer / elec-
trical spectrum analyzer (ESA). Fractional frequency instability of the VCO frequency

is also measured using a frequency counter. The optical spectrum is measured using an
optical spectrum analyzer (OSA). PD : Photo Detector, LO : Local Oscillator, PID : Pro-
portional - Integral - Derivative controller.
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counter.

As a first step, the reference phase noise before frequency division is studied by mea-
suring the phase noise of 167 MHz beatnote from two stabilized fiber lasers near 1550
nm which are locked to two adjacent modes of same mode-family in the spiral resonator
(Figure 5.10). Within the 200 kHz current modulation bandwidth of the fiber lasers, the
phase noise (red curve) has improved significantly and 15 dBc/Hz is measured at 1 Hz
offset frequency, which is more than 60 dB lower than the phase noise measured from the
two free-running fiber lasers (black curve). The theoretical thermo-refractive noise of the

1.2-meter spiral resonator at 167 MHz carrier frequency,

167 MHz

2
m} X Lisasia(f). (5.6)

Ll 1) = |

is also plotted (cyan dashed line). Here, Ljg3571H,(f) is the theoretical one-sided phase
noise of the spiral resonator at 193.5 THz optical carrier frequency, which sets the fun-
damental noise limit of the spiral resonator and is already derived in section 5.4. The
measured phase noise is much higher than the theoretical thermo-refractive noise limit and
this discrepancy originates from low signal-to-noise of frequency discriminator signal in
the PDH feedback loop, which results in not enough servo gain to suppress the intrinsic
laser noise[154]. To confirm this, we repeated the same phase noise measurement using
2-meter-long fiber ring resonators (FRRs) with two different Q-factors, 50 million (green
curve) and 500 million (blue curve), having the same free-spectral range (FSR) of 100
MHz. While the FRR with Q ~ 50 million shows similar phase noise level with the spiral
resonator, the FRR with Q ~ 500 million shows ~ 20 dB lower phase noise. This confirms
that the measured phase noise of the spiral resonator is limited by the low signal-to-noise
in the PDH feedback loop and can be further improved by increasing the Q-factor of the
spiral resonator.

As a next step, two fiber lasers at 1549.9 nm and 1564.6 nm are phase-locked to the
spiral resonator and two relatively stable optical frequencies having 1.817 THz difference
frequency are generated. As shown in figure 5.11(a), frequency combs (cascaded sidebands

of the two stable optical lines) are created through electro-optic modulation and spectrally
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Figure 5.10: Phase noise spectra of the heterodyned two fiber lasers near 1550 nm.
One-sided phase noise spectra of the beatnotes from two free-running fiber lasers (black
curve) and two fiber lasers phase-locked to the 1.2 m spiral resonator (red curve). The
beat frequency is 167 MHz, which is the free spectral range (FSR) of the spiral resonator,
and the frequencies of two fiber lasers are around 1550 nm. The phase noise is reduced
within the 200 kHz current modulation bandwidth of fiber lasers and the reduction factors
are 60 dB below 100 Hz and 40 dB at 1 kHz offset frequency. The improved phase noise
is 100 dB higher than the theoretical thermorefractive noise (cyan dashed line) at 167
MHz carrier frequency and limited by the low signal-to-noise in the Pound-Drever-Hall
(PDH) feedback loop. The phase noise spectra measured from two fiber ring resonators
with different quality factors, 50 million (green curve) and 500 million (blue curve), show
that the phase noise can be further reduced by improving the quality factor of the spiral
resonator.
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Figure 5.11: Stable microwave generation via optical frequency division. (a) Optical
spectra of two pump lasers (black), narrow combs around pump lasers after the cascaded
phase modulation (blue) and overlapped combs after spectral broadening (red). The two
pump laser lines are 1.817 THz apart and the frequency of the voltage controlled oscil-
lator (VCO) is 11.97 GHz. (b) One-sided phase noise spectra measured before and after
optical frequency division (OFD) are shown. Before frequency division, phase noise is
measured from 9.5 MHz beat frequency of the optically filtered comblines at the over-
lapped region (blue curve). After frequency division, phase noise is measured from the
phase-locked VCO signal at 11.97 GHz (red curve). Average phase noise reduction is
~44dB which is the division factor (1.817 THz / 11.97 GHz = 152) squared . The theo-
retical thermorefractive noise at 11.97 GHz carrier frequency (cyan dashed line) and the
detection limit of the phase noise analyzer, Rohde Schwarz FSUP26,(black dotted line)
are also shown. (c) Electrical power spectrum of the phase-locked VCO signal within 6
kHz span. Resolution bandwidth (RBW) is 20 Hz. (d) Fractional frequency instability,
o,(T), over the averaging time (7) from 3 ms to 10 s.
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broadened to overlap at the mid point. The overlapping comblines are filtered by using a
fiber-bragg-grating optical filter and the phase noise spectrum of ~ 10 MHz beat frequency
is measured as a reference phase noise level before frequency division (blue curve in figure
5.11(b)). The reference phase noise spectrum includes the phase noise of VCO (Agilent
PSG microwave synthesizer) magnified by optical division factor (1.817 THz / 11.97 GHz
= 152) in addition to the phase noise of 1.817 THz beatnote. Above 1 kHz offset frequency,
the phase noise is limited by the magnified VCO noise.

