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Abstract

Optical frequency combs have revolutionized the field of laser spec-
troscopy. A frequency comb is a type of laser that generates an array
of equally spaced coherent laser lines. Indeed, the outstanding perfor-
mance of frequency combs in terms of bandwidth and stability is readily
attainable in bench-top systems. Integrated photonics offers a platform
for the implementation of frequency combs relying on nonlinear optics
processes.

This thesis explores the generation of chip-scale frequency combs
based on supercontinuum and microcomb generation and its potential
use for interferometry. This investigation covers the capabilities offered
by supercontinuum generation in the normal dispersion regime. The
spectral broadening is realized by pumping a straight waveguide with a
short duration pulse meaning that the pump is a comb itself. Therefore,
its performance in terms of coherence and the transferring of noise to the
broadened spectra have been investigated. Microcombs can be generated
on a microresonator starting from a continuous wave laser. In this work,
we study microcomb generation in the normal dispersion regime using a
novel dual-cavity architecture.

The appended papers describe the nonlinear processes involved in
the microcomb generation. We have studied its capabilities in terms
of spectral flatness and symmetry, together with the coherence attained
on these combs. It is found that these capabilities make microcombs a
suitable spectral sources for spectroscopy. Furthermore, the capabilities
of different interferometry techniques are analyzed in terms of resolution,
sensitivity and measurement time in order to perform on-chip dual-comb
spectroscopy.

Keywords: optical frequency combs, microcombs, pulses, nonlinear op-
tics, interferometry, integrated photonics, spectroscopy
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Chapter 1

Introduction

The spectral nature of light can be readily seen on a rainbow after rain
showers. Although this phenomenon marveled people for thousands of
years, the presence of colors was merely a curiosity without any scien-
tific significance. This changed in the 17th century when Isaac Newton
realized the separation of sunlight into a series of colors, introducing
the concept of a spectrum for first time. In his experiments, he used
an arrangement composed of a lens, a prism and screen to analyze the
light. The invention of this first spectrograph, and the later work on the
observation of dark lines in the solar spectrum made by Wolleston and
Fraunhofer, established the beginning of modern spectroscopy [1].
Optical spectroscopy is nowadays an ubiquitous tool in research and
industry since it offers the characterization of samples with high sen-
sitivity and non-destructive testing. Optical spectrometers have been
applied to an extensive number of applications including biochemical
environmental sensing [2], gas absorption spectroscopy [3,4]| and the
characterization of telecommunication components. Ultra-high resolu-
tion measurements are attainable with modern spectrometers, for exam-
ple, based on dispersive elements. In traditional grating-based designs,
the light is spatially separated and projected onto a photo-detector array.
Another approach is using Fourier-transform (FT) spectrometers
based on scanning interferometric systems. Indeed, Fourier-transform
spectrometry based on a Michelson interferometer is a well-established
tool for molecular spectroscopy using thermal sources [5]. Using such
configuration, an optical signal is split in two optical paths, one with a
different length which will cause a temporal delay. The two arms are
then combined and an interference pattern is obtained from the super-
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position of the original optical signal with its delayed copy. This type of
spectrometers can record well-resolved spectra, however it requires long
scanning ranges.

The use of this conventional setups can deliver outstanding perfor-
mance but they rely on large instrumental setups due to the inherent
relation between resolution and optical path length. It is often that ap-
plications such as industrial monitoring processes, medical diagnosis [6,7]
or food quality monitoring [8] do not require ultra-high resolution but
instead need compact systems that can perform on-spot measurements.
Thus, a trend towards the miniaturization of spectrometers has emerged
during the last years. The miniaturization of spectrometers can enable
portability, the reduction of footprint, power consumption and a mas-
sive fabrication [9]. There is also an increased interest on embedded
microspectrometers on smartphones for bio-sensing taking advantage of
the data processing power of mobile computing |6, 10].

However, the reduction of spectrometers poses a challenge due to the
competing requirements in terms of size and performance. Many ap-
proaches have looked into the possibility of mimic the bench-top strat-
egy based on dispersive and interferometric techniques [11-13]. Several
demonstrations of on-chip spectrometers have been reported using pho-
tonic integrated circuits such as waveguides and gratings to perform a
similar task as free-space optics components [14-16]. The recent work
has mainly focused on a dispersive configuration, for example using ar-
rayed waveguide gratings, however, a trade-off between the footprint size
and resolution still remains [17-19]. Furthermore, such configuration suf-
fers from high signal to noise ratio penalties due to the spreading of light
into different channels. This is not the case for F'T spectrometers, which
benefits of a multiplexing advantage where many spectral components
are measured simultaneously. Different approaches have been explored
towards the integration of FT spectrometers [13,20,21]. In traditional
FT spectrometers, the movement of mirrors is performed to tune the op-
tical path length. In photonic planar technologies this is achieved using a
thermo-optic modulation effect or employing arrays of discrete integrated
interferometers, i.e. a large number of channels is employed [22,23]. Al-
though boosted SNR and high resolution are possible, reducing the chip
footprint is an on-going topic of investigation towards the scalability of
dispersive and FT spectrometers.

Notwithstanding, the aforementioned techniques, either in a bench-
top or compact configuration, have proved to be robust and fruitful. It



was not until the introduction of the laser that spectral resolution and
sensitivity were increased by several orders of magnitude [24]|. For exam-
ple, in order to record well-resolved spectra, F'T spectrometers require
long scanning ranges which is challenging due to the low spatial coher-
ence of the light sources employed [25]. The advent of the laser led to
a revolution in optical interferometry since it provided an intense source
of light with a high degree of temporal and spatial coherence. This, in
turn, translates into highly sensitive measurements with high spectral
resolution limited only by the linewidth of the laser.

These qualities stimulated numerous applications of laser spec-
troscopy and consequently the technical development of new laser
sources. A significant aspect in the application of lasers for spectroscopy
is the emission region. Arguably, the most appealing is the mid-IR and
far-IR since many chemical substances have vibrational transitions that
can be probed directly. Laser spectroscopy is of significant relevance for
monitoring the concentration of greenhouse gases, in medical diagnosis
and chemical analysis just for mention a few. A significant limitation
is the reduced spectral bandwidth offered by tunable lasers used in this
applications.

In recent years, a new type of laser called frequency comb has revo-
lutionized optical spectroscopy [26,27]. The unique feature of frequency
combs is that it possesses broad spectral emission composed of discrete
evenly spaced laser lines. Thus, spectroscopy using frequency combs
combines a large spectral span (a distinctive characteristic of FT spec-
troscopy using incoherent sources) with the narrow linewidth resolution
and high intensity offered tunable laser spectroscopy.

Frequency combs have undoubtedly followed the general path to-
wards integrated systems [28|. Since the early demonstrations using
microcavities in 2007 [29], the research field has exploded during the
last years. Microresonator-based frequency combs, or microcombs, are
generated from a single frequency continuous wave laser through optical
nonlinearities.

The first demonstrations of microcombs were based on whispering
gallery mode resonators and have spread over a large number of fabrica-
tion technologies and materials [28].

