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Abstract
Dual-comb interferometry is a sensing technique that harnesses the unique properties of
optical frequency combs. It enables to measure the complex response of a sample with
unprecedented spectral resolution and precision, as multiple spectral lines simultaneously
interrogate the sample. The multiheterodyne nature of the technique, which relies on
the beating of two optical frequency combs with slightly different repetition rates, allows
to down-convert and compress the optical information into narrow radio frequency
bandwidths. Unlike traditional sensing methods, these systems do not have moving
parts, and the full information of a sample can be retrieved in a single and fast acquisition
using low-bandwidth electronics. Since the first demonstrations in the early 2000s, dual-
comb interferometry has shown great potential for a wide range of applications, including
spectroscopy, ranging, imaging, and distributed sensing.

The deployment of dual-comb systems in field applications beyond the laboratory
environment demands systems that are stable, portable, and inexpensive. To meet
these requirements, comb sources based on semiconductor lasers have emerged as ideal
candidates due to their well-known characteristics in terms of efficiency, compactness,
and cost. Furthermore, the ability to integrate these dual-comb generators into photonic
chips is a crucial factor in advancing the scalability of the technology. In this thesis,
a dual-comb interferometer based on semiconductor lasers is demonstrated, and its
performance is evaluated for absorption spectroscopy and ranging. The selected comb
generators –gain-switched lasers –are particularly appealing owing to their simplicity
and frequency agility.

The motivation and novelty of this dissertation is the enhancement of the versatility
of gain-switched dual-comb interferometers, achieved by extending the line spacing of
the optical frequency combs to low repetition rates in the MHz and sub-MHz range.
In the field of spectroscopy, the proposed system enhances the spectral resolution of
existing gain-switched dual-comb spectrometers by more than two orders of magnitude.
Firstly, by using two gain-switched combs driven by pulsed gain-switching signals.
Then, by densifying the combs via pseudorandom phase modulation. As a result, the
proposed system opens the possibility of employing gain-switched frequency combs
in high-resolution spectroscopy. In the field of ranging, the use of low-repetition-rate
combs results in an increase of the non-ambiguity range. The developed system allows
to resolve distances on the order of tens of meters without employing disambiguation
techniques. Last, in pursuit of reducing the cost of dual-comb interferometers, the
suitability of software-defined radio devices as digitizers is presented and demonstrated.
The novel use of these devices in the receiver end of dual-comb systems represents a
significant advancement towards the development of cost-effective dual-comb technology.

Finally, in the last experimental section of this thesis, dual-comb interferometry using two
microresonator-based optical frequency combs is explored. The outcomes, resulting from
a three-month international research stay, successfully demonstrate the measurement of
the phase profile of an interrogated sample with a system comprising two microcombs
mutually-pumped by a single continuous-wave laser.
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Resumen

La interferometría realizada con peines de frecuencia dual es una técnica de sensado
que aprovecha la singularidad de los peines de frecuencias ópticas. Esta técnica permite
medir la respuesta compleja de una muestra con alta resolución espectral y precisión,
pues múltiples líneas espectrales interrogan dicha muestra de forma simultánea. La
naturaleza multiheterodina de la técnica, basada en la interferencia de dos peines de
frecuencias ópticas con tasas de repetición ligeramente diferentes, permite la conversión
a la baja y la compresión de la información desde el dominio óptico hasta el dominio de
la radiofrecuencia. A diferencia de los interferómetros tradicionales, estos sistemas no
tienen partes móviles y toda la información de la muestra se puede recuperar en una
sola adquisición, con tiempos de medida rápidos, y utilizando electrónica de bajo ancho
de banda. Desde las primeras demostraciones a principios de los 2000, la interferometría
con peines de frecuencia dual ha demostrado gran potencial para numerosas aplicaciones,
entre las que se incluyen la espectroscopía, la medida de distancias, técnicas de imagen
y el sensado distribuido.

El despliegue de sistemas de peine dual en aplicaciones de campo requiere de sistemas
que sean estables, portátiles y cuyo coste no sea muy elevado. En este contexto, las
fuentes de peines de frecuencias ópticas basadas en láseres semiconductor surgen como
candidatos ideales debido a sus bien conocidas características en términos de eficiencia,
compacidad y coste. Además, la capacidad de integrar estos generadores de peine
dual en chips fotónicos es un factor clave para el avance en la escalabilidad de esta
tecnología. En esta tesis se desarrolla un interferómetro de peine dual basado en láseres
semiconductor, y se evalúa su rendimiento para espectroscopía de absorción y medida de
distancias. Los generadores de peine seleccionados —láseres conmutados por ganancia

—resultan particularmente atractivos debido a su sencillez y sintonización en frecuencia.

La motivación y novedad de esta tesis doctoral es el aumento de la versatilidad de
los interferómetros de peine dual conmutados en ganancia a través de la reducción
del espaciado de línea de los peines hasta el rango de los MHz y sub-MHz. Para
aplicaciones de espectroscopía, el sistema propuesto mejora la resolución espectral de los
espectrómetros de peine dual conmutados en ganancia existentes en más de dos órdenes
de magnitud. Primero, utilizando dos peines conmutados en ganancia empleando señales
pulsadas para la conmutación. Después, con la densificación de los peines a través de la
modulación pseudoaleatoria de la fase de los pulsos ópticos. Como resultado, el sistema
propuesto abre la posibilidad de emplear peines duales conmutados en ganancia en
espectroscopía de alta resolución. Para aplicaciones de medida de distancias, el uso de
peines de frecuencia con tasas de repetición bajas permite incrementar el rango de no
ambiguedad. El sistema desarrollado permite resolver distancias del orden de decenas
de metros sin emplear técnicas para romper la ambiguedad. Por último, con objeto
de reducir el coste de los interferómetros de peine dual, se presenta y demuestra la
idoneidad de los dispositivos de radio definida por software como digitalizadores. El
uso novedoso de estos dispositivos en el extremo receptor de sistemas de peine dual
representa un avance significativo hacia el desarrollo de una tecnología de bajo coste.
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Finalmente, en la última sección experimental de esta tesis se explora la interferometría
de peine dual utilizando dos peines de frecuencias ópticas basados en microresonadores.
Los resultados, fruto de una estancia internacional de tres meses de duración, demuestran
la medida del perfil de fase de una muestra interrogada con un sistema comprendido
por dos peines basados en microresonadores, bombeados por un único láser de onda
continua.
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Chapter 1

Introduction
This chapter aims to provide context for the present doctoral thesis. First, the motivation
for the research line pursued is outlined. Next, an overview of the background of the
research group where the thesis has been developed is provided, along with brief insights
into the state-of-the-art of dual-comb interferometers based on gain-switched optical
frequency combs at the time the thesis began. Finally, the objectives and structure of
the thesis are detailed.

1.1 Motivation
The first demonstration of stimulated light emission by a semiconductor laser was
reported in 1962 by three research groups: Robert Hall’s group at General Electric
Research Labs, Marshall Nathan’s group at IBM Watson Research Labs, and Ted Quist’s
group at the Massachusetts Institute of Technology Lincoln Labs. This demonstration
represents one of the major milestones in modern physics, as semiconductor lasers are
now integral to numerous systems that are essential for contemporary life. After years
of research, semiconductor lasers have enabled the generation of coherent light with
devices that operate at room temperature, exhibit high wall-plug efficiency, and have
progressively decreased in cost and size. Currently, these devices are mass-produced using
a wide range of materials and structures, and can emit laser light across a spectral range
from ultraviolet to mid-infrared. They are found in many systems, including optical
communication systems, where semiconductor lasers serve as transmitters enabling
global interconnection and data center interconnection; consumer electronics; sensing
systems; materials processing; and medical applications, among others.

Functioning as a set of multiple coherent laser emitters with equally-spaced emission
wavelengths distributed over a certain bandwidth, optical frequency combs (OFCs) have
revolutionized many fields, such as metrology and spectroscopy, over the past twenty
years. OFCs enable the generation of coherent multi-wavelength spectra from a single
laser emitter, whose time-domain emission corresponds to a train of phase-locked short
pulses featuring a specific periodicity. Over the years, the generation of OFCs has been
demonstrated using various techniques and devices. In particular, semiconductor lasers
offer a pathway towards simple, compact, and cost-effective comb sources.
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In addition to the already mentioned advantages of semiconductor lasers, they can be
integrated into photonic circuits. In recent years, integrated photonic circuits have
emerged as a key-enabling technology for the next generation. This growth is driven by
factors such as the increasing demand for transmission capacity and speed in current
networks, as well as the emergence of new technologies based on light emission and
detection, which are to be included in compact systems for applications such as mapping
or high-resolution sensing. The evolution of integrated photonics aims to integrate
various devices (such as laser sources, modulators, passive components, and detectors)
manufactured from different materials (as silicon or indium phosphide) onto a single
chip, allowing for the creation of complex on-chip photonic systems. Consequently, the
development of photonic technologies using devices that can be integrated on a chip,
such as semiconductor lasers and, in particular, comb sources based on these lasers,
significantly contributes to the advancement of this transformative technology, providing
solutions to address current needs.

This thesis is focused on the development of an interferometric system based on two
OFCs generated by semiconductor lasers, for applications such as gas sensing and
distance measurement. Aiming to develop a simple and inexpensive system that can
potentially be integrated, gain switching of laser diodes is selected as the technique
for the generation of the two combs. Moreover, this technique also provides flexibility
in the selection of the repetition rate of the generated combs and can benefit from
the use of low-cost electronics for the generation of the electrical signals involved.
Compared to mature systems serving the same purpose, such as tunable diode laser
spectrometers for gas sensing or time-of-flight light detection and ranging (LIDAR)
systems for measuring distances, dual-comb interferometers benefit from their multi-
wavelength nature. By simultaneously interrogating the sample or target with multiple
wavelengths, dual-comb interferometers achieve improved spectral resolution for gas
sensing measurements and enhanced precision for distance measurements. In addition,
the interferometric information is down-converted from the optical domain to the radio
frequency (RF) domain, and can be retrieved in a single and fast acquisition using a setup
without moving parts and low-bandwidth detectors and digitizers. Finally, the targeted
applications align with current demands, such as the development of environmental
pollution monitoring systems to quantify the increasing emission of pollutant gases into
the atmosphere or the development of miniaturized mapping systems to be included in
augmented reality systems, personal health devices, or unmanned vehicles.
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1.2 Antecedents and context
The present doctoral thesis has been carried out in the Applied Photonics Group (GFA,
by its acronym in Spanish) of the CEMDATIC (Centro de Materiales y Dispositivos
para las TIC ) - Universidad Politécnica de Madrid. The group has a long research
trajectory, focused during the last thirty years on the theoretical and experimental study
of semiconductor lasers and their applications.

This thesis begins in the context of a national project, through a contract for the training
of research fellows1. This project, the LIDERA project, coordinated by the GFA together
with researchers from the Institute of Physics of Cantabria, was granted in 2018. The
goal of the project was the study and development of advanced LIDAR systems based on
OFCs, coherent technologies, and chaotic signals. And more specifically, the objective of
the thesis, as defined in the LIDERA project and fully aligned with the results achieved
during the course of the thesis, was the development of remote sensing systems for gases
and ranging using dual OFCs generated by semiconductor lasers. The LIDERA project
emerged as a continuation of a previous national project held by the research group,
which was jointly coordinated with Institute of Physics of Cantabria and researchers
from the University of the Balearic Islands. This project was devoted to the research on
the generation of OFCs with semiconductor lasers. As a result of this earlier project,
Alejandro Rosado completed his Ph.D. thesis on the experimental and theoretical study
of OFCs generated by gain switching of semiconductor lasers. Conducted within the
GFA, that thesis enabled the group to acquire extensive knowledge about the dynamics
of semiconductor lasers subjected to gain switching and external optical injection. In
addition to the experimental generation of gain-switched (GS) combs, a rate equation
model for the numerical simulation of these combs was developed. This model has been
used during this thesis for the simulation of two mutually-coherent GS OFCs.

Given the expertise of the group in GS OFCs, the topic of this thesis –which in basic
aspects is focused on exploring applications where the use of these combs might offer
advantages over existing systems –was a natural evolution of the research line. By
the time this thesis started, the research group had made four scientific contributions
related to the experimental generation and numerical simulation of GS OFCs, featuring
different repetition rates and using various electrical excitation signals (sine waves and
trains of pulses). In relation to existing publications on this topic, pioneered by the
first demonstration of a GS OFC by P. Anandarajah et al. [1] as detailed in the review
of the state of the art in Chapter 2, the works of the GFA focused on the underlying
physics of GS combs, which were rather unexplored at that time. These investigations
resulted in useful guidelines for the generation of combs with specific characteristics,
beneficial for various applications.

1After 18 months of this contract, the thesis was continued through a contract as an Assistant
Professor at Escuela Técnica Superior de Ingenieros de Telecomunicación of Universidad Politécnica de
Madrid, without altering the objectives of the thesis defined in the national project.
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Since the first demonstration of a GS comb in 2009, several contributions have been made
regarding the potential of systems based on a single OFC, primarily in the field of optical
communications. These applications involve the generation of combs with high repetition
rates of several gigahertz to be included in multi-carrier systems as an alternative to the
use of multiple laser transmitters. In parallel, in 2008, the potential of using systems
based on the interference of two mutually-coherent OFCs [2] was demonstrated as a
powerful sensing technique that enabled mapping information contained in the optical
frequency range to the RF domain. The potential of this technique, known as dual-comb
interferometry, is enhanced when the employed combs exhibit low repetition rates and
broad bandwidths, as these characteristics allow to perform measurements with a high
spectral resolution extracting the information from a wide spectral range. The use of a
pair of GS combs for dual-comb interferometry was first reported in 2016 by the research
group led by P. Acedo from Universidad Carlos III de Madrid. They demonstrated the
retrieval of an absorption line of hydrogen cyanide in gaseous state in the 1.5 µm range
[3], [4]. Prior to this thesis, these two works carried out by the group of P. Acedo were
the only publications on systems based on dual GS combs. This gap in the research
topic presented an exciting opportunity to further explore these systems. In this regard,
the research line followed in this work is oriented towards the impact of reducing the
repetition rate of the combs employed for dual-comb interferometric measurements.
The investigated approaches open the possibility of measuring narrow spectral features
(spectral widths of hundreds of MHz) or increasing the non-ambiguity range of ranging
measurements using semiconductor-based dual-comb systems.

1.3 Objetives
The primary objective of this thesis is the development of a dual-comb system based on
OFCs generated by gain switching of semiconductor lasers for gas sensing and distance
measurement applications. The use of low-repetition-rate OFCs is proposed, given
their benefits for the targeted applications: improvement of the spectral resolution
in spectroscopic measurements and extension of the maximum distance that can be
measured without ambiguity in ranging applications. This main goal has been pursued
through the following specific objectives:

• Optimization of the spectral characteristics of low-repetition-rate GS OFCs for
their use in gas sensing and ranging applications.

• Reduction of the line spacing of GS OFCs through advanced techniques: external
electro-optic densification.

• Implementation of a gas sensing system based on two GS combs that improves
the spectral resolution of similar state-of-the-art systems.

• Implementation of a ranging system based on two GS combs exhibiting low
repetition rates for the extension of the non-ambiguity range.

Additionally, the exploration of microcomb generation and the development of a
microcomb-based dual-comb sensing system were proposed as objectives for the three-
month international research stay.
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1.4 Structure of the thesis
Next to this introductory chapter, the dissertation is structured as follows:

• Chapter 2: Optical frequency combs. In this chapter, a comprehensive review of
the fundamentals underlying OFCs is provided, with particular emphasis on the gain-
switching technique for generating frequency combs using laser diodes. A historical
perspective and an overview of the state of the art are also provided. In addition,
alternative techniques for generating combs are discussed.