After electro-optical frequency division by phase-locking the two combline beat fre-
quency to OCXO offset frequency (~ 10 MHz), the phase noise spectrum of the phase-
locked VCO frequency (~ 11.97 GHz) is measured (red curve in figure 5.11(b)). On
average, it has improved from the reference level by 44 dB, which is the division factor
squared (152 x 152 = 23104 ~ 44 dB ). However, it is > 30dB higher than the theoretical
thermorefractive noise (cyan dashed line in figure 5.11(b)). Again, it is limited by the un-
suppressed intrinsic laser noise due to the low signal-to-noise in the PDH feedback loop.
The servo-conrol bump is also shown near 200 kHz, limiting the phase noise around the
offset frequency.

Figure 5.11(c) shows the electrical power spectrum of the stabilized 11.97 GHz VCO
signal within 6 kHz span. The resolution bandwidth is 20 Hz. Fractional frequency in-
stabilities are also measured at the averaging times from 3 ms to 10 s, and minimum of
1.68 x 1079 is measured at 0.7 s (Figure 5.11(d)). It’s worth noting that there’s no vacuum
system or temperature stabilization to achieve this value. Although the measured stability
is limited by the technical noise of the PDH feedback loop, the theoretical noise limit can
be reached by enhancing the Q-factor of the spiral resonator. Current Q-factor is limited by
the surface scattering loss of the spiral resonator and can be improved by the optimization
of device fabrication process. Alternative way to achieve the theoretical limit is increasing
the division factor using two laser lines with a larger frequency difference. Ideally, 30-fold
improvement of the quality factor (from 50 million to 1.5 billion) or the division factor
(from 1.817 THz to 60 THz) will be needed to reach the theoretical limit and this will
reduce the fractional frequency instability by 15 dB.

Furthermore, we can also reduce the theoretical thermorefractive noise limit by making
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the spiral resonator with larger optical mode volume, which can be made possible by longer
optical roundtrip length and thicker silica layer. This will improve the fractional frequency
stability further. Potentially, silica ridge structure can increase the mode volume per unit
silicon chip area an order of magnitude larger and also enable the integration with other
chip-based optical components[89]. Combined with emerging microcomb technology[39,
40, 41], our work shows the potential of an optical frequency division system on a chip for

the next generation of portable microwave sources.
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Chapter 6

Stimulated Brillouin Laser from Optical
Microresonator

Stimulated Brillouin scattering (SBS) in high-Q microresonators enables the generation
of narrow-linewidth laser and low-phase-noise microwave. The linewidth of the stimulated
Brillouin laser(SBL) is known to be Schawlow-Townes-like, limited by the thermal phonon
occupancy(ny). In this chapter, we study the np-limited nature of the SBL linewidth at
cryogenic temperatures. Our work confirms the SBL linewidth theory prediction and pro-
vides support for the unusual quantum limit of linewidth in these laser systems. In addition,

a microresonator SBL-based gyroscope is demonstrated as one of the SBL applications.

6.1 Introduction

As briefly introduced in chapter 1, stimulated Brillouin Scattering (SBS) is a third-order
(x?) optical nonlinearity that results from the interaction between photons and acoustic
phonons in a medium [4, 5, 6, 7]. Recently, the SBS process has attracted considerable in-
terest in micro and nanoscale devices [11]. Brillouin laser action has been demonstrated in
several microcavity systems including silica resonators [12, 1, 13, 14] and CaF; resonators
[15]. Brillouin amplification has also been observed in integrated Chalcogenide waveg-
uides [16], and confinement-enhanced amplification has been realized in silicon waveg-
uides [17]. SBS also provides a powerful tool for integrated photonics signal processing
[18, 19, 20], and it has been applied to realize a chip-based optical gyroscope [155]. More-

over, at radio-frequency rates, the SBS damping rate is low enough in certain systems
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to enable cavity optomechanical effects [21] including optomechanical cooling [22] and
optomechanical-induced transparency [23].