Microcomb generation relies on the interplay of nonlinear processes
and dispersion on a microcavity. Indeed, the generation of microcombs
has been explored in different material platforms that offer high non-
linearities and the possibility of dispersion engineering. Silicon nitride
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stood out for its compatibility with CMOS processes and a large trans-
parency window which makes it suitable for different applications [30].
Silicon nitride also enables high optical confinement which is key for non-
linear mechanisms due to the large refractive index contrast with silica
cladding materials.

Frequency combs on a chip-scale offer the possibility of taking the fre-
quency comb capabilities out of research laboratories. Such combs usu-
ally show high repetition rates and broad spectral bandwidth, which ap-
plied to spectroscopy, enable parallel detection of multiple species at the
expense of large the spectral sampling. Recent works have also demon-
strated the use of on-chip frequency combs as a light source for LIDAR
and optical coherence tomography systems [31,32]. Another implemen-
tation, based on the established dual-comb technique employs on-chip
dual comb sources for spectroscopy exploiting its high degree of relative
coherence have been also demonstrated [33-35].

1.1 This thesis

This thesis focuses on the study of the generation of chip-scale frequency
combs to extend its capabilities to broadband optical spectroscopy. The
chip-based frequency combs are realized through supercontinuum gen-
eration (SCG) in optical waveguides and Kerr-comb generation in mi-
croresonators. It is found that these frequency comb sources can provide
stable and coherent spectra over a broad spectral range. Furthermore,
the capabilities of different interferometry techniques based on estab-
lished frequency combs sources are analyzed in order to perform on-chip
spectroscopy, specifically in a dual-comb configuration.

The supercontinuum generation is implemented in the silicon nitride
platform which is appealing due to the high nonlinear coefficient and the
absence of nonlinear absorption losses. Furthermore, there is an interest
in operating in the normal dispersion regime since it allows the coherent
broadening of spectra using long duration pulses. Therefore, a thorough
investigation of the coherence properties has been performed [Paper Al.

An important challenge in the frequency comb generation using mi-
croresonators is the usable power per comb line achieved. Microcombs
generated in cavities that exhibit normal dispersion have shown to offer
a high conversion efficiency, which means that high signal-to-noise ratio
can be achieved. The generation of microcombs in the normal disper-
sion regime is also appealing since it relaxes the dispersion engineering



1.1. This thesis

requirements. This is due to the fact that bulk materials such as silicon
nitride exhibits strong normal dispersion, working in this regime also
enables the possibility of comb generation in a large spectral window.

Another practical aspect is the initiation of microcombs, by using a
dual-cavity architecture it is possible the deterministic operation of mi-
crocombs. This architecture, also referred as photonic molecule has been
explored in paper B for the generation of microcombs in the normal dis-
persion regime using a mode-coupling interaction for the initiation. As a
consequence, a symmetric spectral envelope is obtained and the resilience
of the repetition rate of the microcomb is observed. The integration of
this technology offers the possibility of realizing chip-scale spectrometers
that cover broad spectral bandwidths with a resolution given by the comb
line teeth. The application of frequency combs for linear spectroscopy
techniques is also provided as part of this study [paper C].
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Chapter 2

Optical frequency combs

The main focus of this thesis is the application of optical frequency combs
on interferometry. In this chapter a general description of frequency
combs is provided along with the different mechanisms to generate them.
Furthermore, some examples of comb-based spectroscopy is given.

2.1 General description of frequency combs

In optical spectroscopy there is a need to measure the frequency of the
light rather than its wavelength in order to have more accurate results.
Measuring frequency means counting the number of cycles over certain
period of time and the accuracy of the measurement is in principle limited
only by reference clock used. The measurement of high frequencies is
restricted due to the limitations in the available electronics to the radio-
frequency (RF) domain (up to 100 GHz). This range is well below the
optical frequencies (>100 THz). A way to circumvent this, is by the
use of harmonic frequency chains, which have enabled measurements of
visible light. Such chains were based on a stable 100 MHz reference that
was multiplied over a large factor to reach optical frequencies. However,
this method required a large complex setup with the size of a full facility
and it can only measure a single optical frequency [36]. The generation
and control of a mode-locked laser replaced this technique and enabled
the measurement of absolute optical frequencies [37,38]. This type of
laser, referred to as an optical frequency comb, provided a bi-directional
connection between the radio-frequency and optical domains [39].

In the frequency domain, an optical frequency comb can be defined
as a laser source that emits a series of narrow frequency lines that are
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equally spaced. In the time domain, the output of the frequency comb
laser consists of a pulse train with a constant repetition rate (fyep), which
is the inverse of the frequency separation. Likewise, the frequency comb
can be assumed as a source of pulses with a carrier frequency (f.) that is
modulated by a pulse envelope A(t). It can be represented as a Fourier
series, therefore, the electrical field of the comb can be represented as:

E(t) = Re(A(t) exp(i2m ft)) = Re(E,A, exp(i( fe + nfrep)t)), (2.1)

where A,, are the Fourier components of A(t) and fyep is the repe-
tition frequency of the comb. Given f. is not an exact multiple of the
repetition rate, the spectral lines of the comb are all shifted by a com-
mon offset frequency fy. The frequency comb can be fully described
if the carrier envelope offset frequency (fp) and the repetition rate are
known. Hence, the absolute optical frequency of each comb line (f,) is
represented by:

Jn = fo+nfrep. (2.2)

This equation manifests that the comb can be described in terms of
two frequencies, usually in the radio-frequency domain. It also shows
that optical frequencies are straightforwardly reached by multiplying a
microwave frequency fre, by a factor n, which is usually in the order of
10° — 105. Equation 2.2 is commonly referred to as the comb equation,
showing that with the information of these two frequencies, any optical
frequency of the comb can be labeled with the precision and accuracy of

fO and frep'

2.1.1 Mode-locked lasers

The foundations of frequency combs can be traced back to 1960, with
the experimental demonstration of an active mode-locked laser (MLL)
using a Q-switching method [40]. This technique utilized an active mod-
ulation of the internal losses of the cavity to control the Q-factor of the
resonator. A passive scheme of mode-locking was proposed by replacing
the modulators with a fast saturable absorber [41]. The sketch of a MLL
setup using a passive scheme is depicted in Figure 2.1 (a).

Later work used the Kerr-lens effect to achieve mode-locking using a
Ti:sapphire crystal as the gain medium [42]. Ti:sapphire lasers became
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the most widespread configuration since they provide wide spectral band-
widths and generation of femtosecond pulses. However, these techniques
did not include an active feedback stabilization and as a consequence, a
dephasing of the pulses occurred due to perturbations in the cavity.

a) b) -40
_ |
. g /
gain = %\
CW £ 0 J
laser g
i
70
saturable 1450 1500 1550 1600 1650
absorber Wavelength [nm]

Figure 2.1: Mode-locked laser. (a) Basic setup of a mode-locked laser, where
a gain medium is placed in the cavity and a saturable absorber mirror is used
to achieve passive mode locking. (b) The measured spectrum of a femtosecond
mode-locked laser from Menlo systems, the spectral envelope is not resolved
by the optical spectrum analyzer and appears to be continuous due to the low
repetition rate of 100 MHz.

Mode-locked lasers have been used for frequency comb generation
since their early days, in fact, many commercial systems still use
them (see Figure 2.1 (b)). In the following, an MLL laser will be used
as an example to provide a better grasp of the frequency comb structure.