• Chapter 3: Dual-comb interferometry. In this chapter, the fundamentals of dual-
comb interferometry are presented, and the main considerations for the design and
implementation of a dual-comb interferometer are outlined. The use of dual-comb
interferometers for molecular spectroscopy and ranging is discussed, and contributions
in these areas using GS combs and other related sources are reviewed.

• Chapter 4: High-resolution dual-comb spectroscopy with gain-switched combs.
In this chapter, an experimental demonstration of a dual-comb spectrometer with a spec-
tral resolution of 100 MHz is presented. The resolution of 100 MHz is achieved through
pulsed gain switching of laser diodes. An optimization of the spectral characteristics of
the combs is first detailed, and the influence of the driving parameters of the lasers on
the performance of the combs is studied. Then, using two of these combs, an absorption
line of hydrogen cyanide gas is measured. Finally, the use of a software-defined radio at
the receiver end of the spectrometer is proposed as an inexpensive digitizer.

• Chapter 5: Improving the resolution of gain-switched dual-comb spectrometers.
In this chapter, different strategies for decreasing the line spacing of GS combs are
explored. Through the electro-optic modulation of two GS combs, two mutually-coherent
densified combs with a repetition rate in the few megahertz range are experimentally
generated and used for dual-comb interferometry measurements.

• Chapter 6: Dual-comb ranging with gain-switched combs. This chapter is devoted
to the experimental demonstration of a dual-comb ranging system using GS OFCs. The
measurement of open-path distances by means of the analysis of the interferometric
information resulting from the interference of two 100-MHz GS combs is demonstrated.
The extension of the non-ambiguity range by means of the densification of the two combs
is explored, and proof-of-concept measurements are presented.

• Chapter 7: Exploring other dual-comb interferometers. In this last experimental
chapter, the results from an international research stay at the Ultrafast Photonics group
of Chalmers University of Technology in Gothenburg (Sweden) are presented. The Ultra-
fast Photonics group, led by Professor Victor Torres-Company, has a proven track record
in microcomb research. From the work developed alongside Israel Rebolledo-Salgado, a
dual-comb interferometer based on microcombs is demonstrated. The performance of
the system is verified by successfully retrieving the phase of a programmed optical filter.

• Chapter 8: Conclusions and outlook. In this last chapter, the main conclusions
extracted from the dissertation are outlined. Also, future lines are proposed.

5





Chapter 2

Optical frequency combs

Optical frequency combs are laser sources that act as rulers of light, capable of measuring
optical frequencies with unprecedented precision. Their discovery more than twenty years
ago marked a revolution in the field of metrology, recognized in 2005 with the awarding
of half of the Nobel Prize in Physics to Theodor W. Hänsch and John L. Hall for their
significant contribution to precision spectroscopy. Since then, the generation, control,
and application of frequency combs constitutes a relevant research field in photonics,
attracting the attention of a large scientific community. In the last decade, the advent of
photonic integrated circuits has enabled the integration of these light sources. Current
technology allows to obtain comb sources in millimeter or micrometer-sized chips with
outstanding power consumption performances. The wide range of applications of these
light sources, combined with their miniaturization, has paved the way for significant
advancements towards including comb generators in real-world systems, such as high-
capacity optical transmitters, light detection and ranging, spectroscopy systems, and
microwave photonics.

This chapter is devoted to the description of optical frequency combs. The fundamentals
of optical frequency combs are first explained, along with a historical perspective. Next,
the main technique used in this dissertation for the generation of frequency combs is
detailed: gain switching of semiconductor lasers. In addition to the fundamentals of
the technique, contributions related to gain-switched optical frequency combs based on
discrete components as well as integrated systems are reviewed. Other comb generation
techniques based on semiconductor lasers are also presented, outlining their most
important aspects and some relevant demonstrations. Finally, a description of optical
frequency combs based on Kerr microresonators is provided.

7



CHAPTER 2. OPTICAL FREQUENCY COMBS

2.1 Fundamentals of optical frequency combs
An optical frequency comb (OFC) is a coherent light source whose spectrum consists of
equally spaced, discrete, frequency lines. In the time domain, this spectrum corresponds
to a train of phase-correlated optical pulses.

The first sources for generating OFCs were femtosecond mode-locked lasers (MLLs).
In an MLL, an optical pulse circulates within an optical cavity, and on every round
trip an attenuated version of the optical pulse leaves the cavity through a partially
reflective mirror. The output of the laser is a train of coherent ultra-short optical pulses
with carrier frequency νc modulated by a periodic envelope A(t) = A(t + T ), where the
period T = (2L)/vg is defined by the group velocity of the pulses within the cavity, vg,
and by the length of the cavity, L. Such train of pulses corresponds to a broad optical
spectrum composed by frequency tones that are evenly spaced fR = 1/T . The spectral
width of the comb is related to the temporal width of the optical pulses.

Due to dispersion in the cavity, the group velocity at which A(t) propagates and the
phase velocity of the carrier wave are different. Consequently, the generated optical
pulses undergo a constant phase slip of the carrier wave with respect to the pulse
envelope, ∆ϕ. In the frequency domain, this slip introduces a frequency shift in the
comb spectrum by the carrier-envelope offset frequency, fCEO. As a result, the positions
of the comb lines are not an exact multiple of the repetition frequency, but an offset
must be taken into account. Accordingly, the frequencies of the comb lines can be
written as [5]

νm = fCEO + mfR (2.1)

where m is a positive integer in the order of 105 − 106 for typical MLLs.

The potential of OFCs is summarized in this simple equation (Eq. (2.1)). If the values
of fCEO and fR are known, it is possible to define any comb line νm in terms of two
radio frequencies. As a consequence, the OFC acts as a highly precise optical ruler and
provides a direct link between radio frequencies and optical frequencies. The time and
frequency domain pictures of a typical MLL comb are illustrated in Fig. 2.1.

E(t)

t

1/
I

CEO

ℱ𝒯
m

Figure 2.1: Illustration of an OFC in time and frequency domains.

8



2.1. FUNDAMENTALS OF OPTICAL FREQUENCY COMBS

In this thesis, without loss of generality, it is more convenient to number the comb lines
relative to a reference optical mode, denoted ν0, as

νn = ν0 + nfR (2.2)

where n is a positive integer, with n = 0 corresponding to ν0, the first (lowest-frequency)
comb line that has sufficient optical power.

The complex representation of the optical field of an ideal frequency comb can be then
described with the following equation

E(t) =
N−1∑
n=0

Ane−j(2πνnt+ϕn), (2.3)

with An, νn, and ϕn being the amplitude, frequency, and phase of the nth comb line,
and N representing the total number of comb teeth.

The history of OFCs is closely tied to the field of frequency metrology. Frequency is
the physical quantity that can be measured with highest accuracy. It is measured by
counting the number of cycles over a specific time interval, and the accuracy of the
measurement depends on the clockwork that counts the cycles [5]. In 1967 the Boureau
International des Poids et Measures (BIPM) redefined the second, the unit of time of
the International System. It was defined from the frequency of a hyperfine transition
of the cesium-133 atom, which oscillates at 9 192 631 770 Hz. This definition is still
valid today; however, the development of optical atomic clocks, in which OFCs serve
as clockworks, may likely result in a forthcoming redefinition of the second, based on
an optical frequency standard rather than on a microwave standard. This redefinition,
projected by the BIPM for 2030 [6], will result in a significant improvement in accuracy
over current atomic clocks, as it allows for a finer division of the second.

Prior to the advent of OFCs, the measurement of absolute optical frequencies was a
complex process. It involved heterodyning the optical frequency of a stabilized laser and
the optical frequency of the targeted transition, followed by down-conversion frequency
chains to bring the generated beat note into the bandwidth of a fast photodetector. This
beat note, which was in the microwave range, could then be calibrated against a cesium
clock. However, these measurements required long, complex, and bulky frequency-
conversion chains, which were specifically designed to measure a single optical frequency.
The development of the OFC represented a revolutionary milestone, as it permitted to
replace these complex frequency chains by a single laser source [7].
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OFCs are the result of research efforts in various fields: laser stabilization, ultrafast
lasers, and nonlinear optics [8]. The starting point of this journey dates back to 1978,
with the publication by Theodor W. Hänsch’s group at Standford of an impressive work
that demonstrated the generation of an OFC from a picosecond mode-locked dye laser
to measure the 3s-4d transition of the sodium atom [9]. However, the bandwidth of
these combs was not wide enough to determine the offset frequency, preventing their
use for absolute frequency measurements. In the early 1990s, femtosecond Ti:sapphire
lasers became commercially available. The possibility of having one of these solid-state
lasers in a laboratory facilitated the progress in the generation of ultra-short pulses,
allowing significant advancements in the field. As a result, in 1997, Hänsch proposed
a self-referenced OFC synthesizer capable of producing a ruler of light with known,
equidistant frequencies, and described the self-referencing technique to determine the
carrier-envelope offset frequency. This technique, illustrated in Fig. 2.2, is based on
the generation of an octave-spanning (frequency doubling) comb. A spectral line with
index m of the OFC is frequency doubled and then interfered with the 2m line, in a
configuration widely known as f −2f interferometer. The beating of these two frequency
lines provides fCEO: 2νm − ν2m = 2mfR + 2fCEO − 2mfR − fCEO = fCEO. In addition,
other important contributions such as the demonstration of the equal spacing of the
lines of a frequency comb [10] or the realization of precision spectroscopy measurements
using a femtosecond laser [11] were made at that time.

CEO

x2

I

CEO

mmm

Figure 2.2: Illustration of an f − 2f interferometer based on an octave-spanning optical
frequency comb that enables to measure the carrier-envelope offset frequency and therefore to
perform absolute frequency measurements.

During those years, two researchers from the Joint Institute for Laboratory Astrophysics,
John L. Hall and Steven Cundiff, visited Hänsch’s laboratory at the Max Planck
Institute of Quantum Optics in Garching, Germany. Motivated by the achievements of
the Garching group, they decided to pursue research in this direction. The "competition"
between the two groups accelerated the results. At that moment, although femtosecond
OFCs were broader than those obtained with the picosecond counterpart, it was still
necessary to incorporate some frequency-conversion stages in the systems used to measure
absolute optical frequencies. This changed with the advent of nonlinear optics in the late
1990s. At CLEO (Conference of Lasers and Electro-Optics) 1999, researchers from Bell
Labs presented a new type of fibers, microstructured fibers, capable of broadening the
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spectrum of femtosecond Ti:sapphire lasers without the need for frequency multipliers
or dividers [12]. The emergence of these fibers marked a significant turning point.
Soon after, in the early 2000s, Hall’s group in Boulder and Hänsch’s group in Garching
published the first works demonstrating the generation of octave-spanning self-referenced
combs expanded by means of these novel fibers [13]–[15]. This path culminated in 2005
with the awarding of half of the Nobel Prize to Hänsch and Hall for their contributions
to precision spectroscopy. From then to the present day, OFCs remain an active and
continuously evolving area of research. In addition, commercial comb synthesizers, such
as those developed by Menlo Systems (originally a spin-off company of the Garching
group) are available nowadays.

Since then, the versatility of OFCs has been expanded to a variety of applications [7].
Likewise, the number of sources or techniques for generating combs has also increased.
The performance of the generated OFCs, in terms of spectral coverage and line spacing,
varies depending on the technique employed, and their suitability for specific applications
accordingly differs. OFCs with large line spacings (from a few GHz up to hundreds
of GHz) are used, for instance, in optical communications, acting as transmitters in
wavelength-division multiplexing (WDM) systems. In such systems, continuous-wave
(CW) laser sources used to generate optical carriers at different wavelengths are replaced
by a single OFC. They are also employed as microwave generators, since the detection of
the OFC in a photodetector with a bandwidth adjusted to the comb repetition frequency
generates a sinusoidal RF signal that shows a high stability, provided that the comb is
stabilized. Also, for the calibration of astronomical spectrographs. These instruments,
typically used in the search for exoplanets or in cosmology studies, experience drifts
that can mask the true signal. The continuous calibration of the spectrograph using an
OFC with known frequency positions allows to correct these drifts and enhances the
performance of the measurements. On the other hand, OFCs with low line spacings
(below 1 GHz) are of particular interest for such applications in which the spectral
resolution is a key factor. Molecular spectroscopy is one of these applications, in which
the use of OFCs (especially in dual-comb configuration) is widespread. The resolution of
the measurement improves as the comb spacing is reduced. For ranging, the use of these
combs is also beneficial, since the maximum distance that can be measured without
ambiguity (non-ambiguity range) is inversely proportional to the repetition rate of the
optical pulses.

Finally, although the research on OFCs based on discrete components continues growing,
their integration on different platforms such as III-V semiconductors, silicon nitride
(Si3N4), and lithium niobate (LiNbO3), among others, is gaining increasing relevance in
recent years [16]. The miniaturization of comb generators shows a promising prospect,
as it enables the development of comb-based systems that feature lower cost and higher
energy efficiency than their discrete counterparts. These advancements facilitate their
widespread use in field-deployable applications.
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2.2 Optical frequency combs generated by
gain-switched laser diodes

OFCs based on semiconductor lasers have garnered significant attention from the scientific
community in recent years, as they offer simple, cost-effective, and easily integrable
comb sources. In particular, gain-switched laser diodes have proven effective for the
generation of frequency combs. They combine the advantages of semiconductor lasers
and the advantages of the generation technique itself. Moreover, the generated combs
are reproducible and stable over time under fixed operating conditions (current and
temperature). One of their main advantages is the tunability of the modulation frequency,
yielding frequency-agile combs whose line spacing can be easily changed. The tuning
range of the modulation frequency covers from ∼10 GHz (limited by the modulation
bandwidth of the laser diode) to frequencies below 100 MHz, as it will be discussed in
this thesis. Therefore, the generated OFCs can address a wide range of applications:
high-frequency OFCs are of interest for applications such as optical communications or
RF signal synthesis, while low-frequency OFCs are useful for spectroscopy or ranging
applications, to cite a few.

The tunability of the repetition rate of GS combs is a great advantage over techniques
where the line spacing is fixed. This is the case, for example, of microcombs, where
the line spacing is also generally limited to high repetition rates (from tens of GHz), as
the generation of low-repetition-rate OFCs involves long optical cavities. In addition,
they can operate in different spectral regions, since the center wavelength of GS combs
corresponds to the laser emission wavelength. Although most of the demonstrations
have been carried out in the C-band, there have also been demonstrations at 2 µm
[17]. This center wavelength can be slightly tuned by changing the laser driving current
and/or the laser operating temperature, being this tuning range limited to 1 or 2 nm.
Regarding the limitations, the main one is the low power of the generated combs. When
the laser intensity is modulated, the duty cycle of the pulsed optical signal at the laser
output is usually below 50%, a quantity that deteriorates as the modulation frequency
is reduced. Therefore, the average optical power is generally low, and the power per
comb line (obtained as the ratio of the average power to the number of comb lines) is
dramatically reduced as the number of comb lines is increased. Finally, it should be
noted that GS combs have modest bandwidths (currently up to values in the order
of a hundred GHz without post-broadening techniques) compared to those obtained
with other comb generators such as mode-locked lasers or microcombs, where OFCs
with spectral widths of tens of THz (or even octave-spanning bandwidths in the case of
microcombs [18]) are obtained.
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2.2.1 Introduction to gain switching
Gain switching is a well-established method for generating picosecond optical pulses in
semiconductor lasers, with its origins dating back to the 1980s [19]–[21]. This technique
is based on the modulation of the electric current that drives the laser utilizing the
superposition of a direct bias current (DC) and an alternating RF current (AC). This
RF current is usually a sinusoidal signal. Both currents, DC and AC, are combined
using a bias-tee element, which includes an inductance in the low-frequency port to
block the AC component and a capacitor in the high-frequency port to block the DC
bias component entering into the RF source. By conveniently configuring the driving
current (bias + RF), a train of optical pulses is generated at the output of the laser, with
a repetition frequency imposed by the frequency of the alternating current. A typical
setup for obtaining gain-switched optical pulses in a laser diode is shown in Fig. 2.3.