Laser linewidth is of central importance in spectroscopy, frequency metrology and all
applications of lasers requiring high coherence. It is also of fundamental importance, be-
cause the Schalow-Townes laser linewidth limit is of quantum origin. Recently, a theory of
stimulated Brillouin laser (SBL) linewidth has been reported. While the SBL linewidth for-
mula exhibits power and optical Q factor dependences that are identical to the Schawlow-
Townes formula, a source of noise not present in two-level lasers, phonon occupancy of the
Brillouin mechanical mode, is predicted to be the dominant SBL linewidth contribution.
Moreover, the quantum-limit of the SBL linewidth is predicted to contain a contribution
from the zero-point motion of the phonons. The formula for SBL linewidth in Hertz (full-
width half maximum) [13] and the conventional laser Schawlow-Townes linewidth (2-level

laser system) [156] are given below,

hw3
A = N 1 1
VSBS 47TPQTQE(HT+ r+1), (6.1)
hw? 1
Avy_ el = ———— (N —), 6.2
V92— Level 47TPQTQE( T+2) (6.2)

where np is the number of thermal quanta in the mechanical field at the Brillouin shift
frequency, N is the number of thermal quanta in the Stokes optical field (negligible at
optical frequencies and henceforth ignored), P is the SBL output power, Q1 (Qg) is the
total (external) Q-factor, and w is the laser frequency. Eq. (6.1) is valid when the Brillouin
gain bandwidth is much broader than the optical cavity linewidth. Besides the appearance
of ny, eq. (6.1) contains a “1” versus “1/2”, resulting from zero-point contributions to
the SBL linewidth of both photons and phonons (i.e, “1 = 1/2 + 1/2”). Of greater signif-
icance at finite temperatures is ny, which for microwave-rate phonons (10.8 GHz in the
current work) provides the dominant contribution to the SBL linewidth [13]. In the next
section, the phonon contribution to eq. (6.1) is verified by determination of ny over a wide
range of temperatures using eq. (6.1) followed by comparison to the Bose-Einstein phonon

occupancy at these temperatures.
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6.2 The Phonon-Limited-Linewidth of Brillouin Lasers at
Cryogenic Temperatures

To confirm the theory of SBL fundamental linewidth, SBL linewidth is measured at cryo-
genic temperatures in a silica microresonator. Its temperature dependence and the SBL
linewidth theory are combined to predict the number of thermo-mechanical quanta at three
temperatures: room temperature, liquid nitrogen temperature and liquid helium tempera-
ture.

Figure 6.1(a) shows the experimental setup. After passing through an optical circulator,
the pump laser (Newport TBL 6700) passes into the cryostat via an optical fiber vacuum
feedthrough. Inside the cryostat, the pump laser is evanescently coupled to a silica disk
microresonator via a fiber taper that is positioned piezoelectrically using X'YZ-attocube
system (Figure 6.1(b)). Pumping power to the resonator was around 20 mW. The silica
microresonator, shown in Figure 6.1(c), is a wedge design [1]. The resonator diameter was
approximately 6 mm to match the Brillouin gain shift frequency and the free-spectral range
(FSR) at cryogenic temperatures. Optimization of the diameter was needed to efficiently
generate SBL within the pump laser tuning range (1520 nm - 1570 nm). The cryostat is an
open-loop continuous-flow unit made by Janis and was cooled to 77 K using liquid nitrogen
and to 8 K using liquid helium. Figure 6.2 shows the cryostat used in this work. In the inset,
a silica disk microresonator having 6 mm diameter and tapered fiber are shown.