The repetition rate (f;cp). In the time domain, the output of a
MLL is a series of consecutive pulses with a time separation T related
to the length of the laser cavity that can be expressed as follows:

1 L

B frep N Vg

T, ; (2.3)

where f,¢, is the repetition rate of the frequency comb, L is the
length of the cavity, and v, is the group velocity of the pulse. This
relation indicates that variations in the cavity length can contract or
expand the repetition rate in an accordion-like fashion. Meaning that
the repetition rate determines the pulse to pulse time and the separation
of the frequency lines of the comb.

The pulses of the mode-locked laser are conformed by massive am-
plitude modulation of all different optical modes of the comb. These
pulses measured by heterodyne detection will produce a number N of
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frequency harmonics of the repetition rate. However, it does not provide
information on the offset frequency since it is a common frequency for
the comb. If a direct optical detection of two frequency modes (m and
n) is considered, the beat note measured will yield information on the
repetition rate only, i.e.,

VUm — VUn = (fO + mfr@p) - (fO + nfrep) = (m - n)frep- (24)

Therefore, the control of the repetition rate frequency can be eas-
ily performed since it can be measured using a sufficiently fast photo-
detector.

The frequency offset (fy). As mentioned before, a key feature of
a frequency comb is the ability to measure and control its repetition rate
(frep) and the offset frequency (fo). The detection of fy is more difficult
since it is related to the phase of the consecutive pulses. In a MLL, this
arises due to the fact that the pulses coming out are not fully identical
due to dispersion in the cavity. Instead, a phase shift A¢ = 27fy/ frep
between the peak of the envelope and the nearest peak of the carrier
wave occurs as shown in Figure 2.2 (a). This phase variation A¢ evolves
from pulse to pulse and translates in a frequency shift fy of the complete
comb (Fig. 2.2 b).

b fe
Ao ) T

E(t) i I(f)

t Ly .|I||||‘

a)

f =nf_+f

rep 0

‘“lln.

’ f

T=1/f,

P

Figure 2.2: (a) Time-domain representation of an optical frequency comb. (b)
In frequency domain the OFC consist of a broad spectrum of equally spaced
comb lines, whose optical frequencies are given by f, = nfrep + fo.

In order to assess fy directly, one would need to measure the oscil-
lations of the carrier, which is impossible with the current electronics

bandwidth.

10
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2.1.2 Self-referencing

A method to determine the offset frequency was proposed in [43,44] using
a nonlinear conversion method. This technique, called self-referencing,
uses a f — 2f interferometer and requires that the bandwidth of the fre-
quency comb spans more than one octave. For this reason, the spec-
tral broadening of femtosecond mode-locked lasers using highly non-
linear fiber was a key development in the frequency comb stabiliza-
tion [38,44,45]. An sketch of the self-referencing method using a broad-
ened frequency comb that spans an optical octave is shown in figure 2.3.
In a f — 2f interferometer, a comb mode in the low-frequency side is
doubled using a nonlinear crystal and interfered with a comb mode that
is twice the frequency, providing the offset frequency beat note as:

2(nfrep + fO) - (anrep + fO) = fO- (25)

__\\.I H |1, R

‘ f=nf +f, f=2nf_+f, =
ol &
S L2 o, + )

2(nf, + ) - @nf  +1f) =1,

rep

Figure 2.3: Self-referencing technique using a f — 2f method. A mode n at
the red side of the spectrum is frequency doubled using a nonlinear crystal.
If the frequency comb covers a full optical octave span, a mode 2n with a
frequency 2nf,., + fo is located in the blue side- The beat note between the
doubled-frequency mode and the 2n yields the offset frequency.

Although full stability of MLL is achieved and has been extensively
exploited, their frequency spacing and central frequency are mainly fixed
and determined by the specific design. Furthermore, some applications
such as communications, imaging, and RF photonics do not require self-
referencing but they demand higher flexibility in repetition rate (fre-
quency spacing) [46].

11
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2.2 Electro-optic frequency combs

Electro optic (EO) combs are based on electro-optic modulation. In
short, a CW laser is modulated by a microwave signal such that side-
bands to the laser spectrum are generated, where the central and rep-
etition frequencies are defined by the frequency of the laser and the
modulation frequency respectively. These two parameters can be chosen
freely within the operation bandwidth of the modulators, providing a
simple yet powerful technique to generate a comb. Together with these
degrees of freedom, the EO comb generators can be directly shaped to
synthesize different temporal waveforms [46,47].

2.2.1 (Generation

Several configurations of electro-optic combs have been implemented
with the purpose of obtaining flat spectral envelopes, which are appeal-
ing for spectroscopy and communication applications. In this section,
a configuration using cascaded phase and intensity modulators will be
discussed since this approach has been employed for the work presented
in paper A.

The modulators work under the Pockels electro-optic effect where the
refractive index varies in the presence of an electric field. We can start
considering a single phase modulator, where the strong phase modulation
imparted on a CW laser will result in a periodic chirp of the light. This
means that the modulator simply varies the phase in proportion to the
driving voltage, which is generally a sinusoidal electrical waveform with a
frequency w,,. Thus, the optical field of the modulator can be described
as:

E(t) = Ag expl(iwct + iA¢ sin(wmnt)), (2.6)

where Ag and w, are the amplitude of the modulation signal and
the carrier frequency. The factor A¢ is the so-called modulation index
equal to mV/V,, which relates the voltage of driving RF-signal, V', with
the half-wave voltage of the modulator, V;. The latter determines the
electrical power required to achieve a m-phase change. The ratio be-
tween these two parameters must be maximized in order to achieve a
broad optical spectrum. In practice, the RF power is limited and the
V is intrinsically limited by the waveguide structure and electro-optic
coefficient of the modulator.

12
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Figure 2.4: a) Electro-optic comb generation using phase and intensity modu-
lation. The cascaded configuration of the two phase modulators (PM) increase
the effective modulation depth, while the intensity modulator (IM) flattens the
optical spectrum. b) Optical spectrum measured at the output.

In order to extend the optical bandwidth of the EO comb, it is com-
mon to employ a series of N phase modulators [48]. The price to pay
using such a scheme is a linear increase of the optical insertion loss with
each modulator. Additionally, the temporal phase between the modula-
tors must be carefully aligned using electrical phase shifters. This EO
comb configuration is depicted in Figure 2.4 a, where an additional in-
tensity modulator is located at the output of the comb for flattening the
spectrum. The intensity modulator should be biased to provide a train
of pseudo-square pulses. If this temporal signal is correctly aligned with
the phase of the modulators, the pulses coming out will exhibit a linear
phase and hence equalize the spectrum [49]. Additional studies of the
phase noise performance of these combs have shown that the comb gen-
eration in this platform is only limited to the pump laser linewidth since
minimal degradation from the RF-clock purity has been found [48,50].

Further developments to enhance this platform’s capabilities are the
combination with high nonlinear fibers to extend its optical bandwidth.
EO combs have been spectrally broadened to bandwidths that span over
an octave to enable self-referencing. In order to perform an efficient
broadening, the phase noise of the comb should be controlled to maintain
the coherence. Therefore, is important to consider the accumulation of
phase noise with respect to the line number [51].