 Laser RF signal
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Figure 2.3: Typical experimental setup for the generation of gain-switched optical pulses.
The appropriate modulation of the laser diode with the superposition of an RF signal and a
bias current results in a train of short optical pulses emitted by the laser.

To understand the gain-switching technique, it is convenient to analyze the dynamic
response of a semiconductor laser by means of a rate equation model [22], [23], which
describes the variation of carriers and photons in the active region of the laser and
the evolution of the optical phase. Considering single-mode emission and assuming
spatial uniformity in the laser cavity, the expressions of the rate equations for the carrier
density, N(t), the photon density, S(t), and the optical phase, ϕ(t), can be written as

dN(t)
dt

= I(t)
qVact

− [Rsp(N) + Rnr(N)] − vgg(N)S(t)
1 + εS(t) , (2.4)

dS(t)
dt

= Γvgg(N)
1 + εS(t)S(t) − S(t)

τp

+ ΓβspRsp(N), (2.5)

dϕ(t)
dt

= α

2

(
Γvgg(N) − 1

τp

)
, (2.6)

where I(t) is the injected current, q is the electron charge, Vact is the volume of the laser
active region, Rsp(N) is the spontaneous recombination rate, Rnr(N) is the nonradiative
recombination rate, vg is the group velocity in the laser medium, g(N) is the optical
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gain, ε is the nonlinear gain coefficient (which accounts for the saturation of the optical
gain that occurs for high photon densities), τp is the photon lifetime, βsp accounts for
the spontaneous emission coupled into the lasing mode, Γ is the confinement factor of
the optical mode in the active region, and α is the linewidth enhancement factor (LEF).
Noise sources and thermal effects have not been considered in Eqs. (2.4) to (2.6). For a
detailed description of the noise and the changes of the emission frequency of the laser
due to temperature variations, the reader is referred to [24].

Eq. (2.4) represents the change in the carrier density when current is injected into the
laser diode (first term), counteracted by the depletion of carriers due to spontaneous or
nonradiative (second term), and stimulated (third term) recombination. Rsp describes
the recombination of an electron of the conduction band with a hole of the valence band,
a process that results in the spontaneous generation of a photon, while Rnr accounts for
recombination processes that does not contribute to the generation of a photon, such as
recombination at defects, surfaces, and Auger recombination. It is common to assume
linearity between these recombination rates and the carrier density using the carrier
lifetime, τc, as Rsp + Rnr = N/τc. Furthermore, according to their dependence with the
carrier density, they can be expressed as a polynomial in N

Rsp + Rnr = AN + BN2 + CN3, (2.7)

where Rsp ∼ BN2, and Rnr ∼ (AN + CN3). A, B and C being the linear, bimolecular
and Auger recombination coefficients, respectively.

Eq. (2.5) describes the evolution of the photons, generated via stimulated (first term)
and spontaneous (third term) emission. The decay rate of the photon density (second
term) is expressed in terms of τp, defined as

τp = 1
vg(αm + αi)

, (2.8)

with αm and αi being the mirror loss and internal loss coefficients of the cavity, respec-
tively.

The optical gain, g(N), can be described with a linear dependence with the carrier
density

g(N) = dg

dN
(N − Ntr), (2.9)

with dg
dN

being the differential gain and Ntr the transparency value of the carrier density.

Finally, Eq. (2.6) describes the variation of the optical phase related to changes in the
carrier density, and hence in the optical gain. This occurs due to the variation induced
in the refractive index of the laser active region as a consequence of variations in the
carrier density. In addition, the α parameter or LEF, also known as Henry factor after
Charles H. Henry [25], is introduced in the equation. This parameter, which is essential
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for describing a laser diode, describes how the complex refractive index is influenced by
changes in the carrier density

α = − dn/dN

dni/dN
= −4π

λ

dn/dN

dg/dN
, (2.10)

where n and ni are the real and imaginary parts of the refractive index, respectively,
and λ is the emission wavelength.

For a laser diode to operate under gain-switching conditions, the electric current supplied
to the laser must be abruptly varied from a value near or below its threshold current to a
value well above threshold. The nonlinear response of the laser diode when it is subjected
to a sudden change in the injection current leads to different effects that determine the
characteristics of the generated optical signal. First, in the turn-on process, the laser
initially undergoes a transient regime. This process is illustrated in Fig. 2.4 (a), which
is a simulation showing the evolution of the carrier density (blue trace) and the optical
power (orange trace) of a laser diode in response to a current step (black trace). It must
be mentioned that the results shown in Fig. 2.4 have been generated using a simulation
model that numerically solves the rate equations described above (Eq. (2.4), Eq. (2.5),
Eq. (2.6)). The model1 used is the one developed in [24]. This model will be the one
used throughout all the simulations performed in this thesis, sometimes with certain
modifications that will be conveniently detailed. The laser used in the simulations is a
discrete-mode laser, described by the parameters used in [24]. These parameters were
extracted, as detailed in [24], from [26] and from experimental measurements. They are
summarized in Table 2.1 for the ease of the reader.
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Figure 2.4: (a) Numerical simulation of the turn-on process of a laser when an ideal current
step is injected into the laser. The injected electric current is depicted in the top panel, while
the evolution of the carrier density normalized to Ntr (blue) and the optical power (orange) is
included in the lower panel. (b) Numerical simulation showing the response of the carriers
and the photon density of the discrete-mode laser to a current pulse having a duration of 1.09
ns. (c) Emission of a gain-switched pulse when the duration of the current pulse injected into
the laser is decreased to 440 ps.

1The model includes stochastic noise terms that are not included in the rate equations described
in this text. A detailed description of the noise treatment can be found in [24]. In addition, in the
simulations carried out during this thesis, temperature-dependent frequency shifts are not considered.
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Symbol Value Units
Vact 1.53 · 10-17 m3

Γ 0.06 -
Ntr 1.3 · 1024 m-3

B 1.5 · 10-16 m3s-1

dg/dN 4.38 · 10-20 m2

τp 2.17 ps
A 2.8 · 108 s-1

C 9 · 10-41 m6s-1

βsp 5.3 · 10-6 -
ηf 0.17 -
ε 1.97 · 10-23 m3

α 3 -

Table 2.1: Internal parameters of the discrete-mode laser used in the numerical simulations
[24].

As a result of the injection of electrons, the carrier density of the laser starts to increase,
and, eventually, it reaches its threshold value (Nth). After this moment, the photon
density starts to rise. The time elapsed between the application of electric current and
the onset of the optical pulse emission is known as turn-on delay (td). The turn-on delay
can be derived from the rate equation of the carriers [27], and can be written as follows

td = τc ln Ion − Ioff

Ion − Ith

, Ioff < Ith < Ion (2.11)

where Ioff , Ion and Ith are the initial, final and threshold current of the laser, respectively.
In the simulation shown in Fig. 2.4, Ioff = 2 mA and Ion = 30 mA. The threshold
current, obtained from the simulated power-current characteristic, is Ith = 12.6 mA.
These values lead to a turn-on delay td ∼ 200 ps.

Then, after the photon density starts to grow, both the carrier density and the photon
density experience damped oscillations until they reach steady state. These oscillations,
known as relaxation oscillations, are the result of the different dynamic response of
carriers and photons. At the conditions of Fig. 2.4, the frequency of the relaxation
oscillations is ∼6.25 GHz. In order to generate short gain-switched optical pulses, it
is necessary to configure the modulation current in such a way that the laser diode
is turned off before the second peak of the relaxation oscillations occurs. Fig. 2.4 (b)
shows the carrier density and the output power when an ideal current pulse of 1.09 ns is
applied to the laser. In this case, the electrical pulse is not short enough to prevent the
relaxation oscillations. In Fig. 2.4 (c) the duration of the electrical pulse is decreased
to 440 ps, and the laser switches off before the appearance of the second spike of the
relaxation oscillations, resulting in the emission of an optical pulse. It is in this situation
when the laser is effectively emitting gain-switched pulses.
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In addition to the turn-on delay and the relaxation oscillations, there are other effects
resulting from the abrupt modulation of a laser diode that condition the properties
of the generated optical pulses, such as frequency chirp. Frequency chirp (δν) is a
frequency modulation that arises from the intensity modulation of the laser. It is related
to instantaneous changes of the optical phase, in the form δν(t) = 1

2π
dϕ(t)

dt
. Due to the

already mentioned variations of the refractive index of the laser medium as a consequence
of changes of the carrier density, the optical phase changes. These changes translate
into shifts of the emission frequency of the laser and the resulting optical spectrum
experiences broadening.

Frequency chirp is often expressed in terms of the optical power at the output of the
laser, P (t). The optical power at the output of one facet of the laser can be expressed
in terms of the photon density [28] as

P (t) = Vactηfhν0

2Γτp

S(t), (2.12)

where ηf is the total differential quantum efficiency including laser to fiber coupling, h
is the Planck constant, and ν0 is the emission frequency. Then, using Eq. (2.12) and the
rate equations for the photon density and the optical phase (Eq. (2.5) and Eq. (2.6),
respectively), the frequency chirp can be approximated as

δν(t) = α

4π

(
1

P (t)
dP (t)

dt
+ 2Γε

Vactηfhν0
P (t)

)
. (2.13)

The first term of Eq. (2.13), commonly referred to as dynamic chirp, originates from
rapid carrier variations that occur during the laser transient regime. The second term
is an adiabatic component that occurs when the laser operates in steady state regime,
and it is linked to the saturation of the optical gain. There is also a contribution to the
adiabatic chirp term related to thermal effects, not included in this formulation.

In gain-switching operation, the optical pulses are mainly affected by dynamic chirp,
since the laser is not allowed to reach steady state. Since chirp is inherent to laser
modulation, the generated optical pulses deviate from being Fourier-transform limited
pulses, which can be detrimental for some applications. However, in the context of
gain-switched combs, a higher dynamic chirp can be beneficial since it results in an
enhancement of the spectral width of the combs [24], [29].

Gain switching and optical injection

In addition to the already mentioned characteristics, gain-switched pulses suffer from
timing jitter, i.e., temporal fluctuations that affect the periodicity of the pulses. The
nature of this timing jitter is related to the pulse generation mechanism, and it is
attributed to random fluctuations in the spontaneously emitted photons during the
turn-on process of the laser, causing differences in the turn-on delays of subsequent
pulses. Although this is an inherent process in the generation of gain-switched pulses,
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some strategies such as external optical injection of the modulated laser by a second
laser have demonstrated to significantly reduce it [30], [31]. Furthermore, not only
timing jitter but also side mode suppression ratio or frequency chirp can be improved
through external optical injection [32].

The typical configuration used to implement external injection locking is the so-called
master-slave configuration, shown in Fig. 2.5. The master laser (ML), which operates in
CW, injects its light through an optical circulator into the slave laser (SL), which is
under gain-switching operation. It is crucial for the SL not to have a built-in optical
isolator in order to enable external optical injection. As a consequence of injection, the
SL switches on from stimulated emission photons injected in its cavity by the master,
thereby reducing random fluctuations in the photon density that affect the quality of
the generated optical pulses. Additionally, the ML transfers its optical properties, such
as its linewidth, to the SL.

SlaveRF signal
generator

fR  

AC+DC

Ibias

laser

Master laser

Figure 2.5: Typical experimental setup for the generation of gain-switched optical pulses with
external optical injection. This configuration is widely known in the literature as master-slave
configuration. The master laser injects its CW light into the gain-switched slave laser by
means of an optical circulator, provided that the slave laser does not incorporate an optical
isolator at its output.

If a laser diode is optically injected, the rate equation model introduced before needs to
be modified, since the injected photon density, the phase of the injected photons, and
the emission wavelength of the ML have to be included.

Frequency detuning (δν ′) is defined as the frequency difference between the emission
wavelength of the ML and the SL, both in CW and operating at threshold current.
This parameter, together with the injected power, determine the locking conditions, i.e.,
only under certain power and detuning conditions the slave is injected and operates
in a stable locking region. Under external optical injection, the rate equations for the
photons and phase can be described by the expressions below [24]

dS(t)
dt

= Γvgg(N)
1 + εS(t)S(t) − S(t)

τp

+ ΓβspRsp + 2kc

√
S(t)Sinj(t) cos(ϕ(t) − ϕinj(t) − 2πδν ′t),

(2.14)

dϕ(t)
dt

= α

2

(
Γvgg(N) − 1

τp

)
− kc

√
Sinj(t)/S(t) sin(ϕ(t) − ϕinj(t) − 2πδν ′t), (2.15)
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where kc denotes the coupling coefficient, and Sinj and ϕinj represent the injected photon
density and the phase of the injected photons, respectively.

In the case of simulations involving the use of injection in this text, two rate equation
systems will be solved. A rate equation system for the SL, defined by Eq. (2.4), Eq. (2.14),
and Eq. (2.15), and a rate equation system for the ML, defined by Eq. (2.4), Eq. (2.5),
and Eq. (2.6).

2.2.2 Gain-switched optical frequency combs
Gain switching as a technique to generate short optical pulses has been discussed so
far. However, to generate a GS OFC, it is essential that the optical phase is preserved
from pulse to pulse. It is only when coherence between the generated optical pulses
is maintained that an OFC with defined spectral tones is obtained [33]. Conversely,
an incoherent spectrum without discernible tones results when pulse-to-pulse phase
coherence is lost. As will be discussed throughout this section, the optical phase is
preserved from pulse to pulse if the optical pulses emitted by the laser are not completely
extinguished between consecutive periods. For high repetition rates, this condition can
typically be met in absence of optical injection. However, for low repetition rates, the
optical pulses are typically extinguished between periods due to the longer repetition
periods associated with these frequencies. In such cases, optical injection provides
coherence to the generated optical pulses, enabling the formation of coherent optical
spectra.

This thesis is focused on the generation of GS combs with low repetition rates and their
application in gas sensing and ranging. The generation of low-repetition-rate GS combs
with optimized spectral characteristics for these applications is based on the findings of
the research group reported prior to this thesis. These findings offered insights into the
underlying physics of OFC generation by gain switching of semiconductor lasers and a
comprehensive analysis of the generation of GS combs, providing guidelines for selecting
appropriate gain-switching conditions to achieve combs with specific characteristics
at both high and low repetition rates. These contributions included the study of the
impact of gain-switching conditions on combs generated at high and low frequencies by
means of systematic experimental analyses [34], the development of a numerical model
for simulating GS combs at different repetition rates [24], and the investigation of the
generation of combs with repetition rates in the order of hundreds of MHz using pulsed
excitation [35].

Due to the different generation mechanisms involved, the most relevant aspects behind
the generation of GS combs at high and low frequencies based on the three aforementioned
works are discussed below. The discussion is supported by numerical simulations. The
figures of merit used for the evaluation of the frequency combs obtained in this section,
which are widely adopted in the literature, are the 10-dB bandwidth and the carrier-to-
noise ratio (CNR). Additionally, and particularly when it comes to the application of
OFCs to spectroscopy in this dissertation, a figure of merit dedicated to assessing the
power uniformity of the comb lines, the spectral flatness, will be considered.
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• The bandwidth at 10 dB (∆f10dB) is defined as the bandwidth comprised
between the two most separated comb lines whose intensity is ten times lower
than the highest-intensity comb line.