Brillouin laser action proceeds as shown in figure 6.1(d) where cascaded stimulated
Brillouin lasing is illustrated. Pump laser coupled to a resonator mode induces Brillouin
gain over a narrow band of frequencies shown in green (typically 20 - 60 MHz wide) that
are down-shifted by the Brillouin gain shift frequency Q2/27 = 2nV;/\p where V; is the
sound velocity, n is the refractive index and Ap is the pumping wavelength [13]. When
the cavity FSR approximately equals (2, stimulated Brillouin lasing is possible and creates
a 1%* Stokes laser wave. This 15* Stokes wave propagates backward relative to the pump
wave on account of the phase matching (momentum conservation) condition, and comes
out of the cryostat at the fiber input (figure 6.1(a)). If the pump power is increased further,

the 15* Stokes laser wave will grow in power and ultimately induce laser action on a 274
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Figure 6.1: Experimental setup and Brillouin laser action (a) Experimental setup show-
ing external cavity diode laser (ECDL) pump, erbium-doped fiber amplifier (EDFA), po-
larization control (PC) and ciculator coupling to the cryostat. Green lines indicate optical
fiber. A fiber taper is used to couple to the microresonator. Pump and even-ordered stim-
ulated Brillouin laser (SBL) waves propagate in the forward direction while odd-ordered
SBL waves propagate in the backward direction and are coupled using the circulator. Pho-
todetectors (PD) and an oscillopscope monitor the waves propagating in both directions. A
fast photodetector measures the 13/ 3™ beatnote which is measured using an electrical spec-
trum analyzer (ESA) and phase noise (L(f)) analyzer. An optical spectrum analyzer (OSA)
also measures the backward propagating waves. The pump laser is locked to the microres-
onator optical resonance using a Pound-Drever-Hall (PDH) feedback loop. (b) Schematic
of the optical fiber taper coupling setup inside the cryostat. Optical fiber (red) is glued to
an aluminum holder which is fixed on a 3-axis piezoelectric stage. The microresonator is
mounted on a copper plate. (c) Top view of the 6 mm wedge disk resonator. (d) [llustration
of cascaded Brillouin laser action. Pump and even Stokes orders propagate in the forward
direction while odd orders propagate in the backward direction. Green peaks represent the
Brillouin gain spectrum. Brillouin shift frequency (£2) and free-spectral-range (FSR) are
indicated. (e) Optical spectrum measured using the OSA and showing cascaded Brillouin
laser action to 5th order. Inset: typical electrical beatnote spectrum produced by the 15 and
34 order Stokes laser signals.
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Figure 6.2: Picture of the cryostat The open-loop continuous-flow cryostat system used in
this work. Liquid helium container, transfer line and inlet are also shown (for the measure-
ment at 8 K). Liquid helium is replaced to liquid nitrogen for the measurement at 77 K. In
the inset, a silica disk microresonator having 6 mm diameter and the tapered fiber coupling
setup are shown.
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Stokes laser wave, which propagates in the forward direction. This cascaded SBL process
is illustrated in figure 6.1(d) to 3*¢ order. Phase matching ensures that odd (even) orders
propagate backward (forward), and follow fiber-optic paths in figure 6.1(a) to measurement
instruments. Figure 6.1(e) is a spectrum of cascaded SBL to 5'" order measured using the
OSA in figure 6.1(a). Odd orders appear stronger than the even orders (and the pump
signal) because the OSA is arranged to detect odd orders. Weak even-order signals are also
detected because of back-scattering in the optical system.

The SBL cascade obeys a system of rate equations relating the circulating photon num-
ber, p,,, of the n‘" Stokes laser wave to the circulating photon number, p,,_1, of its preceding

(n-1)! pump wave [13].

Wn

.n = YnPn—1Pn — ny (63)
p InPn—1pP QTP
where
9B Q[ g8
= hw, v’ N2 ~ hw,v,[— 6.4
g Y Vg M o (Aeff) 4

is the Brillouin gain coefficient for the n*"-Stokes laser wave in Hertz units. Here, w,, is
the optical frequency of the n'" Stokes wave, v, is the group velocity of the the n'"-Stokes
laser wave, I' is the phonon-photon mode overlap factor (defined as the optical mode area
(Acyy) divided by the acousto-optic effective mode area [157]), g is the bulk Brillouin
gain coefficient of silica, and V. is the effective optical mode volume of the n'"-Stokes
laser wave. gp/A.;y is the normalized Brillouin gain coefficient in W~tm ™! unit that is
typically measured in optical fibers.