There are few demonstrations of self-referencing using EO combs,
and it usually requires a two-stage process to realize such broadening.
An initial broadening is performed mainly using a self-phase modulation
mechanism operating at a low dispersion. In a second stage, the chirp
of the pulse is compensated and coupled to either a fiber or waveguide
that has been dispersion engineered to perform a dramatic broadening

13
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[52,53]. In [53], the phase noise is mitigated using a microwave cavity in
a stabilized-local-oscillator configuration.

2.2.2 Examples in spectroscopy

Electro-optic frequency combs stand out from other frequency comb gen-
erators because of their repetition rate tunability, high optical power
handling, and stable operation. Thus, this comb generation technique
rapidly gained interest for spectroscopy since they offer repetition rates
in the GHz range which makes them particularly suitable for applications
where dynamic measurements are needed.

EO combs have been implemented for spectroscopy using both a sin-
gle and dual comb configuration. Relevant work has been reported using
a single comb for molecular spectroscopy. For example, in [54| cesium
transitions are probed with the pulses of an EO comb which provides
a microsecond scale of measurements. Other studies on atomic spec-
troscopy have also benefited from the flexibility of the tuning of the line
spacing to achieve rapid temporally resolved measurements [55,56].

Dual-comb spectroscopy is an established technique that allows real
time measurements and comb teeth resolved spectra. This technique
will be covered in more detail in Chapter 4. EO comb generators are
very attractive for dual-comb spectroscopy since they significantly reduce
complexity compared to MLLs-based systems. Several demonstrations
for gas spectroscopy have been reported using this configuration [57-59].
Although, in some of these cases there is a large spectral sampling given
by the repetition rate, the fundamental resolution is set by the comb
tooth linewidth. Indeed, a vast number of demonstrations have been
reported in the telecommunication bands due to the development of effi-
cient modulators in this spectral region, this has enabled the application
of spectroscopy for optical components and the characterization of wave-
forms [60-62].

2.3 Microcombs

Similar to EO combs, micro-resonators generate a frequency comb start-
ing from a CW laser. However, the principle is completely different.
The generation of a microcomb is based on the resonant re-circulation
of light that allows to build up optical power and harness nonlinearities
of the medium. A key characteristic of optical microcavities is the small
spatial confinement of light which significantly reduces the threshold of
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nonlinear processes [63]. They rely upon parametric gain, an amplifi-
cation process that allows the generation of coherent light with a wide
spectral coverage [64].

2.3.1 (Generation

The Kerr-comb generation relies on the third-order nonlinearity of the
material in order to observe optical parametric generation. This Kerr
nonlinearity allows that two photons from the pump with a frequency
wp generate two photons at signal and idler frequencies, named as four
wave mixing (FWM). Kerr nonlinearity induced optical parametric os-
cillation in microcavities was first reported in [65,66]. In these works a
toroidal micro-cavity with a low high-Q allowed comb generation with
low pump power. However, it was not until 2007 that frequency combs
with broad optical bandwidth were demonstrated [29]. In that work, the
parametric oscillation was followed by cascaded four-wave mixing, result-
ing in a 500 nm optical bandwidth. That demonstration not only showed
wide spectral bandwidth of the generated comb, but also a constant line
spacing across the spectrum [67|. The large diameter attainable in these
micro-resonators platforms, opened a new venue for the generation of
low noise microwave signals from optical rate frequencies [67,68|.
Besides the use of toroidal micro-cavities, the demonstration of op-
tical parametric oscillators in integrated planar resonators was also re-
ported [30]. The use of silicon nitride drew significant attention due to
the fact that it does not suffer from two-photon absorption in the near-
IR as is the case for silicon [69]. Furthermore, in [30] it was shown to
be possible to fabricate thicker waveguides which enabled the waveguide
dispersion to be engineered to enhance FWM processes. However, it is
worth mentioning that these FWM-based microresonator combs suffer
from significant frequency and amplitude noise. The later introduction
of temporal dissipative solitons in [70| resulted in the formation of well-
defined mode-locked waveforms, named dissipative Kerr solitons(DKS).
Similarly to optical fibre solitons, DKS relies on the balance between
dispersion and non-linearities but with the extra addition of gain and
loss interplay in the process [71]. The first DKS microcomb was im-
plemented in the anomalous dispersion regime where smooth hyperbolic
secant-square spectral envelopes are obtained [72]. Since this work, the
investigations have focused to understand the physics driving the soli-
ton generation and enhancing the comb capabilities. Another variant
of DKS is the so-called dark soliton when the micro-resonator works
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Figure 2.5: Concept of microcomb generation using a microring resonator. a)
A single frequency C.W. laser is coupled to one resonance; the intracavity power
builds up which allows the generation of new frequency components through
nonlinear wave mixing. The repetition rate of the microcomb is governed by
the free-spectral range of the cavity. b) Optical spectrum of a microcomb
generated in the normal dispersion regime.

in the normal dispersion regime [73,74|. As its name implies, it is a
temporal waveform consisting of a hole in a flat background. A more de-
tailed explanation of soliton dynamics in the normal dispersion is given
in Chapter 3.

2.3.2 Examples in spectroscopy

Microcombs provide phase-locked femtosecond pulses with reproducible
spectral envelopes and good phase noise characteristics. Furthermore,
Kerr microcombs unleashed the potential of increased bandwidth that is
possible to extend up to an octave spanning [75|. Chip-based frequency
combs represent an opportunity for a myriad of outside laboratory ap-
plications to reduce component size and complexity [76-80]. Coherent
microcombs have enable its application on imaging, tomography and
ranging [31,32, 34].

Undoubtedly, microcombs are also very appealing for optical spec-
troscopy. Direct frequency comb spectroscopy has been demonstrated
using a scanning technique to increase the effective resolution [81, 82].
Dual-comb spectroscopy is an established technique due to its perfor-
mance capabilities in terms of SNR and fast measurements. Therefore,
the use of microcombs has been very attractive to implement this con-
figuration [33,83-85]. A more thorough study of the performance of
dual-comb on chip is given in Chapter 4.

16



Chapter 3

Photonic-chip-based combs in
the normal dispersion regime

The generation of frequency combs on integrated photonic chips is an
enabling technology in the field of nonlinear photonics. Photonic devices
implemented within square millimeter areas are capable to provide high
confinement which is essential for nonlinear optics. Furthermore, they
enable the possibility of tailoring the dispersion profiles of the waveguides
to further enhance the nonlinear parametric processes.

In connection with the results presented in paper A and B, this chap-
ter is mainly focused on the generation of nonlinear broadening and mi-
crocomb generation in the normal dispersion regime.

3.1 Nonlinear optics in waveguides

A variety of material platforms have been employed to fabricate waveg-
uides for nonlinear applications, including silicon [86, 87|, silicon ni-
tride [88-90], AlGaAs [91], and AIN [92]. Si3Ny has the advantage that
it offers a wide transparency window and high nonlinear coefficient, and
does not exhibit nonlinear losses such as two-photon absorption.