• The CNR is defined as the average value of the ratio between the intensities of
the comb lines within ∆f10dB and the noise level.

• The spectral flatness (SF ) is defined as the ratio of the geometric mean to the
arithmetic mean of the comb power spectrum. This intuitive figure of merit, which
is commonly used in digital signal processing for characterizing audio spectra, has
a value of 1 for a completely flat spectrum and a value close to 0 for spectra with
a large amplitude variation of the harmonics.

SF =
N

√∏N−1
n=0 |An|2∑N−1
n=0 |An|2

N

, (2.16)

where |An|2 represents the amplitude of each comb line in the electrical or optical
power spectrum, and n is a positive integer representing the harmonic index or
comb line index, with N being the total number of harmonics.

High-repetition-rate gain-switched optical frequency combs

In this document, the term high repetition rate is defined as those frequencies that are
around or above the frequency of the relaxation oscillations of the laser diode, a range
typically comprised between 5 GHz and 10 GHz. The upper limit is determined by
the modulation bandwidth of the laser, while the lower limit is set by the frequency of
the relaxation oscillations of the device. The generation of GS OFCs in edge-emitting
lasers was first investigated for a limited frequency range around the frequency of
the relaxation oscillations using fixed gain-switching conditions (bias current and RF
amplitude). It was revealed that the complete extinction of the optical pulses between
periods (occurring at low frequency with respect to the relaxation oscillations) resulted
in incoherent optical spectra [36].

To illustrate these situations, the generation of GS combs at repetition rates below and
above the relaxation oscillations frequency is shown in Fig. 2.6. This figure corresponds
to simulations in which the previously used discrete-mode laser is gain switched using a
sinusoidal current whose expression is

I(t) = Ibias + 2
√

2VRF

Z0 + Zl

sin(2πfRt), (2.17)

where Ibias is the bias current, VRF is the root-mean-square (RMS) voltage of the RF
signal applied to a 50 Ω load, Z0 = 50 Ω is the impedance of the RF signal generator,
and Zl is the impedance of the laser diode, also around 50 Ω due to the package series
resistance. The bias current and the RF signal voltage are respectively set to Ibias=2Ith,
and VRF =1 V, for both simulation scenarios. This configuration leads to off and on

20



2.2. OPTICAL FREQUENCY COMBS GENERATED BY GAIN-SWITCHED LASER DIODES

currents Ioff= 4.3 mA, Ion= 46.2 mA. Fig. 2.6 (a) illustrates the temporal profiles
(electric current, normalized carrier density, and output power) corresponding to a
modulation frequency of fdown= 4 GHz, which is below the frequency of the relaxation
oscillations at the specified driving conditions (∼6 GHz). In this scenario, the output
optical power is extremely low between consecutive pulses, resulting in an incoherent
optical spectrum, as shown in Fig. 2.6 (b). Fig. 2.6 (c) depicts the temporal profiles
corresponding to a higher modulation frequency, fup= 7 GHz. As the laser pulses are
not utterly extinguished between periods, they remain phase-coherent, as reflected in
the resulting optical spectrum (Fig. 2.6 (d)).
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Figure 2.6: Numerical simulations of GS OFCs without external optical injection. Temporal
profiles and normalized optical spectrum corresponding to a gain-switching frequency: (a),
(b) below the frequency of the relaxation oscillations (fdown= 4 GHz), and (c), (d) above the
frequency of the relaxation oscillations (fup= 7 GHz).

The dependence of gain-switching conditions on the generated combs was investigated by
A. Rosado et al. through experimental [34] and numerical [24] analysis. The experimental
analysis involved two representative edge-emitting lasers, a discrete-mode laser and
a distributed feedback (DFB) laser. The numerical analysis was conducted using a
discrete-mode laser. These works showed that the characteristics of the combs strongly
depend on the gain-switching conditions rather than on the internal parameters of the
employed lasers, since they behaved similarly when switched. These works explored,
for a repetition rate of 5 GHz and using sinusoidal modulation, the evolution of CNR,
∆f10dB, and their product (CNR·∆f10dB) with Ibias and VRF . Different representative
regions were observed:

• A region corresponding to the direct modulation of the laser.

Here, the modulation current I(t) (Eq. (2.17)) has a small excursion and it is always
above the threshold current of the laser. As a result, the laser output power is capable
of following the sinusoidal variation of I(t) and in the optical spectrum only a few lines
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appear around the carrier, corresponding to the amplitude and frequency modulation of
the laser. The simulated temporal profiles corresponding to this scenario representing
I(t), the normalized carrier density, and the output optical power are depicted in Fig. 2.7
(a), (b), and (c), respectively. The resulting optical spectrum is shown in panel (d). As
it can be seen, the obtained spectrum is characterized by a few tones with high CNR but
low ∆f10dB. For this simulation, Ibias= 34 mA, VRF = 0.1 V, and fR= 5 GHz (resulting
in Ioff= 31.9 mA and Ion= 36.1 mA).
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Figure 2.7: Numerical simulation of the direct modulation of the discrete-mode laser, i.e., the
laser is well above threshold during the whole modulation period. (a) 5-GHz sinusoidal current
that drives the laser diode. (b) Evolution of the normalized carrier density. (c) Emitted optical
power. (d) Normalized optical spectrum.

• A gain-switching region in which I(t) has an amplitude excursion high enough to
extinguish the optical pulses between periods.

In this region, every time a new pulse emerges, the spontaneous emission contribution ex-
ceeds the stimulated emission and there is a loss of coherence between consecutive pulses.
The results of a simulation corresponding to this situation are shown in Fig. 2.8. For
this simulation, Ibias= 34 mA, VRF = 1.8 V, and fR= 5 GHz (resulting in Ioff= -3.7 mA
and Ion= 71.7 mA). As it can be seen in panel (b), there is a large carrier variation.
This abrupt carrier density swing results in a high dynamic chirp (see panel (c), orange
trace), causing the broadening of the optical spectrum. The fluctuations observed in
the chirp before switch-on are attributed to the predominance of spontaneous emission
photons in the formation of the optical pulses. In this scenario, the obtained optical
spectrum features high ∆f10dB but poor CNR (see Fig. 2.8 (d)).
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Figure 2.8: Numerical simulation of 5-GHz sinusoidal gain switching of a discrete-mode
laser resulting in the generation of an incoherent GS OFC. External optical injection is not
considered. (a) Temporal profile of the current injected into the laser. (b) Normalized carrier
density. (c) Emitted optical pulses (black) and frequency chirp. (d) Optical spectrum.

22



2.2. OPTICAL FREQUENCY COMBS GENERATED BY GAIN-SWITCHED LASER DIODES

• A region in which I(t) allows the laser to operate in gain switching emitting
optical pulses that are not completely extinguished between periods, preserving
pulse-to-pulse coherence.

This process involves adjusting Ibias and the amplitude of the RF current ensuring that
cavity photons are not entirely depleted between periods, allowing for the generation of
new pulses from a major contribution of stimulated emission photons. For a constant
Ibias, the increase of VRF results in the generation of optical pulses that progressively
deviate from the sinusoidal character that corresponds to the direct modulation of the
laser. Moreover, as VRF increases, in addition to the amplitude modulation, a frequency
modulation associated with the change of carriers is induced. A large carrier variation
results in high dynamic chirp and broad spectra. In this region, maximum modulation
efficiency is achieved when the modulation frequency is close to the frequency of the
relaxation oscillations (which varies with Ibias), and the obtained comb spectra exhibit
higher spectral widths compared to those attained for higher values of Ibias. Therefore,
∆f10dB increases with VRF but also depends on Ibias, finding an optimum value for an
Ibias that maximizes the modulation efficiency. A simulated example corresponding
to this scenario is shown in Fig. 2.9, obtained for Ibias= 34 mA, VRF = 1.1 V, and
fR= 5 GHz (resulting in Ioff= 10.9 mA and Ion= 57 mA). In these driving conditions,
coherent optical pulses leave the laser cavity. As well as in Fig. 2.8 (c), frequency
chirp is in phase with the carrier density but out of phase with respect to the optical
pulses. As a result, in addition to its role in the spectral broadening of GS combs,
frequency chirp also contributes to their spectral flatness. The typical asymmetry of
these OFCs is compensated for by the different levels of power associated with each
frequency component. For fR=5 GHz the optimum reported GS OFC featured a CNR
around 40 dB with ∆f10dB of 60 GHz [34].
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Figure 2.9: Numerical simulation of 5-GHz sinusoidal gain switching of a discrete-mode laser
resulting in the generation of a coherent GS OFC. External optical injection is not considered.
(a) Electric current driving the laser diode.(b) Evolution of the normalized carrier density.
(c) Optical pulses and frequency chirp. (d) Obtained normalized optical spectrum showing
defined comb teeth evenly spaced by 5 GHz.

Regarding the role of external optical injection, it is known that it can transform an
incoherent comb such as the one displayed in Fig. 2.8 (d) into a high-quality comb with
well-defined tones. The reason under this is that gain-switched pulses that initially
emerged from spontaneous emission in the absence of injection, now turn on from the
photons of the master laser. However, for this to occur, the ML emission must lie within
the bandwidth of the GS comb and the power level must be such that the number of
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stimulated photons of the ML injected into the SL exceeds the number of spontaneous
photons of the slave. The detuning level with respect to the original SL frequency
determines the power to be injected to achieve locking. For higher detuning values,
the injected power has to be increased. Moreover, for a fixed detuning, as the injected
power increases, the comb bandwidth is reduced since the chirp decreases. Also, a
higher injected power leads to an increase of CNR and comb asymmetry. A useful guide
for selecting optimal injection conditions depending on the detuning and the injected
power can be found in the maps developed in [24] from experimental measurements
and simulations. Finally, optical injection can as well degrade the quality of GS combs
showing good spectral characteristics in absence of injection, such as the one shown
in Fig. 2.9. External optical injection in such combs lead to complex dynamics and
multiple-period combs can be obtained due to the competition between the stimulated
emission photons of the slave laser and the master laser occurring in the turn-on process
of gain-switched pulses [24], [34].

Low-repetition-rate gain-switched optical frequency combs

Low repetition rate is referred to in this document as those frequencies that are well below
the laser relaxation oscillations, frequencies ≤1 GHz, to establish a criterion. This is the
frequency range of interest for the applications studied in this thesis. Gain-switching
conditions to obtain OFCs within this frequency range using sinusoidal modulation
signals are very limited [35]. Moreover, the obtained GS OFCs are spectrally narrow
(∆f10dB typically below 30 GHz) and usually display suppressed tones. Indeed, it was
not until pulsed excitation was used that flat and broad GS OFCs at low repetition
rates could be obtained [35].

Obtaining low-repetition-rate combs with sinusoidal modulation has been explored
experimentally [34] and numerically [24] for frequencies of hundreds of MHz (500 MHz
and 200 MHz, respectively). At these frequencies, the off-time between pulses is long
enough for the photons existing within the laser cavity to deplete, resulting in incoherent
spectra. However, under certain conditions it is possible to obtain sinusoidal GS combs
without injection. These conditions lie in keeping the modulation current I(t) always
above the threshold current of the laser. Although in these conditions the laser is
not strictly operating in gain-switching regime because it is not actually switched
off, the obtained spectra are recognized in the literature as GS OFCs [3], [4], [34].
The mechanism underlying the generation of this type of combs is different from that
present in high-frequency modulation. In the high-frequency case, the rapid carrier
variation during laser turn-on results in a high dynamic chirp that causes the spectrum
to broaden. In the case of low-frequency modulation using sinusoidal excitation, there is
no such abrupt change of carriers, but carriers are able to follow the gain variation and
maintain a sinusoidal profile. This can be observed in the graphs shown in Fig. 2.10,
which corresponds to a simulation of sinusoidal gain switching of a discrete-mode laser
at 500 MHz. For this simulation, Ibias= 60 mA and VRF = 1.5 V (Ioff= 19.7 mA and
Ion= 100.3 mA, with Ioff being always above Ith). In this case, the dominating type
of chirp is adiabatic chirp. As depicted in Fig. 2.10 (c) (orange trace), chirp has a
frequency variation of ∼12 GHz and hence a narrow spectrum is attained (see panel (d)).
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Furthermore, chirp is in phase with the optical power and so the obtained spectrum is
asymmetrical, since lower frequencies are associated to lower power values.
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Figure 2.10: Numerical simulation of a 500 MHz coherent OFC obtained by sinusoidal gain
switching of a discrete-mode laser. (a) Evolution of the sinusoidal electric current, which is
always above threshold. (b) Normalized carrier density. (c) Evolution of the emitted optical
power (black), which follows a sinusoidal profile and is in phase with the frequency chirp
(orange). (d) Resulting normalized optical spectrum.

Despite the fact that spectral broadening is in this case dominated by adiabatic chirp,
the evolution of the comb characteristics with gain-switching conditions is identical
to that discussed for high-frequency GS OFCs. For I(t) currents with low amplitude
excursion which are, in addition, always above threshold, a few amplitude-modulation
tones are obtained. Then, increasing VRF induces frequency modulation and yields
spectra with a larger number of tones exhibiting good CNR. However, these combs
exhibit poor flatness and tone suppression due to frequency modulation. Finally, further
increasing VRF leads to a value of I(t) that turns off the laser and causes the optical
pulses to lose coherence.

The generation of broad GS combs (∆f10dB on the order of ∼100 GHz) with repetition
frequencies of hundreds of MHz became possible by replacing sinusoidal excitation with
pulsed excitation. Pulsed modulation has been commonly used since the early days of
gain switching for the generation of optical pulses; however, the first time its use was
reported for the generation of GS combs was in a research work conducted by our group
[35]. The train of current pulses used to modulate the laser, I(t), is now defined from
off and on currents, which are related to Ibias and VRF [35] as follows

Ioff = Ibias − 4VRF

Z0 + Zl

dcycle, (2.18)

Ion = Ioff + 4VRF

Z0 + Zl

, (2.19)

dcycle being the duty cycle of the electrical pulse train, calculated as dcycle = fRτpulse,
where τpulse is the duration of the electrical pulses. As already mentioned, I(t) is a
signal composed by an alternating current and a direct current, coupled together with a
bias-tee. Because of the capacitor of the bias-tee, Ioff is calculated as the bias current
minus the DC component of the RF signal.
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The use of electrical pulses with short rise times allows the laser to turn on abruptly
and results in a rapid and large carrier variation. Consequently, as in the case of high-
frequency combs, dynamic chirp now dominates as the mechanism causing the spectral
broadening of OFCs. Additionally, the electrical pulse duration must be configured
to excite only the first peak of the laser relaxation oscillations, thus ensuring the
emission of short-duration optical pulses. This electrical pulse duration typically takes
values between 100 ps and 200 ps. For a fixed value of Ibias and VRF , increasing the
duration of the electrical pulses results in higher comb bandwidths up to a certain pulse
duration, beyond which the spectrum degrades due to the excitation of the second
spike of the relaxation oscillations. Also, because τpulse is short compared to the period
of the electrical signal, the laser is completely switched off between successive pulses.
Accordingly, the generation of low-repetition-rate pulsed GS combs requires the use of
optical injection. Regarding the modulation current, it must be properly configured (by
means of adjusting Ibias and VRF ) to attain values of Ioff below the threshold current of
the laser, and values of Ion well above it. The dependence of the modulation amplitude
on ∆f10dB follows the same trend as that of high-frequency GS combs. As in the case of
sinusoidal modulation at high repetition rates, the carriers experience faster growth and
higher excursion as the modulation amplitude increases.