The gain coefficient, g,, has the spectral profile of the Brillouin gain spectrum (i.e.,
green curves in figure 6.1(d)). Steady state solution of eq. (6.3) shows that p,,_; is clamped
when the n** Stokes wave starts to grow. This clamping is the typical gain clamping ac-
companying lasing threshold in many other laser systems. As the pump power increases,
a Stokes wave will be initiated and increase in power until it clamps when the threshold

condition for the next Stokes wave in the cascade is reached. This clamped power, Fqmp,
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Figure 6.3: Aligning the 3* Stokes wave to the Brillouin gain spectrum maximum (a)
[lustration showing spectral placement of Stokes wave with respect to Brillouin gain spec-
trum maximum. Variation of the pumping wavelength causes the Brillouin shift frequency
(2) to vary and thereby scans the Stokes wave across the Brillouin gain peak. (b) Mea-
sured spectra of Pejamp, the 3™-order Stokes wave power (indicated by the black circle in
the plots). The three panels show measurements performed at T = 300 K, 77 K and 8 K.
Each color corresponds to a distinct pumping wavelength. The 1!-order Stokes wave also
appears in the spectral map as the stronger peak near the 3"-order Stokes wave. The pump
wave is not observable in the linear-scale spectrum as it propagates in the direction opposite
to the 1°"-order and 3"-order Stokes waves. P2 is determined from the fitted red curve

clamp
as the minimum power point (with corresponding pumping wavelength).
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follows directly from the steady-state form of eq. (6.3),

Wh— 1 hw?
Pclamp = Q—Elha)n—lpn—l ~ QQTQEj

(6.5)

where the approximation results from letting w,,_1 ~ w,, and where the index, n, of the
Stokes order is suppressed. At this clamped power, the fundamental linewidth of the Stokes

laser follows by substitution of eq. (6.5) into eq. (6.1),

AI/clamp = ﬁ(nT + 1) (66)

It is useful to note that the SBL linewidth in the clamped condition is independent of ()7 and
Q. Moreover, eq. (6.6) is now applied with measurement of g and Av,4y,, to determine
nr.

From eq. (6.5), measurement of Py, ()7 and (g are sufficient to determine g. How-
ever, g also depends on the placement of the Stokes wave within the Brillouin gain spectrum
(see green spectral curve in figure 6.1(d)). To eliminate this ambiguity, measurements were
performed at the spectral maximum of g defined as go. Because operation at the spectral
maximum of g causes Fq,, to be minimized (defined as Pg}j;p), it is possible to identify
the spectral maximum of g by measuring P, at several different pumping wavelengths.
Tuning the pumping wavelength causes the Brillouin shift frequency €2 to also tune, and
to vary the spectral location of the Stokes wave within the Brillouin gain band (see figure
6.3(a)). When the Stokes wave is spectrally aligned to the maximum value of g, Prjqm, Will
be minimum and the maximum ¢ can be obtained at the pumping wavelength.

In figure 6.3(b), optical spectra showing multiple measurements of clamped power for
the 3™ Stokes wave at different pumping wavelengths are presented. The three panels
show spectra at T= 300, 77, and 8 K. The spectral peak of 3'¢ Stokes wave at each pumping
wavelength is identified by a black circle. Minimum clamped power and corresponding
pumping wavelength is found at each temperature. At this pumping wavelength g = ¢
(center case in green box in figure 6.3(a)). As an aside, the power clamping condition for

the 3" Stokes wave was determined by monitoring the onset of laser action in the 4" Stokes
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Figure 6.4: Brillouin gain coefficient (gy) calculated from values in the table (red circle).
The area between the two black solid curves is the theoretical gy range converted from
the temperature-dependent theoretical Brillouin gain of the silica optical fiber [158]. Inset:
table of the experimental parameters for gy calculation. Temperature (T), pumping wave-
length (), total (()7) and external (Q)g) Q-factors, minimum clamped power (Pg’;ﬁw), and
the corresponding calculated Brillouin gain coefficient.
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wave. Also, optical losses between the resonator and the OSA were calibrated to determine
the clamped power. The table in figure 6.4 summarizes the measured minimum clamped
powers, Pg@;zp, and their corresponding pumping wavelengths. ()7 and () g, determined by
fitting both the linewidth and the transmission minimum of the Stokes mode, are also given.
Finally, go, calculated using eq. (6.5), is compiled in the table. Brillouin gain bandwidth,
Avpg, can be also extracted from a quadratic fit of the curves in figure 6.3(b) [13], and is 20
MHz at 300 K, 25 MHz at 77 K, and 35 MHz at 8 K.