The generation of broad spectra on chip-based combs is mainly sup-
ported by supercontinuum (SC) generation using optical waveguides and
Kerr comb generation based on microresonators [93|. In both cases, the
governing nonlinear mechanisms are different depending on the disper-
sion regime of operation. This results in different combinations between
the spectral broadening bandwidth and the coherence that is possible to
obtain |94].
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Chapter 3. Photonic-chip-based combs in the normal dispersion regime

A key difference between SC and Kerr comb generation is that the
former utilizes a pulse as the pump source, while the latter is pumped
with a CW laser. In SC generation, a pulse propagates through an optical
waveguide that features either anomalous or normal dispersion, resulting
in different nonlinear broadening mechanisms [94]. Since the pulse that
is used as the pump is a frequency comb itself, the repetition rate of the
broadened spectra is dictated by the input pulse. For the case of Kerr
combs, the CW laser is coupled to one of the microresonator resonances
transferring energy to other cavity modes via FWM where the repetition
rate is given by the FSR of the microresonator.

Integrated waveguides offer the possibility to achieve a high confine-
ment of light due to the large contrast of the refractive index between
the core and the cladding. High confinement and dispersion engineering
can be obtained by tailoring the waveguide geometry. The combination
of these two properties is key for enabling nonlinear optics processes [95].
The propagation length is another essential parameter for nonlinear pro-
cesses.

Since the pulse propagates through a guided mode of the waveguide,
we have to account for propagation constant 8 which is frequency depen-
dent. The dispersion in the optical mode is caused by two contributions,
material and waveguide dispersion. The propagation constant is com-
monly expressed as a Taylor expansion.

B(w) = Bo(wo) + P1(w — wp) + Z %(w —wo)", (3.1)
n=2

where f3,, corresponds to an n’-order derivative with respect to an
angular frequency wy, £ is related to the group velocity vy = 1/81. The
second-order derivative 35 defines the group velocity dispersion (GVD)
coefficient. When By > 0, the waveguide has normal dispersion, meaning
that the low-frequency components travel faster than the high-frequency
components and vice versa for anomalous dispersion which occurs when
B2 < 0. Although dispersion is a linear phenomenon, its influence on the
nonlinear interactions of the waveguide is extremely important. This
since the different velocities on the spectral components of the pulse will
affect the phase-matching condition in the spectral broadening.

In order to describe the propagation of a pulse through a Kerr nonlin-
ear waveguide, we use the nonlinear Schrédinger equation (NLSE) [96].
This equation is relatively simple to simulate using a split-step method
approach, where the propagation is considered in small steps taking sep-
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arately the linear and nonlinear terms of the NLSE.
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In the NLSE, the change of the slowly varying electric field envelope
(A) with respect to the propagation distance is related to the Kerr non-
linear effect, the GVD, and the propagation losses, as seen on the right
side of Equation 3.3 respectively. For simplicity, only the second-order
dispersion is considered in the simulation using co-moving frame at the
group velocity. The Kerr nonlinearity in the NLSE is represented by the
nonlinear parameter «, which causes a change in the refractive index of

the mode resulting in an intensity dependant phase.

+ iy A2 A. (3.2)

3.2 SC generation in the all-normal dispersion
regime

It is clear that in order to describe the evolution of a pulse in a non-
linear medium, the dispersion and the nonlinearity must be examined
together. In the case where the waveguide features normal dispersion,
the combination of GVD and SPM produces a broadening of both the
spectrum and the pulse. In the presence of anomalous dispersion, the
nonlinear frequency chirp is balanced with the GVD which in turn en-
ables the generation of solitons. Indeed, soliton-induced dispersive wave
generation represents an efficient option for SC generation. However,
these processes rely on a region of parametric gain called modulation
instability (MI).

A limitation of this method is that unseeded MI-gain can amplify
the noise of the input pulse [97]. For this reason, pump pulses with a
duration shorter than 200 fs are needed.

An alternative for coherent SC generation is working in the all-normal
dispersion (ANDI) regime. Although the employment of ANDi fibers
has been studied as an alternative for the conventional SC generation,
its realization on integrated waveguides is still challenging. There are
two key aspects for the realization of nonlinear broadening in the ANDi
regime. First, since the maximum broadening is governed by the initial
SPM, the pulse should not broaden immediately. Therefore, the GVD
should be as low as possible to keep a high peak power. Second, since
the OWB distance grows with the duration of the pulse, the propagation
distance should be large enough.
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By working in the ANDi regime, all soliton dynamics are suppressed.
Instead, the dominant nonlinear dynamics are SPM and optical wave
breaking (OWB) [98]. In figure 3.1, a simulation of SC generation in
the anomalous and the normal dispersion regime is depicted. In the
conventional case, an anomalous dispersion waveguide is pumped with a
60 femtosecond pulse at a peak power of 1 kW. The spectral evolution
illustrates that the spectral broadening is induced by a soliton until it
breaks apart after a propagation around 30 mm. This is caused by the
presence of higher-order dispersion which in turn generates a dispersive
wave that enhances the broadening [99]. As a result, the output spectrum
exhibits a complex structure with large dips which is undesirable for
many applications. The ANDi waveguide is also simulated with the
same pulse but at higher peak power (4 kW). At the initial stage of the
pulse propagation, the spectral broadening is mainly produced by SPM
as the characteristic oscillatory structure in the spectrum is observed.
In the temporal domain, the pulse maintains its shape and broadens
from its initial duration. The reason for the nonlinear dynamics in this
case, where SPM is being dominant over the dispersion, is because the
nonlinear length Ly = (7Pp)~! is shorter than the propagation Lp =
Ty 1/|Ba|. Here Ty and Py are the duration and peak power of the initial
pulse. After a longer propagation, the dispersion takes over the nonlinear
dynamics. This occurs due to the fact that the group velocity increases
monotonically since all wavelengths exhibit normal dispersion. As a
result, the trailing and leading edges of the pulse are steepened and
OWB occurs. This temporal overlap of the pulse frequency components
translates into the creation of new frequency components via four-wave
mixing [100].

As the pulse propagates further, OWB tranfers energy from the cen-
tral frequency region to the edges, causing a flattening of the spectrum.
Therefore, the maximum achievable bandwidth mainly depends on the
SPM-induced broadening, which is defined as [96]

oU(t)

ot
where U(t) is the normalized intensity of the pulse and z is the propa-
gation distance.

Due to the temporal overlapping of the spectral components of the
pulse, OWB is highly sensitive to the input pulse characteristics. In
paper A, the ANDi waveguide was pumped using a femtosecond MLL,
this was performed in free space to avoid the initial pulse broadening

|w5pM(z, t) — w0] = "}/PO (33)
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Figure 3.1: Spectral evolution of the SC generation in anomalous and normal
dispersion. In the left, an anomalous dispersion waveguide is pumped with a 60
fs pulse at 1kW. A pulse with the same duration but 4 kW of optical power is
used to simulate the nonlinear process in an ANDi waveguide. The top panels
depict the spectrum of the input pulse and the SC generated after 20 cm of

propagation.

prior to propagation. This ensures a high peak power, however, due to
the nonlinearities of the built-in amplifiers of the system, the pulse of
the laser shows a complex structure which is translated to the broadened
spectrum.