A simulation of the generation of a 500-MHz GS comb under pulsed excitation without
and with external optical injection is shown in Fig. 2.11. The electrical pulses, shown in
panel (a), are configured to have low and high values of Ioff= 5 mA and Ion= 50 mA,
respectively, and a temporal width of τpulse= 150 ps. With this modulation current
and without performing injection locking, the incoherent and broad spectrum shown in
Fig. 2.11 (b) is obtained. It features a ∆f10dB of 98 GHz. Panel (c) depicts a narrower
region of this spectrum, allowing to check the absence of resolved comb lines. Then,
the OFC is externally injected to provide coherence for consecutive optical pulses. The
conventional approach involves adjusting the master laser wavelength so that injection
is performed in the spectral region where the comb displays the lowest power. This
compensates for the asymmetry of the comb, resulting in a flattened injected spectrum.
In Fig. 2.11 (b), this region corresponds to the blue side of the spectrum, indicating
higher frequencies. The laser used as ML is a discrete-mode laser with the same internal
parameters as the slave laser (Table 2.1), except for the βsp parameter, which has been
reduced from 5.3·10-6 to 5.3·10-9 for a better noise performance. The injection power is
set to 0.5 mW and the detuning, δν ′, to 40 GHz. The master-slave coupling coefficient
is kc = 4.23·1010 s-1 [24]. The dynamics of the carriers and the optical pulses obtained
when the SL is optically injected, along with the chirp, are depicted in panels (d) and
(e), respectively. Upon the application of the electrical pulse, the carriers exhibit a
rapid rise, followed by a subsequent decrease due to recombination for optical pulse
formation. Then, they experience an exponential drop according to the extinction of
the electrical pulse. The optical pulse has a full width at half maximum (FWHM)
of ∼30 ps and a maximum power of 14.5 mW. The dominant dynamic chirp shows a
frequency amplitude around 52 GHz within the pulse width. The optical spectrum of
the injected comb, illustrated in Fig. 2.11 (f), exhibits a ∆f10dB of 66 GHz and a CNR
of approximately 40 dB (see inset of panel (f)).
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Figure 2.11: Numerical simulations on the generation of GS OFCs with a repetition rate
of 500 MHz using pulsed electrical excitation. (a) Train of pulses driving the discrete-mode
laser. (b) Incoherent optical spectrum resulting from gain switching of the laser diode at the
conditions described in the main text and (c) zoomed view of it (d) Evolution of the carrier
density, (e) optical power (black) and frequency chirp (orange) when the previous comb is
optically injected. (f) Coherent 500-MHz optical spectrum obtained by pulsed gain switching
and external optical injection.

Low-repetition-rate GS combs exhibit good characteristics down to repetition frequencies
in the order of tens of MHz. Below these frequencies, the obtained duty cycles are
very low (below 0.5%). Consequently, the average optical power and the power per
comb line are poor. Nonetheless, as it will be detailed later in the experimental results,
other strategies can be followed to alleviate this problem. Other than that, the spectral
flatness is very good, making these OFCs a valuable choice for applications such as
spectroscopy. Furthermore, their modest bandwidth proves sufficiently broad for the
measurement of individual absorption lines.

Historical review of gain-switched optical frequency combs

The first GS OFC was demonstrated in 2009 by P. Anandarajah et al. [1]. In their
work, the authors experimentally obtained an OFC from a GS discrete-mode laser.
The generated comb, included in Fig. 2.12, featured 7 spectral lines within a 10-dB
bandwidth, with a line spacing of 10.7 GHz. They demonstrated the feasibility of using
the generated GS OFC as a transmitter in an optical communications system, proving
the suitability of these comb generators for optical communications (frequency range
5-10 GHz), featuring a simple and robust implementation, and with a tunable line
spacing within the mentioned frequency range. In 2011, the same group extended their
previous results and demonstrated the feasibility of generating a 10.7-GHz GS OFC
with a DFB laser when it was optically injected [37]. A few years later, they reported
the generation of a GS comb with a non-injected DFB [36]. This work is of particular
significance as it first disclosed that, for the generation of a GS comb without optical
injection, it is necessary for the modulation frequency to be close to or to exceed the
frequency of the laser relaxation oscillations.

27



CHAPTER 2. OPTICAL FREQUENCY COMBS

Figure 2.12: First experimental demonstration of a GS OFC obtained from a discrete-mode
laser gain switched at a frequency of 10.7 GHz using the superposition of a direct bias current
and a sinusoidal signal. Figure taken from [1].

There have been several demonstrations showing the convenient use of GS combs as
robust transmitters in WDM optical networks using advanced modulation formats
[38]–[40] and coherent reception [41]. These approaches based on frequency-stable
phase-correlated optical carriers allow to increase the transmission capacity and to
simplify digital signal processing. Besides the use of GS OFCs on the transmission side,
it has also been proved that the use of a GS comb in reception as a multi-tone local
oscillator allows the simultaneous demodulation of multiple channels [42].

In addition to the feasibility of using GS combs for optical communications, their
viability for other applications was also early demonstrated. In 2012, the group led by
P. Acedo demonstrated a microwave signal synthesizer based on a GS comb [43]. The
GS OFC was generated by modulating a discrete-mode laser with a 10-GHz sinusoidal
signal. The generated comb was afterwards phase modulated in order to improve its
flatness. The sub-THz signal synthesis was achieved by filtering two comb tones with
two tunable bandpass filters and beating the tones in a photodetector. The output of
the free-space photodetector, after being coupled to an antenna, was measured in an
electrical spectrum analyzer, showing a 120-GHz tone whose linewidth was below the
spectral resolution of the measurement instrument (<10 Hz). In a subsequent work, the
use of optical injection locking to filter the two comb lines resulted in an improvement
of the performance of the synthesizer in terms of linewidth, side-mode-suppression ratio,
and stability [44].

Regarding the laser sources used to generate GS combs, in addition to the aforementioned
edge-emitting laser diodes like DFB and discrete-mode lasers, vertical cavity surface-
emitting lasers (VCSELs) have also shown excellent performance. Á. R. Criado et al.
reported for the first time a GS comb generator based on a VCSEL [45]. The resulting
comb, obtained under sinusoidal modulation at 4.2 GHz, featured a spectral bandwidth
of 84 GHz (13 lines) within 3 dB. In addition to their reduced power consumption and
cost-effective manufacturing, these sources show interesting polarization dynamics, as
they can emit two linearly polarized transverse modes with orthogonal polarizations.
This opened up the possibility of generating two frequency combs with orthogonal
polarizations from a single laser cavity, as experimentally demonstrated in [46], where
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the authors obtained an overall comb composed by two orthogonal sub-combs with
repetition rates of 5 GHz and a bandwidth at 10 dB of ∼100 GHz. One of the generated
sub-combs, the one with orthogonal polarization with respect to the overall comb,
exhibited lower power. This was overcome by the use of external optical injection,
allowing the generation of two sub-combs with the same optical power under specific
injection conditions [47]. The impact of the injection conditions on the generated sub-
combs was further investigated in a study [48] that provided a comprehensive theoretical
analysis, supported by numerical simulations, for both linearly and elliptically polarized
injection conditions. In addition, under certain conditions, an expanded comb was
obtained.

The expansion of GS combs was explored soon after their first demonstration, in an
attempt to achieve bandwidths comparable to those obtained with other techniques. In
[37], the authors demonstrated the nonlinear expansion of a 10.7-GHz GS comb initially
formed by eight tones in a 3-dB bandwidth. The expanded comb, shown in Fig. 2.13,
featured 50 spectral lines in a 3-dB bandwidth of 535 GHz.

Figure 2.13: Nonlinear expansion of a GS comb, featuring an expansion factor of 6.25. The
configuration for the nonlinear expansion of the comb comprises two dispersion compensating
fiber sections and a highly nonlinear optical fiber section, enabling the compression of the
gain-switched pulses. Figure extracted from [37].

The use of cascaded electro-optic modulators is also a widespread method for frequency
comb expansion. These expansion setups consist of one or more electro-optic phase
modulators (EOPMs) modulated at the gain-switching frequency [49], [50] or multiples
of it [51]. An intensity modulator can also be introduced to optimize the flatness of the
comb. The comb bandwidth is increased by a factor of ∼2 after each phase modulator.
This approach affords photonic integrability and superior comb flatness compared to
nonlinear methods, albeit at the expense of increased complexity and cost.

Besides these expansion methods, it is also possible to spectrally overlap multiple combs.
In the case of not using external optical injection, several GS OFCs can be partially
overlapped, and a semiconductor optical amplifier can be used to phase-correlate the
comb tones [52]. When using optical injection from a single-mode master laser, two
injected combs can be combined [51] in a simpler setup. Finally, a recent proposal
showed the highest expansion achieved so far in GS OFCs [53]. This proposal was based
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on injection locking multiple modes of a Fabry-Pérot laser diode under gain-switching
operation using a GS comb as master. Two configurations were presented: a first one
achieving a lower bandwidth and better flatness, and a second one in which flatness was
compromised in exchange for a high expansion factor of 10. Both configurations were
based on a master-slave architecture in which the slave laser was a gain-switched Fabry-
Pérot laser, and the master laser was a gain-switched DFB laser. Both lasers, SL and
ML, were switched at the same frequency, 6.25 GHz. The experimental setups of both
approaches and their operation principles are shown in Fig. 2.14. In the first approach,
two comb lines of the master comb simultaneously injected two GS Fabry-Pérot modes.
The resulting OFC, formed by the combination of the two GS Fabry-Pérot modes, showed
coherence since the two Fabry-Pérot modes were injected by two lines of a coherent OFC.
Then, this comb was further expanded by means of an EOPM modulated at a multiple
of the comb repetition rate (12.5 GHz). After the phase modulation stage, the initial
OFC was expanded by a factor of ∼4, from a bandwidth (within 5 dB) of 81.25 GHz
to 337.5 GHz. However, the bandwidth of the master comb imposed a limit on the
number of Fabry-Pérot modes that could be injected. The second approach enabled
to increase the bandwidth of the master comb, allowing more than two Fabry-Pérot
modes to be simultaneously injected. This approach involved using two demultiplexers,
through which the master comb was passed before injecting the Fabry-Pérot OFC. In
the first demultiplexer, one line of the master comb was amplified, while the rest of the
comb lines remained unaffected. This modified comb was then inserted into the second
demultiplexer, configured to amplify an additional comb line. The two demultiplexers
were configured to amplify two comb lines with a frequency spacing equal to the mode
spacing of the Fabry-Pérot slave laser. Additionally, the strong injection in the second
demultiplexer triggered four-wave mixing, generating new spectral components. As a
result, instead of injecting only two Fabry-Pérot modes, six modes could be injected
using six demultiplexed comb lines of the master OFC, resulting in a broad, expanded
comb.

Figure 2.14: Expansion of a GS comb based on injection locking of multiple modes of a GS
Fabry-Pérot laser diode acting as slave laser. Two approaches, described in the main text, are
illustrated. Figure extracted from [53].

30



2.2. OPTICAL FREQUENCY COMBS GENERATED BY GAIN-SWITCHED LASER DIODES

Concerning low repetition rates, GS OFCs with repetition frequencies ≤1 GHz have
proven beneficial for applications where low line spacing is desired, such as spectroscopy.
In these applications, the resolution of the measurement is determined by the line
spacing, i.e., a better spectral resolution is achieved with a lower line spacing. The
first demonstration of a GS comb with a repetition rate well below the laser relaxation
oscillations was devoted to the realization of molecular spectroscopy in the 1.5 µm
region [3]. Through the generation of two 1-GHz OFCs, obtained by sinusoidal gain
switching of two discrete-mode lasers externally injected by the same master laser, an
absorption line of hydrogen cyanide was measured. The technique used, widely known as
dual-comb spectroscopy, will be discussed in depth in Chapter 3. The resolution of the
measurement was improved by a factor of 2 in a subsequent work by the same group [4],
in which, in addition to the absorption profile, information on the phase was retrieved.
Later in 2019, Rosado et al. demonstrated that replacing the sinusoidal gain-switching
signals by trains of short electrical pulses and external optical injection allowed to further
decrease the repetition rate of GS combs and to improve their spectral characteristics
[35]. By employing two of these GS OFCs, dual-comb interferometry is demonstrated in
this thesis. Finally, other waveforms, such as sawtooth or sinc waveforms, have been
also explored as gain-switching signals for the generation of low-repetition-rate combs
[54]. The experimental analyses revealed that pulsed excitation yielded the superior
performance for comb generation.

• Integrated gain-switched optical frequency combs

The integration of GS comb sources constitutes a recent research field. Discrete off-
the-shelf laser diodes already offer advantages in terms of cost and size compared to
other OFC generators, however, their integration yields a substantial improvement in
both aspects. In addition, it enhances the feasibility of employing OFCs in real-world
applications.

There are different mechanisms for the integration of photonic devices. Monolithic
integration relies on the use of a single substrate onto which other materials are grown
or deposited. In the case of GS combs, the substrates are III-V semiconductors, direct
band gap compounds that enable the fabrication of active devices. In contrast, hybrid
and heterogeneous integration involve the combination of different materials, such
as III-V semiconductors and Si3N4 [55]. Hybrid integration entails connecting two
already fabricated chips, generally in the packaging process. On the other hand, in
heterogeneous integration, different material technologies are combined usually before
packaging. This can be achieved through various techniques such as transfer-printing or
epitaxial growth. For GS OFCs, indium phosphide (InP) is the photonic integration
platform used for the fabrication of the laser diodes. For technologies such as InP, Si3N4
or silicon on insulator (SOI), there are different foundries dedicated to each technology,
offering reliable manufacturing processes. These foundries offer libraries of basic photonic
components that allow users to design complex systems from mature building blocks.
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One of the first demonstrations of an integrated GS OFC was published by J.K. Alexander
et al. in 2016 [56]. The authors reported a monolithically-integrated GS comb with
optical injection, being the master and slave lasers integrated within the same device.
The device consisted in a three-section laser composed by two Fabry-Pérot lasers having
a shared slotted reflector to achieve single-mode operation for the ML and the SL.
The overall size of the device was 2 mm, comprising the gain section of the master
laser (800 µm), a mirror (756 µm), and the gain section of the slave laser (756 µm).

Figure 2.15: GS OFC based
on a monolithically integrated
three-section laser. From [56].

It was fabricated using five AlGaInAs quantum wells on
an n-doped InP substrate. The device was characterized
in CW, showing single-mode emission when both lasers
were switched on, and a tuning range of approximately
10 nm was achieved in discrete steps of 3.2 nm, corre-
sponding to different lasing modes of the Fabry-Pérot
lasers. The generation of an OFC with a line spacing
of 4 GHz was demonstrated, featuring 5 lines within
∆f10dB when the ML was not switched on and doubling
this bandwidth when optical injection was performed, as
depicted in Fig. 2.15. That spectral width enhancement
was attributed to the increased modulation bandwidth
resulting from injection, as the frequency of relaxation
oscillations increased.