The experimentally determined g is plotted versus temperature in figure 6.4. Two the-
ory curves are given for comparison and were determined from a study of phonon damping
in silica [158] in the following way. The measured Avg at 300 K and 77 K are used to
determine the material/geometry-induced error range of Avg curve (Avg at 8 K is not
used because even a small error in measured temperature can result in a significant error
in Avg). Assuming g X Avg = 1.67 x 1073 Hz - m/W where the constant depends on
the material properties of silica [158] and A.s; = 85 wm? in the silica optical fiber, the
normalized Brillouin gain coefficient gp /A, ¢f curve is obtained and converted in Hz unit
using eq 6.4. In the calculation, hw = 1.27 x 1071 J, v, = 2.078 x 10® m/s, and I" = 0.85
is used.

To measure the Stoke linewidth, the beatnote of 15 and 3™ Stokes lasers is detected
using a fast photodetector and characterized using an electrical spectrum analyzer (inset in
figure 6.1(e)) and a phase noise analyzer. The phase noise of this beatnote provides spectral
components associated with the fundamental phase noise of the Stokes lasers. Moreover,
fundamental phase noise in the beatnote is dominated by the 3™ Stokes laser because the
15t Stokes laser has higher power than the 3™ Stokes laser (see figure 6.3(b)) the funda-
mental linewidth of the 1°* Stokes laser is narrower. Because the two Stokes lasers are
generated within a same microresonator, common technical frequency noise was reduced
in this measurement.

To measure the fundamental linewidth of the 39 Stokes wave, the phase noise of 1st/3md.
order SBL beatnote is measured at the Py wavelength determined in figure 6.3(b). A

Rhode-Schwarz FSUP26 phase noise analyzer was used for the analysis. The phase noise

spectra at 300 K, 77 K, and 8 K are measuring using the Rhode-Schwarz FSUP26 phase
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Figure 6.5: (a) Phase noise spectra of the 1%/3™-order SBL beatnotes at three temperatures
(300 K, 77 K, 8 K). The eq. (6.7) fit at each temperature is the black dotted line. (b)
Red points: minimum SLB linewidth resulting from fitting in panel (a) using eq. (6.7).
Theoretical prediction (area between two solid black curves) combines theory for gy with
Bose-Einstein occupancy in eq. (6.7). (c) Thermal phonon occupancies (ny) calculated
from the measured phase noise and Brillouin gain density peak value (go) are shown as red
circles. np from the Bose-Einstein occupancy is given as the black line. Triangular point:
np-based temperature calibration to 22 K using Bose-Einstein.
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noise analyzer and shown in figure 6.5(a). The theoretical phase noise spectrum for an SBL.

limited by fundamental noise is given by the expression,

AI/min g
L(v) = = 5" = 87r0y2 (ny + 1), 6.7)

where Av,,;, is the fundamental linewidth given by eq. (6.6) with ¢ = g, and the second
equality uses eq. (6.6). The black dashed lines in figure 6.5(a) give minimum fits to the
measured phase noise spectra using eq. (6.7). The corresponding Av,,;, is plotted in figure
6.5(b). Even with the common-mode noise suppression noted above, there is considerable
technical noise coupling to the spectrum from the cryogenic system and fitting is not possi-
ble over the entire spectral range. Nonetheless, using g, from the figure 6.4 table and Av,,;,,
from figure 6.5(b) in eq. (6.7) provides reasonable values for n at the three temperatures.
In figure 6.5(c), these inferred ny values are plotted versus temperature in comparison to
the Bose Einstein thermal occupancy. The discrepancy between the lowest temperature np
value and the Bose-Einstein value could result from parasitic optical heating due to high
pump power or temperature difference between the temperature sensor and the resonator.
If the value of np is assumed to provide an accurate indication of the mode volume tem-
perature, then a corrected temperature is 22 K (triangular point). This temperature value
is also the triangular point in figure 6.4 and provides improved agreement between theory
and the measurement of gy versus temperature.

In conclusion, stimulated Brillouin lasers are peculiar in that their fundamental linewidth
is predicted to be limited by thermo-mechanical quanta of the Brillouin mode. We have
confirmed this theoretical prediction by determining the thermal phonon occupancy ver-
sus temperature using the SBL phase noise and Brillouin gain gy,. Measurements at 300
K, 77 K and 8 K are in good agreement with the expected Bose-Einstein occupancy. Our
result shows a possible way to reduce the SBL linewidth for precision measurements and
supports the theoretical prediction that the quantum-limited linewidth of an SBL laser is

strongly influenced by the phonon zero-point motion.
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6.3 Application of Chip-based Stimulated Brillouin Laser
: Microresonator Brillouin Gyroscope