In paper A, supercontinuum generation using ANDi waveguides was
studied. In this work, the influence of the pulse duration and the coher-
ence of the broadened spectrum was analyzed. This offers an alterna-
tive to bulky optical components for the generation of frequency combs
on-chip with high repetition rates and a flat spectral envelope. These
characteristics are not only beneficial for spectroscopy but also for noise-
sensitive applications such as communications and arbitrary waveform
synthesis.
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Chapter 3. Photonic-chip-based combs in the normal dispersion regime

3.3 Mode-locked Kerr microcombs

Another approach to implement an integrated frequency comb is the
microresonator-based Kerr comb [101]. The main component is a non-
linear optical microresonator based on a third order nonlinear material
with a high quality factor (Q). The basic configuration consist of a mi-
croresonator coupled to a bus waveguide, when a single-frequency CW
laser is coupled to the resonator a frequency comb is generated through
nonlinear four-wave mixing. Mode-locking is attainable in microcombs
by operating in the soliton regime, where the CW laser is converted into
stable ultrashort pulses in time domain [72,73,102-104]. Similarly to the
SC generation, the group velocity dispersion inside the microresonator
plays an important role for the microcomb formation. The spectrum of
a microcomb generated when operating in the anomalous dispersion and
a mode-locked dark comb is shown in Figure 3.2
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Figure 3.2: Kerr microcombs. a) A bright soliton featuring a hyperbolic
spectral envelope is generated in a microresonator with anomalous dispersion.
b) shows the spectrum of a dark pulse when the cavity dispersion is normal.

The processes occurring in nonlinear microcavities can be divided in
two stages. The first one is modulation instability, where new equally
spaced frequency components are generated. In the second second stage,
complex nonlinear dynamics including sub-comb formation and breath-
ing states lead to comb formation [103]. For the initial growth of optical
frequencies, it is necessary to access the modulation instability, which
occurs when the CW field of power provides parametric amplification to
other frequency components. When the gain compensates for the cavity
losses, new frequency components are generated in the resonances of the
cavity.
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Mode-locking in the normal dispersion regime have been demon-
strated theoretically and experimentally [73,74,105]. The comb gen-
eration in this regime is quite attractive for several reasons, one of them
is due to the fact that the dispersion of several bulk materials is normal
in the visible and near IR spectral windows. Indeed, in the telecom-
munications band, where Kerr comb generation has mainly been per-
formed, it is possible to tailor the dispersion of the waveguide since most
of the materials exhibit either zero-dispersion crossing, or low anoma-
lous/normal dispersion. Nevertheless, operating in the normal dispersion
relaxes the requirement of dispersion engineering, which is desirable to
conform other requirements for Kerr comb generation, such as mode con-
finement and high Q factors. Other interesting aspects of the Kerr comb
formation in the normal dispersion region are the deterministic behaviour
towards mode-locking and the high conversion efficiency [106-108].

The resonances in the microresonator are defined by the free-spectral
range (FSR) of the ring and the group velocity dispersion. If the GVD of
the fundamental mode of the microresonator is designed to operate in the
normal dispersion region, the blue frequency components travel slower
than the red ones. This means that the spacing between the resonances
decreases as the frequency increase.

A useful tool to model the dynamics of a microresonator with length
L and intrinsic propagation losses «, is the Lugiato-Lefever equation
[109]. This equation is also known as the externally driven, damped
nonlinear Schrédinger equation, due to the presence of an external driv-
ing field A;, with detuning.

TR%—? — 1 +2aL — 60 — iL%aa—; +iLly|AP| A+ ivV0Ain, (3.4)

where Tg is the roundtrip time in the microresonator, A is the intra-

cavity field, 6 is the coupling coefficient between the bus waveguide and

the ring, g is the detuning parameter of the cavity resonance from the
pump frequency and Aj;, is the incident pump field.

The initiation of Kerr microcomb in normal DKS is experimentally
challenging because of the difficulty to access the MI to grow the first
comb lines. Although it is well known that MI existence requires anoma-
lous dispersion in fibers, the MI in cavities may arise in both anomalous
and normal dispersion [110]. In optical fibers, MI has been observed
when a field interacts with another field with different polarization or
wavelength [96].

In optical microresonators, the mode interaction between the trans-
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verse and fundamental mode enables a localized anomalous dispersion
which allows MI to occur |73,74,104|. These aided coupling interaction
is however a product of accidental degeneracies in the spatial modes in
the microresonator, making it difficult to control. This issue can be ad-
dressed by using a second cavity to induce the mode coupling, in this
manner it is possible to control the coupling juts by tuning the distance
between the two rings. This was proposed in [107] where a dual-coupled
ring arrangement induces mode coupling in a programmable way. Be-
sides achieving mode-locking deterministically, the repetition rate of the
comb can be selected by controlling the mode interaction location. A
similar approach was performed in [108] where a microheater is placed
on the auxiliary cavity to tune the avoided mode crossing location.

Mode-locked pulses generated in the normal dispersion regime, also
called dark solitons, enable high power conversion efficiency [106-108].
Efficiency higher than 30 percent can be achieved due to the fact that the
CW laser is detuned closer to the center of the resonance of the microres-
onator. For the generation of bright solitons in the anomalous dispersion
regime, the pump CW laser is far red-detuned from the resonator reso-
nance. Due to this large frequency detuning, a smaller portion of the CW
laser power is coupled to the resonance and causes just a fraction to be
converted into usable comb power. However, a recent work demonstrates
that this limitation can be overcome by using a dual cavity architecture
to induce a frequency shift of the pump resonance, this in turn allows an
unprecedented conversion efficiency [111].

In paper B, the experimental investigation of a microcomb in a dual-
cavity configuration operating the normal dispersion is performed. The
frequency comb attains a power conversion efficiency of 50 percent and a
repetition rate of 50 GHz. The design of this dual-cavity design is similar
as in [111], where the main cavity has a larger FSR than the auxiliary
cavity. This enables a mode-crossing in a single resonance, enabling a
symmetric spectral envelope and a resilience of the repetition rate to the
pump frequency detuning.
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Chapter 4

Dual-comb interferometry

An optical frequency comb is an exceptional tool for spectroscopy due
to its brightness and spatial and temporal coherence. In order to fully
exploit their spectral resolution and frequency accuracy, it is needed to
resolve the individual comb teeth. Measuring comb-tooth-resolved spec-
tra represents a challenge since the separation of individual frequency
lines is finer than the resolution of most spectrometers. In paper C, a
review of comb-based interferometric techniques are presented. This sec-
tion focuses on dual-comb interferometry and the possibility to employ
chip-scale microcombs for this purpose.

4.1 Comb-based interferometry in the time do-
main

The use of frequency combs for optical spectroscopy within linear in-
terferometric techniques has been widely explored over the recent years
[112]. The simplest method for employing the broad bandwidth of a
comb is direct frequency comb spectroscopy (DFCS). This technique has
found a myriad of applications in molecular spectroscopy, material sci-
ence, and trace gas detection. It was rapidly realized that without the
capability to fully resolve the comb lines, the associated frequency reso-
lution was lost. Indeed, fully resolved comb spectra using dispersive and
Fourier-transform (FT) spectrometers has been achieved [4,113].
Fourier transform spectroscopy (FTS) is a well-established technique
capable of recording a full spectrum over a wide spectral bandwidth using
broadband thermal sources as the input. Fourier transform spectrome-
ters have been implemented using frequency combs as the input source,
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consequently increasing the SNR due to their excellent spatial coher-
ence [4]. Although the sensitivity was increased, the initial implemen-
tation did not fully resolve the spectral lines since it was limited by the
instrumental resolution given by the maximum path length of the inter-
ferometer. However, recent demonstrations of frequency combs coupled
to F'T spectrometers fully resolve the comb teeth linewidth by matching
the comb repetition rate with the delay of the spectrometer [114, 115].
Combined with enhancement cavities, the sensitivity is further increased
due to a longer interaction path of the sample [116,117].