In a later work by a different group, M.D. Gutierrez et al. demonstrated the generation of
an integrated OFC, with and without optical injection, with a repetition rate tunability
from 6.25 GHz to 10 GHz [57]. The comb generator was similar to the one presented in
[56], including an additional reflector at the end of the master laser, favoring emission in
a single direction and allowing for higher optical injection efficiency. The viability of such
combs was also proved for optical communication systems using advanced modulation
formats [58]. Part of the same research group recently presented an integrated comb
source based on two DFB lasers mutually injected by a four-section distributed Bragg
reflector (DBR) laser. The device was fabricated by a foundry in a multi-project wafer
run using InP generic platform [59]. The DFB lasers were designed so that their spectra
partially overlapped under gain-switching operation. In addition, thermal heaters were
attached to these lasers to allow for independent thermal wavelength tunability. The
ML consisted of gain and phase sections sandwiched between two DBRs (rear and
front). A block diagram of the comb source is shown in Fig. 2.16 (a). It includes the
possibility of also injecting the two SLs by an external laser. The slave lasers showed
good performance under static and gain-switching conditions. On the other hand,
the integrated ML showed poor performance in terms of output optical power and its
emission wavelength did not match the wavelength of the slave lasers, resulting invalid
for mutual injection locking of both SLs. However, it remains a good proof-of-concept
device that can be improved in a further fabrication run. The demonstration of the
mutually-injected system was achieved using an external non-integrated tunable master
laser. As a result, an expanded coherent OFC composed by two 6.25-GHz GS combs
was obtained, featuring a 10-dB bandwidth of 256.25 GHz and showing very good
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performance in terms of phase correlation (12-15 Hz, comparable to the RF source used).
Also, the tunability of the repetition rate between 6.25 GHz and 12.5 GHz was proved.
The obtained optical spectrum at a fR of 6.25 GHz can be seen in Fig. 2.16 (b).

(a) (b)

Figure 2.16: (a) Integrated GS OFC generator comprising two DFB lasers that operate
as SLs and a DBR laser acting as ML. The device was fabricated in a multi-project wafer
run using InP generic integration platform. (b) Resulting 6.25-GHz GS OFC, obtained from
partially overlapping two individual comb spectra from the two SLs, and performing optical
injection with an external (non-integrated) laser in the overlapped region. (a) and (b) taken
from [59].

Finally, regarding hybrid approaches, a GS comb source based on an integrated DFB
laser butt-coupled to a Si3N4 microring resonator was recently demonstrated [60]. In
their proposal, the authors performed gain switching to the DFB laser to generate
an OFC. The resonator acted as an optical filter, selecting one of the comb lines and
reflecting it back towards the DFB laser, which was self-injected by the filtered comb line.
The DFB laser without optical injection, at the used modulation frequency (variable
between 5.55 GHz and 8.7 GHz), generated a coherent comb whose optical pulses did
not completely extinguish, which is essential for self-injection locking. Injection was
shown to improve the spectral width, the CNR, and the linewidth of the comb tones.
As a result, in the self-injection locking state, the generated comb showed 12 comb lines
evenly spaced 6.5 GHz with an excellent CNR of 40 dB. The linewidth of the comb
tones decreased ∼10 times under optical injection, reaching a value of 615 kHz. Also,
phase correlation of the generated OFC was proved, with the beat tone of two comb
lines having a linewidth of 50 Hz.

In conclusion, despite the fact that the first demonstration was published in 2016, it is
in recent years that a greater number of contributions are being reported. The reason
for this is that, though InP chip fabrication is expensive, the presence of foundries that
currently provide photonic circuit design kits based on the aforementioned building
blocks has allowed open access to fabrication to those researchers who did not have the
means to do it in their laboratories. In addition, manufacturing processes are gradually
becoming more stable and mature. Finally, although most of the contributions made so
far have been based on monolithic architectures the trend goes towards hybridization
or heterogeneous manufacturing, permitting the development of more complex systems
combining active and passive devices and benefiting from the advantages and performance
of each technology.

33



CHAPTER 2. OPTICAL FREQUENCY COMBS

2.3 Other optical frequency comb generators
In addition to gain-switched laser diodes, there are other reliable comb sources based
on semiconductor lasers, such as mode-locked laser diodes and electro-optic frequency
combs driven by laser diodes. These techniques, together with microresonator-based
OFCs, are detailed in the following section.

2.3.1 Mode-locked semiconductor lasers
Mode-locked lasers, which have already been mentioned as the first OFC sources,
are lasers that emit phase-locked ultra-short pulses. Mode-locking technique can be
used to generate pulsed light not only in dye, solid-state, and fiber lasers, but also in
semiconductor lasers. In a laser cavity, one or more longitudinal modes oscillate at
certain frequencies. In the absence of mode-locking mechanisms, the phases of each
longitudinal mode fluctuate independently and the interference of the longitudinal modes
results in the emission of CW light whose intensity randomly varies around the average
intensity value and tends to a constant value for a high number of longitudinal modes
within the cavity. Fig. 2.17 (a) illustrates the interference of three longitudinal modes
with the same amplitude (depicted in blue, orange, and green) whose phases are not
locked, resulting in continuous light exhibiting random intensity fluctuations (black
trace). On the contrary, if the laser is mode-locked, a fixed phase relationship is set
between the longitudinal modes of the cavity so that their interference results in the
formation of short-duration light pulses with a periodicity defined by the cavity length,
as shown in Fig. 2.17 (b). The pulse width is fixed by the cavity dispersion and the
spectral width of the semiconductor optical gain.
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Figure 2.17: Illustration of the mode-locking mechanism in a laser. (a) The interference of
three longitudinal modes in absence of phase-locking mechanisms results in the generation of
a continuous wave signal (black) that varies in a random manner around its average value. (b)
The implementation of a phase-locking mechanism results in the constructive interference of
the modes at specific frequencies related to the cavity length.
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There are different mode-locking mechanisms, classified as active, passive, and hybrid
[61]. Active mode-locking consists in modulating either the gain or the losses of a
laser at a repetition rate matching the mode spacing or a harmonic of it. As a result,
the modulation sidebands of each mode will couple to adjacent cavity modes, leading
to the locking of their phases. It is usually implemented by driving the laser with a
modulation signal composed by the superposition of DC and AC currents or by adding
in the laser cavity an intensity, phase, or acousto-optic modulator driven by an AC
signal. On the other hand, passive mode-locking does not involve the use of modulation
signals. Instead, a material exhibiting a nonlinear response to the light intensity is
placed within the cavity, being this material usually a saturable absorber. The response
of a saturable absorber depends on the intensity of the light impinging on it, such that
when high-intensity light reaches the material, the absorption of the material saturates
and the cavity losses are reduced. Most of the time, the cavity losses are greater than
the gain, and the laser is turned off. However, when the light intensity is sufficiently
high, the absorption saturates and the gain exceeds the losses for a short time. In
this time interval, a short light pulse is formed, and its width depends on the recovery
time of the saturable absorber. This process repeats every round trip, resulting in the
amplification of high-intensity pulses and attenuation or absorption of low-intensity light.
Passive mode-locking enables the generation of shorter pulses than those obtained by
active mode-locking but they exhibit higher timing jitter. Finally, hybrid mode-locking
combines both active and passive approaches by using a passively mode-locked laser and
an AC signal to modulate the saturable absorber injection current or the gain section at
a frequency equal to the frequency spacing of the optical modes. This allows for the
synchronization or stabilization of the repetition rate to an external source [16]. The
generated pulses can benefit from the shortening effect of passive mode-locking and the
lower timing jitter of actively mode-locked lasers.

OFCs generated with mode-locked semiconductor lasers feature fixed and high repetition
rates, typically ranging from a few GHz to hundreds of GHz. As for the pulse durations,
they range from ∼300 fs, obtained with passive and hybrid mode-locking methods, to a
few ps, obtained with active mode-locked lasers. As a method to decrease the repetition
rate, architectures involving external cavities have been reported, also improving the
phase noise properties of the generated combs [62]. Mode-locked semiconductor lasers
allow obtaining comb sources that can be developed on-chip through monolithic, hybrid
or heterogeneous integration. Demonstrations with various devices across different
spectral regions, from the visible to the mid-infrared, can be found in the literature [16].
Currently, one of the most promising proposals are quantum-dot and quantum-dash
mode-locked lasers, given their advantageous optical properties, including broad optical
gain, low laser thresholds, and high tolerance to growth defects [63]. Regarding their
application, several demonstrations validate these comb sources for high-capacity WDM
systems [64], [65], since their repetition rates aligns with grid specifications set by the
International Telecommunication Union (ITU) [66]. Additionally, they show promise in
other applications such as ranging, where fast measurement rates of up to 500 MHz have
been achieved using two slightly detuned 50-GHz quantum-dash mode-locked lasers [67].
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2.3.2 Electro-optic frequency combs
Electro-optic frequency combs are generated by the external modulation of a CW laser
source using a single o various electro-optic modulators driven by RF signals. These
modulators are based on the electro-optic effect, a phenomenon that induces a change
in the refractive index of a material in response to an applied electric field. This change
in the refractive index results in the modification of the phase of the field propagating
in the material. The most common configuration for generating electro-optic combs is
to use a phase modulator or a combination of phase and intensity modulators.

The optical field at the output of a phase modulator driven by a sinusoidal signal at a
modulation frequency fm can be written as

Epm(t) = Ein(t)ejϕ(t) = Einej2πνctejβ sin(2πfmt), (2.20)

where Ein(t) is the input optical field, with its corresponding amplitude Ein and carrier
frequency νc, ϕ(t) is the phase imparted in the input field, and β is the modulation
index. The phase change depends on the modulation index β. The modulation index
is defined as β = πVm/Vπ, where Vm is the amplitude of the modulation signal and Vπ

is the half-wave voltage of the modulator, a parameter that determines the required
voltage to achieve a phase change of π rad.

Using the Jacobi-Anger expansion, Eq. (2.20) can be written as

Epm(t) = Einej2πνct
∞∑

n=−∞
Jn(β)ej2πnfmt, (2.21)

Jn being Bessel functions of the first kind.

The frequency domain counterpart of Eq. (2.21) can be obtained by means of the Fourier
transform, and results in

Epm(f) = Ein

∞∑
n=−∞

Jn(β)δ(f − νc − nfm), (2.22)

where δ(f) represents the Dirac delta function. Eq. (2.22) corresponds to a spectrum
composed of sidebands around the carrier frequency, with a frequency spacing set by
the frequency of the modulation signal. The amplitudes of the comb lines follow the
Bessel functions of the first kind. As a result, the combs obtained using a single phase
modulator have suppressed tones and their flatness is poor.

To improve the flatness of electro-optic OFCs, more complex architectures are typically
used. The replacement of a single modulator by a dual-drive Mach-Zehnder modulator
[68] or the use of setups involving a tandem of intensity and phase modulators [69],
[70] are common approaches. The combination of intensity modulators driven at the
appropriate conditions to carve flat-topped optical pulses and phase modulators to
transfer a (quasi-) quadratic phase to the generated combs have proven the generation
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of flat combs [71], as the temporal shape of the pulses is transferred to the shape of the
spectrum [72]. The maximum attainable line spacing is limited by the optical bandwidth
of the modulator. Commercial electro-optic modulators commonly display modulation
bandwidths up to 40 GHz.

With regard to the bandwidth of electro-optic combs, the number of generated lines
depends on the modulation index and increases almost linearly with it [73]. Then,
low Vπ values are desirable for electro-optic modulators, as well as the capability to
handle high RF powers. However, commercial discrete lithium niobate modulators show
typical values of Vπ ranging from ∼2 V for low frequencies and up to 11 V or more for
frequencies of tens of GHz [74]. The maximum RF power handled by these devices is
usually around 30 dBm, which corresponds to a RMS voltage of 7 V in 50 Ω. Therefore,
the number of lines that can be generated with a single phase modulator is not very high
as this would require modulation signals with very high powers that cannot be handled
by standard commercial devices. To address this limitation, several phase modulators
are usually placed in cascade to expand the generated comb. The effective modulation
index corresponds to the sum of the modulation indices of each phase modulator. These
architectures require the use of phase shifters to ensure the phase alignment of the signals
driving each modulator (see Fig. 2.18, which is a representation of an electro-optic
frequency comb source consisting of three phase modulators for comb expansion followed
by an intensity modulator to flatten the spectrum). The expansion of electro-optic
combs with cascaded phase modulators leads, however, to high insertion losses due to
the use of several modulators and increases the complexity of the experimental setup.
In addition to this method, if combs with larger bandwidths are required, nonlinear
expansion techniques can be used [75]–[77].

RF source

CW laser
PC

PM PM PM IM

Figure 2.18: Illustration of an electro-optic frequency comb generator, based on the use of
cascaded phase and intensity modulators. A CW laser is phase modulated by three cascaded
EOPMs. The resulting spectrum is flattened by means of an electro-optic intensity modulator.
All the modulators are driven by the same RF source and phase shifters are used to align the
RF driving signals. A polarization controller (PC) aligns the states of polarization.

Electro-optic frequency combs have proven very useful for a wide variety of applications.
This is due to the tunability of their line spacing, which can be easily adjusted by
varying the frequency of the RF signal driving the modulators. A wide tuning range
can be achieved, spanning from values below the MHz up to ∼10 GHz, with the
upper limit dictated by the bandwidth of the modulators. Among the applications
requiring OFCs with low repetition rates, contributions related to interferometry and
spectroscopy [78], sensing [79], [80], and ranging [81] have been reported, to cite a few.
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With respect to applications in which high repetition rates are needed, demonstrations
in multiple areas such as optical communications, arbitrary waveform generation or
microwave signal synthesis have been published. A detailed review article developed by
V. Torres-Company and A. Weiner covers this subject [74].

Electro-optic combs also allow for their integration in photonic circuits, and fully
integrated comb sources have been reported. In 2018, the first monolithic InP electro-
optic comb generator was published [82], incorporating an integrated DBR laser, a Mach-
Zehnder modulator followed by two cascaded phase modulators, and a semiconductor
optical amplifier to boost the optical signal. The comb source showed a demonstrated
tunability range from 4 GHz to 10 GHz, with 28 comb lines within 5 dB achieved at
4 GHz, and 11 lines achieved at the highest repetition rate.

Moreover, recent advancements in the development of an integration platform based
on lithium niobate on insulator have significantly enhanced the prospects for on-chip
electro-optic combs. It has opened up the possibility of generating on-chip electro-optic
combs with superior modulation efficiencies, low losses, high modulation bandwidths,
and low Vπ values. Some works have demonstrated the generation of flat OFCs with
integrated electro-optic devices developed on the aforementioned platform using external
(non-integrated) CW laser sources [83]. A recent contribution by M. Yu et al. [84]
introduced a fully integrated electro-optic comb generator, consisting of a DFB laser
edge-coupled to a lithium niobate chip. This chip (scheme of the setup and picture of
the comb generator shown in Fig. 2.19 (a) and (b), respectively) included an amplitude
modulator for generating flat-topped optical pulses, a phase modulator to induce a
quadratic phase profile in the optical pulses, and a dispersive medium to compress the
optical pulses, enabling the generation of frequency-agile and flat OFCs with an on-chip
pulse duration of 8 ps. Both modulators exhibited high optical bandwidths (45 GHz for
the amplitude modulator and 30 GHz for the phase modulator) and state-of-the-art Vπ

values, allowing for the generation of a 10.075-GHz OFC having a 10-dB bandwidth of
∼740 GHz with a modulation index of 11.2π rad (RF power of 38 dBm limited by the
available RF amplifiers, not by the power handling capacity of the chip). A 30.135-GHz
comb was also demonstrated, and both combs showed excellent flatness. Wavelength
tunability was also proved, and pulse compression (up to 500 fs) based on an integrated
lithium niobate chirped Bragg grating included in the device was reported. This research
work illustrates the potential of hybrid and heterogeneously integrated comb generators
combining III-V materials for the laser source and the lithium niobate platform for
electro-optic devices, allowing for the generation of OFCs with outstanding properties
catering to a diverse range of applications.