Rotation sensors (gyroscopes) are widely used in commercial and military systems and
there has been intense interest in compact, lightweight sensors that can be integrated with
electronics for many applications such as consumer electronics and miniature satellites.
Among various rotation sensors, MEMS based sensors have compact / lightweight features
and are widely used in consumer electronics. However, MEMS-based gyroscopes do not
provide sensitivity and bias stability that compete with optics-based gyroscopes such as
ring-laser gyros [159] and fiber-optic gyros [160]. Moreover, MEMS-based devices are
typically vulnerable to shock and vibration [161] due to the suspended structure. Therefore,
micro-fabricated optics-based gyroscopes are appealing in that they can be environmentally
robust and perform better than MEMS-based gyroscopes.

In this section, micro-optical gyro is demonstrated using counter-propagating Brillouin
lasers in a chip-based optical resonator. The microresonator Brillouin gyroscopes measure
rotation as a Sagnac-induced frequency shift [155]. Previously, a Brillouin laser ring gyro
(BLRG) has been studied in the 1990s using an optical fiber resonator [162]. In the BLRG
system, a fiber ring resonator is bi-directionally pumped to generate two Brillouin lasers
propagating in opposite direction [162]. If the fiber ring resonator rotates, these counter-
propagating Brillouin lasers experience opposing frequency shifts caused by the Sagnac
effect [163], and detection of the two laser beatnote allows one to measure the rotation
rate. In contrast to BLRG, our work uses a high-Q chip-based disk microresonator that is
18mm in diameter to generate Brillouin lasers[1]. Also, instead of bi-directional pumping,
cascaded stimulated Brillouin lasers excited from a single pump laser are used[13].

A detailed schematic of our experimental setup is shown in figure 6.6(b). The up-
per panel contains the gyro sensing unit, which at its core includes the high-Q disk mi-
croresonator and fast photodetector. The pump laser is evanescently coupled to the high-Q
microresonator using a tapered-fiber and is locked to the cavity resonance using the Pound-
Drever-Hall technique. The free-spectral-range (FSR) of the resonator is designed to pre-

cisely match an integer fraction of the Brillouin shift (1/3 in the present case) and the cavity
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Figure 6.6: Principle of Brillouin laser gyroscope operation and experimental setup.
(a) Simplified schematic illustrating principle of Brillouin laser gyroscope operation. Opti-
cal pumping (clockwise direction) induces Brillouin laser action which results in cascaded
odd (counter-clockwise) and even (clockwise) order Stokes lasers. These lasing modes
experience opposing Sagnac frequency shifts. Detection of the beat frequency of these co-
lasing signals followed by a frequency-to-voltage readout (f-V) provides rotation sensing.
Laser action on odd Stokes (red) and even Stokes (blue) lines is shown. Clockwise (CW),
rest, and counter-clockwise (CCW) rotation induces beat frequency shifts as indicated. (b)
Upper panel is a detailed experimental schematic for the gyroscope. The microcavity (yel-
low) is optically pumped. The laser pump is locked to a microcavity resonance using a
Pound-Drever-Hall lock. Second-order and third-order Stokes co-lasing optical signals are
coupled onto a photodetector using a circulator and bidirectional coupler. The laser lines
are filtered using an optical band pass filter (OBPF) before detection. In the lower panel,
the frequency-to-voltage readout system is shown. A voltage controlled oscillator (VCO)
is phase locked to the detected beat frequency and the servo output provides a calibrated
frequency readout. The readout is analyzed using an oscilloscope (scope) and an electrical
spectrum analyzer (ESA). Also shown in the figure: PI, proportional integral servo; PM,
phase modulator.
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mode used for SBL generation has a loaded Q of 126 million. The pump threshold for the
first Brillouin Stokes wave is about 250 W. Cascaded Brillouin Stokes laser action is gen-
erated to the third order when the pump power is increased to a few milliWatts. The second
and the third Stokes waves are selected by an optical bandpass filter (OBPF) and the 10.872
GHz beatnote is detected. It is interesting to note that the lock-in effect commonly present
in laser gyroscopes is not present in this case because the neighboring Stokes lasers are
generated from distinct cavity modes separated by 10.872 GHz in frequency.

The lower panel in figure 6.6(b) shows how the gyro readout signal is created. Voltage-
controlled-oscillator (VCO) is locked to the Brillouin beatnote using a proportional-integral
(PI) servo loop. Because the servo output voltage is applied to the VCO tuning port with
known tuning coefficient (10 kHz/V), the servo output voltage is proportional to the fre-
quency change of the beatnote of Brillouin lasers and can be used as the gyro readout
signal. The servo output voltage is analyzed on an electrical spectrum analyzer (ESA) or
an oscilloscope.