As with conventional FT spectroscopy, dual-comb spectroscopy
(DCS) enables the broad bandwidth optical sampling without the need
of movable components but instead using a dual-comb configuration. In
this way, two combs with different repetition rates allow mapping of the
optical frequencies into the photo-detectable radio frequency domain.
Using this technique, the second frequency comb is used to perform
the spectral sampling and therefore dispense the need for a spectrom-
eter [59,118,119]. Dual comb spectroscopy (DCS) has outpaced other
comb spectroscopy techniques since it brings together the strengths of
broadband spectroscopy and laser spectroscopy. DCS has been widely
used to perform direct frequency comb spectroscopy using MLLs in the
near-IR and in the mid-IR [3,120-122|. However, it is important to re-
mark that in the mid-IR the complexity of the DCS increases since most
of the mid-IR implementations require nonlinear conversion methods.

DCS is analogous to Fourier-transform infrared (FTIR) spectroscopy,
where broad bandwidth spectra is measured with a single photodetector.
Although FTIR spectroscopy is very unlikely to be surpassed in terms of
spectral coverage, other features such as spectral resolution and accuracy
are possible to attain using a comb-based approach. Notwithstanding,
the development of DCS largely mirrors the growth of frequency comb
generation. The advent of microcombs has opened up the possibility of
using frequency combs for integrated spectroscopy leveraging high SNR
and fast acquisition rates. The outstanding phase noise characteristics
in recent microcomb demonstrations make them even more appealing
for DCS applications. However, the stabilization of microcombs is a key
aspect to reach the fundamental resolution of DCS which is set by the
linewidth of the comb tooth.
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4.2 Generalities of dual-comb interferometry

Dual-comb was proposed shortly after the invention of the frequency
comb by Schiller et all [123]|, and since then it has been established
and evolved alongside the frequency comb technology. As mentioned
earlier, DCS uses two frequency combs whose repetition rate have a
slight frequency difference A f,¢, (see figure 4.1 (a,b)). The main idea is
that these two combs interfere and generate a frequency comb in the RF
domain composed of the heterodyne beating of the frequency comb lines.
In the RF domain, the sequence of beat notes is spaced by the difference
of the repetition rate Af,c,. In Figure 4.1 (b), the general idea of this
concept is depicted. In the time domain, DCS can be understood as two
trains of pulses with slightly different repetition rates, overlapping at the
photodetector with varying delays. The photodetected cross-correlation
is then sampled at time intervals AT = 1/ f;¢p, as shown in figure 4.1
(c).

In order to perform spectroscopy, a sample under test is placed in one
of the arms of the dual-comb interferometer. In this way, the response
of the sample is encoded in the so-called signal comb and then sampled
by the second comb, which is referred to as the local oscillator. This
scheme allows to retrieve both the amplitude and phase of the sample
and is often called asymmetric or dispersive architecture [118]. Using
a symmetric approach is also possible, where the two combs interact
with the sample, but only the amplitude of the comb, i.e absorption
features, are measured. In the following, the asymmetric approach will
be considered.

Dual-comb spectroscopy is sometimes described in terms of electric-
field cross-correlation (EFXC). In [61], this scheme was proposed for the
characterization of optical arbitrary waveforms. It is possible to draw
an analogy with traditional EFXC, where the cross-correlation between
a signal pulse (as) and a reference pulse (a,) is measured with respect
to the delay (7) of an interferometer. This delay is controlled by the
mechanical translation of one of the arms of the interferometer. The
interference is then recorded by a photo-detector yielding a time-averaged
output power as in [124].

(P (1)) = %{Ur b U, + [0 (ay (B)aX (t — 7)) + c.d]} (41)

Where U, and U are the energies of the pulses, these terms will
correspond to DC components in the photo-detection. The oscillatory
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Figure 4.1: a) The basic setup of a dual-comb interferometer in an asymmetric
architecture. b) Two frequency combs (red and blue) are mixed to produce a
down-converted rf comb. c) In time-domain, a pulse-to-pulse walk-off between
the two comb pulse trains is produced, i.e. a virtual scanning of a reference
pulse over a signal pulse. The samples are recorded by a balanced photo-
detector (BPD) at time intervals of AT using a real-time scope (RTS).

term measured as a function of the delay 7, contains the information of
the sample under test. Through Fourier analysis, it is possible to retrieve
the signal pulse if the reference pulse is known.

The same approach can be used in dual-comb interferometry, but
instead, the delay is controlled by the difference of the repetition rate of
the two combs. Therefore, the local oscillator pulse virtually scans the
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signal pulses, producing a cross-correlation interferogram with a period
1/Afrep, as depicted in Figure 4.1(b).

Therefore, the Fourier transformation of the product of the electric
field of both combs will simply translate to a radio-frequency comb. Since
the difference of the repetition rate is the separation of the frequency lines
of the RF domain, the bandwidth of the RF comb should not exceed half
of the repetition rate. This is derived from the Nyquist condition and is
maintained if the optical spectral bandwidth that is desired to acquire
fulfills the following condition [118]:

2
meep o frep

A —
Vs 2 frep

(4.2)

Where m is the so-called compression factor equal to frep/A frep. If
A frep increases, the down-converted bandwidth will also increase, which
will translate in aliasing. This means that increasing the difference in
repetition rate beyond this limit, the down-converted frequencies will ex-
pand and overlap with beating of higher order frequencies. From equa-
tion 4.2, the maximum difference in repetition rate can be expressed
as

2

Afrep = QZI; (43)

In terms of acquisition speed, the minimum time needed to acquire
a single spectrum using DCS is given by 1/Af,¢, at the expense of low
SNR. One can realize that fast spectral acquisition is possible by increas-
ing the difference in the repetition rate. Furthermore, as seen in equation
4.3, the acquisition speed scales with the repetition rate.

The SNR can be further increased by co-adding multiple successive
spectra, i.e coherent averaging. Therefore, improved SNR can be ob-
tained without the need for long measurement acquisition times if an
ultrafast single acquisition speed is performed. This scheme has been
implemented using electro-optic combs [59-61,125] or microcombs whose
repetition rates are usually in the order of GHz [34].

4.3 Microcombs for dual-comb interferometry

As mentioned above, in order to avoid aliasing effects frcp > A fr¢p must
be satisfied. Microcombs are appealing to fulfill this condition since their
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repetition rates (in GHz) enable faster measurements than their coun-
terparts based on mode-locked lasers (in MHz). However, the challenges
associated to perform dual-comb spectroscopy using microcombs mainly
lie on the lack of mutual coherence if they are generated with different
lasers. If both microresonators are pumped with a single CW laser, an-
other practical aspect rises since the resonances of both microresonators
should be aligned.