Finally, besides generating electro-optic frequency combs with the described single-pass
architectures, there are other proposals that involve multiple passes of the signal through
the modulators, allowing for the generation of a higher number of spectral lines [85].
Ring resonators modulated with an RF signal whose frequency matches a harmonic of
the free spectral range of the cavity are commonly used. Although this proposals provide
less flexibility in tuning the repetition frequency, combs with broad bandwidths can be
generated using a CW laser source and a single resonator. The CW light that enters the

38



2.3. OTHER OPTICAL FREQUENCY COMB GENERATORS

(a) (b)

Figure 2.19: (a) Integrated electro-optic frequency comb generator based on lithium-niobate
intensity and phase modulators. A DFB laser is butt-coupled to the photonic chip, providing
the CW source for the generation of a 10.075-GHz OFC. (b) Picture of the device. (a) and (b)
taken from [84].

resonator is modulated, resulting in the generation of sidebands that recirculate within
the cavity, a process that leads to a cascaded generation of sidebands, i.e., comb lines.
The generation of spectral lines is based on second-order nonlinear processes. With an
integrated lithium niobate ring resonator, the generation of an electro-optic OFC with
a bandwidth exceeding 80 nm (more than 900 equally spaced lines at ∼10 GHz) was
demonstrated, using a pump power of 2 mW [86]. To conclude with, for further details
on the generation and applications of electro-optic OFCs, the reader can be referred to
[73], [87], which are excellent review articles.

2.3.3 Microcombs
Microcombs are defined in this document as OFCs generated in a microresonator
fabricated in a material exhibiting third-order nonlinearity (χ(3)) pumped by a CW laser
coupled to the resonator [88]. They are also referred to in the literature as Kerr combs.
As a result of third-order nonlinearity, equally-spaced optical sidebands are generated
around the pump frequency via four-wave mixing (FWM). The microresonators used
to generate microcombs are passive devices made of a nonlinear dielectric material.
The light coupled into these micrometer-sized resonators is strongly confined due to
the higher index of the material of the core of the waveguide compared to that of
the cladding. The coupling of light into the resonator and subsequent extraction are
typically achieved through a waveguide via evanescent coupling (see Fig. 2.20).

Pump Microcomb

Figure 2.20: Sketch of a χ(3) microresonator used for the generation of a microcomb.
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As in mode-locked lasers, the resonant frequencies or cavity modes are defined by the
round-trip time of the cavity, which in this case is Tres = L/vg, where L is the length
of the resonator and vg is the group velocity. The spacing between adjacent resonant
frequencies, the free spectral range (FSR), is equal to the inverse of the round-trip
time, FSR = 1/Tres. Common parameters to describe a resonator are the width of the
resonances, the finesse, and the quality factor of the resonator:

• The linewidth of the resonances, ∆νres, is determined by the cavity losses, which
include the internal losses of the resonator and the coupling losses.

• The finesse, F , is given by the ratio of the linewidth of the resonances to the FSR,
F = ∆νres/FSR. Sharp resonances are assessed with high finesse values.

• The quality factor or Q-factor, Qres, indicates the losses in the cavity. In terms
of energy, it is defined as 2π times the ratio of the energy stored in the cavity to
the energy dissipated per oscillation cycle. Equivalently, in terms of resonance
bandwidth, it is described as the ratio of the resonance center frequency ω0 and
the linewidth of the resonance as Qres = ω0

∆νres
. It is an essential figure of merit

of a resonator. High Q-factors, in the order of 1 million, are needed for efficient
microcomb generation.

Microcomb generation is based on phase-matched FWM, a third-order nonlinear process
that involves the interaction of four optical fields through an energy and momentum
conservative process

ω1 + ω2 = ω3 + ω4, (2.23)

∆β = β(ω1) + β(ω2) − β(ω3) − β(ω4), (2.24)

where ωi, with i = (1, 2, 3, 4), denotes the angular frequency (ωi = 2πνi) of the interacting
waves, and β(ωi) is the frequency-dependent propagation constant.

FWM can be non-degenerate, when it involves the interaction of four waves having four
different frequencies, and degenerate, when the interacting fields have the same frequency
(ω1 = ω2). The first lines of a microcomb originate from a degenerate FWM process, as
a result of the increase of power within the resonator when the pump laser is tuned into
a cavity resonance. On a fundamental level, two photons with the same frequency (the
pump frequency) are annihilated and create idler and signal photons. Then, following
the generation of initial sidebands through degenerate FWM, new sidebands are created
through cascaded FWM processes (degenerate and non-degenerate), leading to the
formation of the comb. In addition, for the generation of the comb lines to be efficient,
FWM needs to be phase-matched (∆β = 0), i.e. the pump and the generated waves need
to interfere constructively. As a result, the new generated sidebands are symmetrically
located around the pump frequency. Phase-matched FWM is also known in the literature
as modulation instability.
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The formation of a microcomb stems from a balance between the cavity losses and
parametric amplification on one hand, and between dispersion and Kerr nonlinearity
on the other hand. Due to dispersion, the resonances of the microresonator deviate
from their FSR. Since the sidebands are generated symmetrically around the pump,
dispersion imposes a limit on the maximum achievable comb bandwidth. However,
dispersion is not the only process that perturbs the positions of the cavity resonances,
and the displacement of the cavity resonances can be compensated by shifts of the
resonances associated to Kerr nonlinearity.

Phase-matched FWM, which triggers the generation of the microcomb, is easily achieved
when the microresonator exhibits anomalous group velocity dispersion (GVD) in the
frequency range of interest [89]. Anomalous GVD is characterized by a negative GVD
parameter (β2<0) and therefore a positive dispersion parameter (D> 0). In a waveguide
exhibiting anomalous GVD, the high-frequency components travel faster than the
low-frequency components. Consequently, in a microresonator exhibiting anomalous
dispersion, the cavity resonances deviate from being equally spaced and the spacing
between modes increases with ascending frequency. The generation of an OFC in a
microresonator operating in the anomalous dispersion regime is illustrated in Fig. 2.21.
The figure depicts the distribution of the resonances of the microresonator, and the
resonance with index n= 0 corresponds to the pumped resonance. The resonances
affected by anomalous GVD are represented in the figure in gray, while the ideal position
of the resonances evenly spaced by the FSR of the resonator are represented with dashed
red lines.

Nonlinear
mode pulling

Cavity resonances deviated 
by anomalous GVD

Cavity resonances in 
absence of GVD

Cavity resonances deviated
by third-order nonlinearity

Comb lines

1st process: degenerate FWM

2nd process: cascaded FWM

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

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

Figure 2.21: Formation process of a microcomb in a microresonator exhibiting anomalous
GVD. The cavity resonances are denoted by an index n, with n=0 corresponding to the
resonance in which the pump is coupled. The first comb lines are created through degenerate
FWM. After this, additional sidebands are generated by means of cascaded FWM. The
deviation of the FSR of the cavity modes due to dispersion is compensated by the Kerr effect,
allowing to extend the comb bandwidth.
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First, the pump laser is coupled into the microresonator and is tuned into one of the
resonances of the cavity. As the pump laser moves towards and across the cavity
resonance, the intracavity power increases. When a specific amount of power is coupled,
nonlinear processes are triggered and the first comb lines are created around the pump
through degenerate FWM. Subsequently, the rest of comb lines are generated by means
of cascaded FWM. As a consequence of the intracavity power increase, other third-order
nonlinear processes such as self-phase modulation and cross-phase modulation arise,
which also affect the position of the resonances [90]: the deviation of the resonances due
to anomalous GVD is counteracted by means of self-phase modulation and cross-phase
modulation, which pull the resonances towards lower frequency positions. The resonances
affected by nonlinear pulling effects are represented in the figure in yellow. Furthermore,
as a consequence of the temperature increase, the cavity length and the refractive index
slightly change. This variation also causes the frequency of the resonances to decrease
as the temperature increases.

The generation of a Kerr OFC was first reported in 2007 by Del’Haye et al. [91]. In
their demonstration, they obtained a microcomb from a silica toroidal microresonator
exhibiting a quality factor Qres>108 and a threshold for parametric interactions about
50 µW. By pumping a 75-µm-diameter microresonator with a CW power of 130 mW
at 1550 nm, the authors generated a frequency comb with a bandwidth extended over
500 nm (64.1 THz) and a line spacing defined by the FSR of the resonator of 873 GHz.
They also reported the generation of combs with lower repetition rates (around 375 GHz),
obtained with devices showing larger diameters. This publication paved the way towards
the miniaturization of comb generators by harnessing the Kerr effect within micrometer
cavities to obtain OFC spectra with large line spacings and bandwidths that can extend
over an octave without utilizing post-broadening techniques. Since then, microcomb
generation has emerged as a relevant and ongoing area of research. Nonetheless, these
combs suffered from noise and they did not correspond to pulses in the time domain.

Dissipative cavity soliton generation in microresonators

In 2013, K. Saha et al. [92] reported the generation of coherent and periodic optical
pulses in a Si3N4 microresonator, caused by nonlinear interactions within the externally,
CW-pumped resonator. Later in 2014, T. Herr et al. [93] identified the generation of
such a phase-locked train of pulses as a result of the formation of temporal dissipative
cavity solitons within the microresonator, in a work that certainly changed the paradigm
in microcomb generation. In their publication, the authors experimentally demonstrated
the formation of stable solitons in a magnesium fluoride (MgF2) microresonator, assisted
with numerical and analytical results.

A dissipative cavity soliton is a temporal structure that can propagate in a nonlinear
cavity for an infinite amount of time without suffering any deformation. The existence
of the soliton relies on the aforementioned balance between GVD and Kerr nonlinearity,
and between gain (associated to parametric amplification) and cavity losses. By pumping
a high-Q microresonator with a certain power and a specific detuning with respect to
a cavity resonance, it is possible to reach a soliton regime in which a single soliton
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stably circulates within the cavity. At each round-trip, part of the energy "escapes" from
the cavity, forming a train of coherent optical pulses at the output. The phases of the
generated optical pulses are locked to the phase of the pump laser. In the frequency
domain, such train of pulses corresponds to a frequency comb with high-coherence
properties. To reach the soliton regime, the pump laser is swept from a blue-detuned
position with respect to one of the cavity resonances towards a red-detuned position.
During this scan, the cavity field transits through different states for different detuning
values until single soliton regime is achieved [93]. First, when the threshold for parametric
interactions is exceeded, modulation instability occurs as in the case of FWM-based (in
absence of dissipative solitons) microcombs. Then, chaotic and multiple-soliton states
are experienced until a single soliton is achieved. The formation of a single soliton
corresponds to the pump laser being effectively red-detuned from the pumped resonance.
Temporal dynamics of microcombs are described by the Lugiato-Lefever equation [94],
an externally-driven nonlinear Schödinger equation. Dissipative solitons on top of a CW
component are a stable solution of this equation [90].

Soon after the demonstration of dissipative solitons in microresonators exhibiting
anomalous dispersion, also known as bright solitons, the generation of phase-locked Kerr
combs in a microresonator with normal GVD was reported [95]. The localized structures
observed in these devices are known as dark solitons or platicons as, in contrast to bright
solitons, they are characterized by a notch in the CW background. A sketch illustrating
the formation of bright and dark solitons in a microresonator (top) and their typical
spectral shapes (bottom) is included in Fig. 2.22 (a) and (b), respectively.
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Figure 2.22: Sketch of a (a) bright and a (b) dark soliton in an optical microresonator and
illustration of their typical spectra.

The generation of microcombs in the normal dispersion regime is typically achieved
through the local modification of the dispersion [96]. In a device exhibiting global
normal GVD, anomalous dispersion can be locally induced at specific frequencies. In
such frequencies, the condition of phase-matching of FWM can be fulfilled and the
formation of the comb can be initiated. The possibility of initiating a microcomb in
the normal dispersion regime offered significant benefits since most materials used to
generate microcombs exhibit normal GVD dispersion in the visible and near infrared
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[97]. As a consequence, the generation of normal-dispersion microcombs alleviates the
need for dispersion engineering required to obtain microresonators exhibiting anomalous
dispersion. Moreover, the conversion efficiency attained with these combs, defined as the
power transferred from the pump to the new generated lines, is higher than that obtained
with bright-soliton OFCs [98]. This characteristic enhances the flatness of the generated
comb, as the power difference between the pump and the rest of the lines is reduced,
which can be advantageous for some applications such as optical communications or
spectroscopy.

One of the techniques employed to generate microcombs in the normal dispersion regime
is the use of coupled cavities. In this approach, the interaction between modes of the two
coupled cavities is leveraged to induce local anomalous dispersion. In a work presented
by Xue et al. [99], they proposed the use of two coupled cavities (main and auxiliary) of
similar radii. In the auxiliary cavity, a microheater was included in order to slightly shift
the position of the auxiliary resonances as a consequence of the refractive index change
with temperature. Through the microheater, they demonstrated the ability to control
the region where mode coupling occurs, therefore gaining control and reliability over
the generation of the microcomb. In addition, the use of coupled-cavity systems has
also proven beneficial for the generation of microcombs exhibiting anomalous dispersion
[100]. In their work, Helgason et al. reported the generation of an anomalous-GVD
microcomb featuring unprecedented conversion efficiencies (up to 54%) using a coupled-
cavity system formed by two cavities with very dissimilar radii. The microcomb was
generated using the conventional method of tuning the pump laser across one of the main
cavity resonances, until reaching a red-detuned position where a single soliton circulated
within the cavity. Then, bringing the auxiliary resonance closer to the main resonance
via microheaters induced mode coupling, causing the main resonance to red shift. As
a result of such frequency shift, the pump was centered around the main resonance
while maintaining a single-soliton state. This allowed to achieve a higher conversion
efficiency due to the increased power coupled into the resonator. This configuration of
two dissimilar coupled cavities will be used later in Chapter 7 for the generation of two
OFCs in the normal dispersion regime.

Finally, over last years, the research community has made significant progress toward
achieving a better understanding of microcomb generation, as well as in their manipu-
lation and control, both in anomalous and normal dispersion regimes. The reader is
referred to the review by A. Pasquazi et al. [88] for further insights into this matter.
Furthermore, the generation of dissipative cavity solitons in Kerr microresonators has
been demonstrated on various platforms [101]. Among them, Si3N4 has stood out for
several reasons. First, microresonators based on Si3N4 waveguides with silica cladding
are fabricated with CMOS-compatible techniques, mature processes that potentially
allow for mass fabrication of these devices. Also, Si3N4 has a large transparency window
that covers from the visible to the mid-infrared (400 nm - 3700 nm), exhibits high χ(3)

nonlinearity, and does not suffer from two-photon absorption. Other materials such as
lithium niobate have proven to be interesting for the generation and manipulation of the
Kerr comb on the same chip [102], exploiting χ(3) nonlinearity for OFC generation and
χ(2) nonlinearity for its manipulation (filtering, electro-optic modulation). Regarding
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the use of microcombs, they have proven to be well suited for a variety of applications
[103]. Because of their repetition rate range (from tens to hundreds of GHz) and
their extremely broad bandwidths, they are especially useful for applications such as
optical clocks [104], optical communications [105], or for the calibration of astronomical
spectrographs [106].
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Chapter 3

Dual-comb interferometry

The multiheterodyne interference of two optical frequency combs with slightly different
repetition rates has demonstrated to overcome the limitations of traditional interfer-
ometers. The technique, widely known as dual-comb interferometry, emerged in the
early 2000s in the search for new applications of frequency combs. It enables the direct
mapping of optical frequency information to the radio frequency domain, exploiting the
unique properties of optical frequency combs. Dual-comb interferometry enables the
retrieval of interferometric information in a single acquisition with a setup that contains
no moving parts, achieving unprecedented acquisition speeds and spectral resolutions.