To demonstrate the rotation sensing, the microresonator was packaged into a small cop-
per box with FC/APC connectors as shown in figure 6.7(a) and a 7.5Hz sinusoidal rotation
with angular amplitude of 0.14 degree is applied. The sinusoidal rotation was created by
piezoelectrically pushing one side of the package while the opposite side was hinged. Fig-
ure 6.7(b-c) shows the gyro readout signal (servo output voltage) and the angular displace-
ment signal. There is a 7/2 phase shift between the gyro readout signal and the angular
displacement signal because the SBL beatnote frequency change is proportional to the an-
gular velocity (derivative of angular displacement). The sign of the gyro readout signal
(Brillouin beat note change) indicates the direction of rotation.

The rotation sensitivity of the gyroscope is determined by the frequency noise of the
Brillouin beat note within the VCO locking bandwidth, which can be measured from the
servo output voltage using the electrical spectrum analyzer (ESA). According to the Sagnac
effect, the rotation sensitivity (1/Ssq) of the gyroscope is related to the frequency noise
(v/S5,) of the SBL beatnote : /Ssq = %31/Ss,, where n is the refractive index of the
cavity medium (silica), A is the vacuum wavelength of the laser, and D is the diameter of

the microresonator. The blue noise spectrum in figure 6.8(a) shows the measured rotation
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Figure 6.7: (a) The gyro resonator was packaged into a fiber-connectorized box for rotation
measurement. Left panel shows the box with the lid removed and the 18mm diameter
resonator visible as the grey silicon chip. (b-c) Clockwise (CW) rotation and counter-
clockwise (CCW) rotation of the SBS gyroscope with second and third-order Stokes laser
signals as indicated. Background coloring of the two rotation cases presented in (b) and
(c) corresponds to the shaded regions in (d). (d) Time domain measurement of gyroscope
output under sinusoidal rotation. Blue: angular displacement applied to the gyroscope; red:
measured Sagnac frequency shift.
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Figure 6.8: (a) Measurement of sinusoidal rotations using an electrical spectrum analyzer.
(b) Measured rms Sagnac frequency shift versus rms angular rotation rate.

sensitivity of the gyroscope at rest. A white frequency noise of about 0.6 Hz/v/Hz (right
axis) is measured from 3 Hz to 1 kHz offset, which corresponds to a rotation sensitivity of
about 15 degree/hour/ VHz (left axis).

When a sinusoidal rotation is applied to the gyroscope (as shown in figure 6.7(d), the
servo output voltage also shows a sinusoidal modulation. Figure 6.8(a) shows the electrical
spectrum of the gyroscope readout when the gyroscope rotates at 7.5 Hz with the following
rms rotation rates: 0.24 deg/s (black curve), 0.13 deg/s (green curve), and 0.067 deg/s
(red curve). The resolution bandwidth is 1 Hz. In figure 6.8(b), the blue circle markers
represent the rms Sagnac frequencies plotted versus the rms angular rotation rate at the 7.5
Hz modulation frequency. The measurement shows a good agreement with the theoretical

rms Sagnac frequency (red line) calculated from the Sagnac formula:
0 = (nA\/D)ov, (6.8)

where (2 is the rotation rate and ¢v is the frequency shift of the Brillouin beat note. Min-
imum rms rotation rate of 6.3 1073 deg/s (or 22 deg/hour) is measured. Compared with
the sensitivity of a passive micro-optical gyro (900 deg/hour, and gyro bandwidth of 9 Hz)

[164], this value represents a 40-fold improvement in rotation sensitivity with > 1 kHz
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detection bandwidth.

In conclusion, a chip-based Brillouin gyroscope has been demonstrated with a sensitiv-
ity of 15 degree/hour/\/H z, a detection bandwidth of >1 kHz, and a minimum rotation rate
of 22 deg/hour. Improvement of the SBL linewidth will proportionally improve the sensi-
tivity of the gyroscope. In this work, the bias drift of the gyro readout signal remains large
and efforts to reduce the bias drift should be made for practical application. With future
improvements, this microresonator Brillouin gyroscope might compete with conventional
bulk ring-laser gyros and fiber-optic gyros, while offering compact, lightweight, and low

power consumption with improved immunity to shock and vibration.
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