The mutual coherence is highly relevant in order to spectrally resolve
the comb teeth, this means that the down-converted linewidth should
be below Af.cp,. Another aspect is the possibility of performing long-
term averaging which in turn increases the SNR. In this matter, new
methods have been explored to achieve inherent mutual coherence and
reducing the experimental complexity. One of these approaches is based
on the generation of microcombs in the same cavity, either in a counter-
propagation architecture [83—-85]. However, this technique relies on Kerr
and Raman effect to induce the difference in the repetition rate [126]
which restricts the acquisition speed. A recent demonstration pumping
with a single laser employs spatial multiplexing [127] to generate fre-
quency combs in different mode families, which enables repetition rate
differences in the MHz range.

Simultaneous generation of frequency combs is also possible using a
single laser pumping two cavities on a single chip [33]. In this approach,
the presence of microheaters on top of the cavities allows to thermally
tune the resonance of the cavity to achieve soliton mode-locking. Hence,
it is possible to use low-noise non-tunable lasers, leading to a narrow
linewidth of the down-converted beat notes and stable mutual coher-
ence. It also overcomes the challenge of aligning the resonances to the
same pump wavelength since the tunability of the heaters can be up to
one FSR. It is worth mentioning that since the central wavelength is
shared, an ambiguity in the beating of the closer lines to the pump is
observed. This can be avoided using an acousto-optic modulator but
it requires a different bus waveguide to pump the rings. This is diffi-
cult in practice since the devices are usually pumped using individual
lensed fibers on a thermally controlled micro-positioned stage. Pack-
aging of microresonators for external pumping would increase the flex-
ibility of the microcomb generation and also leverages a stable power
coupling [128,129].

The most straightforward application of a dual-comb scheme based
on microcombs, is the observation of the comb formation dynamics
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4.3. Microcombs for dual-comb interferometry

[33,127]. The fast recording of the interferometric data between a ref-
erence comb and a comb in formation allows to spectrally resolve the
comb dynamics. Such imaging was initially demonstrated in [130] using
an electro-optic comb as the reference pulse to sample a dissipative Kerr
soliton formation. The temporal resolution in the femtosecond scale al-
lowed for observation of soliton phenomena such as collision and breath-
ing, this resolution is fundamentally limited by the pulse duration of the
reference. The EO-comb can be replaced by another microcomb which
will allow for higher sampling rates, evidently a stable mode-locking op-
eration state of both combs is needed in order to resolve the individual
comb lines beating.
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Chapter 5

Future outlook

The work presented in this thesis has been focused on the generation of
microcombs. A natural next step would be to work with the applica-
tion of microcombs in optical spectroscopy, specifically in a dual-comb
configuration.

5.1 Static dual-comb spectroscopy on chip

The work presented in paper B is a preliminary study of the microcomb
generation in the normal dispersion regime. It is worth mentioning some
important aspects about this work such as the flat and symmetric spec-
tral envelope, high power conversion efficiency and the presence of a quiet
point operation. These capabilities are attractive for the usage of this
type of comb in a dual-comb interferometry scheme. As mentioned in
chapter 4, this scheme brings benefits such as increased SNR and fast
dynamic measurements. However, it is required to achieve a mutual co-
herence between the combs and a stable repetition rate to fully resolve
the comb teeth. A mutual coherence can be achieved using the same
CW laser as the pump.

The drifting of the repetition rate is more challenging to overcome
since it requires an active feedback stabilization. The thermal stabi-
lization of the cavity can be implemented by monitoring the generated
optical spectrum and using the heater on the main cavity to compensate
the drifting. To achieve better stabilization is important to disentan-
gle the contributions on the phase of the repetition rate to distinguish
between the thermal noise of the cavity and the noise from the laser.

In order to perform dual-comb spectroscopy it is crucial to overcome
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Chapter 5. Future outlook

these practical aspects on the frequency comb generation. Nevertheless,
the use of dark soliton microcombs is remarkable since it make it pos-
sible to achieve a higher dynamic range of detection as a result of the
symmetry of these combs.

5.2 Combination of DCS with swept-wavelength
interferometry

The spectral resolution attainable with DCS is fundamentally limited by
the linewidth of the comb teeth. However, the spectral sampling is given
by the repetition rate of the frequency comb. This spacing, which is
typically in hundreds of GHz for microcombs, can be overcome with the
combination of swept-wavelength interferometry. Using such approach,
the common pump laser is swept over the repetition rate span, which in
turn reduce the resolution to narrower than the comb linewidth.

The challenge of implementing the sweeping of the pump laser lies
in maintaining a constant detuning between the laser and the pump
resonance. This means that it is needed to tune the resonance of the
main cavity over the full FSR of the comb while keeping a mode-locked
state. If a dual cavity architecture is used for the initiation, it also
requires tuning the auxiliary cavity resonance in order to maintain the
avoided mode-crossing needed for the comb generation.

The key feature of realizing such task, is combining the high spec-
tral resolution of swept-wavelength interferometry with a broad band-
width frequency comb. Ideally, by using this technique it is possible
to perform high resolution spectroscopy over octave-spanning frequency
combs. Applied to molecular spectroscopy, this would imply the massive
characterization in parallel of multiples species.
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Chapter 6

Summary of Papers

Paper A

Coherent supercontinuum generation in all-normal dispersion
SisN,; waveguides,
Optics Express, 30, 8641-8651, 2022.

In this paper we study the coherence properties of supercontinuum
generation using straight waveguides in the normal dispersion regime.
The spectrum of sub-picosecond pulses from an electro-optic comb with
a high repetition rate is broadened by means of self-phase modulation
in the normal dispersion. Pulses with higher energy with a femtosecond
duration are also used as a pump source to access the optical wave-
breaking regime.

My contributions: I assisted in the design of the waveguide and
conducted the characterization of different samples. I conducted all the
lab experiments including pumping the waveguide with different pulses
and the coherence characterization of the broadened spectra. I wrote
the paper with support from the co-authors and presented the work at
CLEO EU 2021.

Paper B

Photonic molecule microcombs at 50 GHz repetition rate,
Conference on Lasers and FElectro-Optics, San Jose, USA, paper
SW40.8, 2022
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In this work, we demonstrate the generation of a frequency comb in
the normal dispersion regime using a dual-cavity architecture. We ad-
dress the challenge of comb initiation in the normal dispersion regime by
inducing mode coupling by means of an auxiliary cavity. An important
aspect in the design of this dual-cavity architecture is that the main cav-
ity has a larger FSR than the auxiliary cavity. In this way, the avoided
mode-crossing is only induced on a single resonance. As a consequence,
the generated comb results in a symmetric envelope and the presence of
a quiet point of operation is observed.

My contributions: I conducted the lab experiments and presented
the work at CLEO 2022.

Paper C

Frequency-comb-based spectral interferometry for characteri-
zation of photonic devices,
Micromachines, 13, no 4, p. 614, 2022.

We present an state of the the art concerning the use frequency combs
for spectral interferometry. The benefits leveraged by frequency combs
are discussed using different interferometry configurations.

My contributions: I wrote the sections that describe the techniques
of time and spectral domain and a sub-section of the applications. 1
assisted in the preparation of the complete manuscript.
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