This chapter focuses on the description and comprehensive analysis of dual-comb
interferometry. First, the fundamental principles of the technique and its implementation
are discussed. Subsequently, practical implications are considered, including the structure
of the down-converted electrical spectrum and the trade-off between spectral resolution
and measurement speed. Following this, the generation of gain-switched dual frequency
combs is detailed, with the assistance of numerical simulations. Finally, the use of
dual-comb interferometers for applications such as molecular spectroscopy or ranging is
discussed.
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CHAPTER 3. DUAL-COMB INTERFEROMETRY

3.1 Fundamentals of dual-comb interferometry
Dual-comb interferometry is a technique based on the multiheterodyne beating of two
OFCs. It enables the translation of the complex (amplitude and phase) response of a
device or sample from the optical domain to the electrical domain, in a single and rapid
interrogation, with high spectral resolution, and using radio frequency electronics.

The main antecedent of dual-comb interferometry is Michelson-based Fourier transform
spectroscopy. This widely used spectroscopic technique is based on the characterization
of a sample using a system fundamentally composed of a Michelson interferometer,
illustrated in Fig. 3.1.
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Figure 3.1: Illustration of a Michelson-based Fourier transform interferometer. The interfer-
ence of two beams as a function of a varying optical path difference induced by a scanning
mirror is measured. The recorded signal is known as interferogram. BS: beam-splitter.

The interferometer is illuminated by a light source. A broadband, incoherent, light
source has been traditionally used for this purpose. In the interferometer, a beam
splitter divides the input beam into two branches. One of the branches contains a mirror
set to a fixed position. The second arm of the interferometer includes a scanning mirror,
which induces changes in the path length traversed by the optical field in this second
branch. Considering an ideal splitting ratio of 50:50, the optical fields in the two arms
of the interferometer can be written as

E1(t) = E0(ν)
2 e−j2πνt, (3.1)

E2(t) = E0(ν)
2 e−j(2πνt−∆ϕ), (3.2)

where E0(ν) is the amplitude of the optical field as a function of the optical frequency
ν, and ∆ϕ is the phase change induced in the arm containing the scanning mirror. This
phase change can be expressed in terms of the optical path difference δ as ∆ϕ = 2πν̃δ,

48



3.1. FUNDAMENTALS OF DUAL-COMB INTERFEROMETRY

with ν̃ being the wavenumber1.

Then, the two beams from the two arms are combined and finally interfere in a detector.
Through the movement of the scanning mirror, the optical path difference of the two
combined signals is varied. Consequently, the interference pattern between the two
beams changes as a function of the optical path difference. The resulting interference
wave is known as interferogram, and its expression is given by

I(δ) ∝ [E1(t) + E2(t)][E1(t) + E2(t)]∗ = |E0(ν)|2
2

[
1 + cos(2πν̃δ)

]
, (3.3)

where ∗ represents the complex conjugate and |E0(ν)|2, the squared magnitude of E0(ν),
denotes the intensity of the optical field. In the case of monochromatic light, the
interferogram presents interference maxima and minima. The Fourier transform of the
interferogram yields a spectrum that contains the response of the sample across different
frequencies. The sample can be interrogated by either the optical beam from one path
or by the combined beams.

The spectral resolution of the measurement, which refers to the capability of the
interferometer to resolve two closely spaced frequency components, is limited by the
maximum scanning range of the movable mirror. To distinguish between two frequency
components spaced by ∆ν̃, a complete period of the beat frequency of these two
components must be scanned, in order for the two signals to become in phase [107].
As illustrated in Eq. (3.3), after zero path difference, the two signals will first interfere
destructively at δ= ∆ν̃−1/2. Then, at δ= ∆ν̃−1 they will be in phase, resulting in
constructive interference. Therefore, a higher spectral resolution requires a higher
retardation of one of the optical beams (or, in other words, a longer scanning range).
On the other hand, the minimum time step of the scanning mirror determines the
bandwidth of the measurement. The acquisition speed of the interferometer is set by
the speed of the mirror and the total scanning time.

The advent of OFCs made it possible to replace the incoherent white source by a
coherent source composed of many evenly-spaced frequencies, allowing to improve the
signal-to-noise ratio (SNR) [108]. However, despite the higher brightness of the light
source, these systems were still limited by the scanning mirror. The mirror not only
adds complexity, but also prevents the system from having a fast acquisition speed, since
the velocity of the mirror is typically on the order of 1 cm per second. At this scanning
speed, a measurement time on the order of tens of seconds would be required to achieve
a spectral resolution of 1 GHz. The replacement of the scanning mirror by a second
OFC featuring a slightly different repetition rate, in a configuration widely known as
dual-comb interferometer, has enabled to surpass the performance of Michelson-based
Fourier transform interferometers. Dual-comb interferometry allows to improve the
acquisition speed of Michelson interferometers by several orders of magnitude, enabling
high-resolution measurements using a compact setup without moving elements.

1The wavenumber (ν̃ = 1/λ, with λ being the wavelength in vacuum) is used here to write the final
expression more compactly.
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Dual-comb technique was proposed and experimentally demonstrated in 2001 by Lee et
al. to perform time-domain optical coherence tomography [109]. One year later, in 2002,
S. Schiller reported a theoretical analysis and described the time and frequency domain
fundamentals of dual-comb systems [110]. The technique is based on the generation of
two OFCs with slightly different repetition frequencies, fR1 and fR2, where fR2 can be
expressed as

fR2 = fR1 + δfR, (3.4)

with δfR << fR1, fR2 being the repetition frequency difference.

As a result, the optical frequencies of the two involved combs, ν1n and ν2m, can be
written as

ν1n = ν01 + nfR1, (3.5)

ν2m = ν02 + mfR2 = ν02 + m(fR1 + δfR), (3.6)

ν01 and ν02 being the lowest-frequency comb line of OFCs 1 and 2, respectively, and
n and m being positive integer numbers. In the literature, the two OFCs used in a
dual-comb system are often referred to as dual frequency combs.

The two OFCs are combined and then mixed on a photodetector. In the photodetector,
a multiheterodyne beating process occurs, in which each comb line of one comb beats
with the lines of the second comb. As a result, a down-converted frequency comb is
obtained, with a line spacing that corresponds to the repetition frequency difference of
the two OFCs, δfR. The down-converted frequency comb is a compressed version of the
original optical spectrum, and the optical information is effectively translated into the
RF domain. This compression process is quantified by the compression factor, defined as
the ratio of fR1 and δfR (C = fR1/δfR). Fig. 3.2 illustrates the down-conversion process
of two OFCs from optical frequencies to radio frequencies. In the figure, the amplitude
information of a sample interrogated by the two OFCs is translated from the optical to
the RF domain.

In the Michelson-based Fourier transform interferometer the down-conversion process
was achieved by means of the scanning mirror, as it is the element which induces the
phase shift between the two interfering waves. Due to the typical scanning velocities
of these mirrors, the optical frequencies are down-converted to the audio range [108].
In dual-comb interferometry, the down-conversion process is achieved and controlled
by means of the repetition rate difference of the combs. As it will be detailed later, to
prevent spectral overlap in the down-conversion process, an appropriate compression
factor must be chosen. Typical values of the compression factor lie within the range
of 104 to 106. Consequently, opto-electronic conversion becomes feasible using a low-
bandwidth photodetector, and the resulting signal can be digitized using equipment
operating at electrical frequencies.
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Figure 3.2: Frequency-domain picture of the basic principle of the dual-comb technique. The
beating of two OFCs with repetition rates fR1 and fR2= fR1 + δfR generates a down-converted
spectrum with a line spacing of δfR. The response of a sample interrogated by the optical
combs can be recovered from the analysis of the down-converted spectrum.

In the time domain, an interferogram is obtained from the interference on the photode-
tector of the two trains of optical pulses with slightly different periodicity. The two
trains of optical pulses sample each other with relative timing increments of δTR, and a
maximum of interference is obtained when two optical pulses from the two OFCs arrive
at the photodetector in phase. The temporal increments between each consecutive pair
of pulses is given by

δTR = 1
fR1

− 1
fR2

= δfR

fR1(fR1 + δfR) ≈ 1
CfR1

. (3.7)

The time-domain picture of dual-comb interferometry is illustrated in Fig. 3.3.
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Figure 3.3: Time domain picture of the basic principle of the dual-comb technique. The
two trains of pulses with periodicity of 1/fR1 and 1/(fR1 + δfR) walk through each other, and
their interference generates a point of the interferogram every δTR. The maximum of the
interferogram bursts, which reproduce with a periodicity of δf−1

R , is obtained when the two
pulses are in phase.
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The interference of both combs can be easily understood as the cross-correlation of the
two trains of pulses, and a point of the interferogram is obtained every δTR. In contrast
to the compression observed in the frequency domain, the interference of the two combs
in the time domain results in an expansion of the time axis. The interferogram bursts
reproduce with a periodicity given by δf−1

R .

This elegant technique enables interactions that occur at optical frequencies to be
translated and measured at RF frequencies with a compact setup freed from scanning
mirrors, using cost-effective instrumentation for signal acquisition. Fast acquisition
speeds in the microsecond range can be achieved, and a single acquisition contains the
full information of the sample. The spectral resolution determined by the line spacing
of the combs, i.e., fR1.

Depending on whether it is necessary to recover the complex response of the sample
or just its amplitude information, the interferometer can be configured in either an
asymmetrical or a symmetrical arrangement. The characteristics of both architectures
are detailed below.

Asymmetric configuration

The amplitude and phase information of a sample under test can be obtained using a
setup in asymmetric or dispersive configuration. In this setup, illustrated in Fig. 3.4,
one of the combs, referred to as signal or probe comb, passes through the sample. As a
result, the amplitude and phase of the sample is encoded in its comb tones. A second
comb, which does not interrogate the sample, serves as local oscillator.

Digital signal 

analyzer

OFC 1

OFC 2

Sample
PD

lock
Phase

Figure 3.4: Illustration of an asymmetric or dispersive dual-comb setup in which only one
of the OFCs traverses the tested sample. The amplitude and phase response (green dotted
profile) of the sample can be recovered from the down-converted comb.

The complex representation of the optical field of the probe comb, E1(t), after interro-
gating the sample, can be expressed as

E1(t) =
N−1∑
n=0

A1ne−j(2πν1nt+ϕ1n)tsne−jϕsn , (3.8)
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where N is a positive integer denoting the number of comb teeth, A1n, ν1n and ϕ1n are
the amplitude, optical frequency and phase of the nth probe comb tooth, respectively,
tsn is the field transmission response of the sample encoded in the comb lines, and ϕsn

represents the phase shift experienced by each comb line after traversing the sample.
Then, both combs, probe and local oscillator, are combined.

Considering a lossless optical coupler with a 50:50 splitting ratio, the expression of the
combined optical fields at the output of the coupler is 1√

2(E1(t) − jE2(t)), where E2(t) is
the complex representation of the optical field of the local oscillator OFC. However, this
expression can be simplified to E1(t) + E2(t) without introducing significant changes
in the final result. Therefore, the optical field obtained after the combination of both
OFCs can be approximated as

E1(t) + E2(t) ∝
N−1∑
n=0

A1ne−j(2πν1nt+ϕ1n)tsne−jϕsn +
N−1∑
m=0

A2me−j(2πν2mt+ϕ2m), (3.9)

where A2m, ν2m and ϕ2m represent the amplitude, frequency, and optical phase of each
comb tooth of the local oscillator comb.

Finally, the photocurrent obtained from the interference of both optical fields on a
photodetector is given by

IP D(t) = R⟨
[
E1(t) + E2(t)

][
E1(t) + E2(t)

]∗
⟩, (3.10)

where the ⟨·⟩ operator represents averaging over a time interval much longer than an
optical cycle, * stands for the complex conjugate, and R is the responsivity of the pho-
todetector, defined as R=ηq/(hν) (η being the quantum efficiency of the photodetector,
q the electron charge, h the Planck constant, and ν the optical frequency). Eq. (3.10)
considers that the optical field is normalized to units of W1/2.

The photocurrent comprises the beat of all the tones of the probe comb with all the tones
of the local oscillator, leading to different Nyquist zones in the resulting RF spectrum,
as discussed in the subsequent section. To illustrate the expression of the photocurrent,
only the beat of each probe comb tone with its counterpart of the local oscillator is
considered, i.e. the beat of neighboring probe and local oscillator tones (n = m). At
the output of the photodetector the following current is obtained
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IP D(t)|n=m = R
N−1∑
n=0

(
A1ne−j(2πν1nt+ϕ1n)tsne−jϕsn + A2ne−j(2πν2nt+ϕ2n)

)
(
A1nej(2πν1nt+ϕ1n)tsnejϕsn + A2nej(2πν2nt+ϕ2n)

)
=

= R
N−1∑
n=0

[
A2

1nt2
sn + A2

2n + 2A1nA2ntsn cos
(
2π(ν2n − ν1n)t + ϕ2n − ϕ1n − ϕsn

)]
=

= R
N−1∑
n=0

[
A2

1nt2
sn + A2

2n + 2A1nA2ntsn cos
(
2π(ν02 − ν01 + n δfR)t + ϕ2n − ϕ1n − ϕsn

)]
.

(3.11)

The first two terms within the summation in Eq. (3.11) represent direct detection
components. The third term, referred to as beat term, contains the information of
interest since it tracks changes in both the amplitude and the phase of the field at each
down-converted frequency component (n δfR). Moreover, in Eq. (3.11) it is assumed
that the bandwidth of the photodetector results in averaging over a duration that is
much longer than the optical frequency but shorter than any other frequency of interest.

The Fourier transform of IP D(t) reveals the dual-comb spectrum. It can be written as

IP D(f)|n=m ∝
N−1∑
n=0

{
A2

1nt2
snδ(f) + A2

2nδ(f)+

2A1nA2ntsn

[
ej(ϕ2n−ϕ1n−ϕsn)δ

(
2π(f − δf0 − n δfR)

)
+

e−j(ϕ2n−ϕ1n−ϕsn)δ
(
2π(f + δf0 + n δfR)

)]}
,

(3.12)

δf0 = ν02 − ν01 denoting the frequency difference of the lowest-frequency comb lines
of the two combs. The combination of the two combs in frequency domain and the
down-converted spectrum resulting from the interference of neighboring OFC lines is
illustrated in Fig. 3.5 in panels (a) and (b), respectively.

Moreover, it is worth mentioning that the direct detection terms appearing in the pho-
todetected current using a single photodetector can be eliminated by means of balanced
photodetection, a common approach usually employed in dual-comb interferometry
experiments. The main difference relies in using two photodetectors, producing two
photocurrents IP D1 and IP D2 that arise from the addition and subtraction of the optical
fields of both combs, as illustrated in Fig. 3.6.
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Figure 3.5: (a) Frequency-domain illustration of the optical field originating from the sum of
two OFCs with repetition rates of fR1 (orange) and fR2 = fR1+δfR (blue). (b) Down-converted
RF spectrum that results from the interference on a photodetector of the two OFCs depicted
in (a). Only the RF replica that arises from the beating of neighboring comb lines from the
two combs is illustrated.
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Figure 3.6: Single and balanced photodetection. The proportional operator ∝ responds to
the simplification of the field at the output of the optical coupler, which has been considered
in the formulation of the photocurrent expressions. This simplification does not account for
the 1/

√
2 factor nor for the phase shift experienced by one of the optical fields.

The expressions of IP D1(t) and IP D2(t), considering n=m, can be formulated as

IP D1(t)|n=m = R
N−1∑
n=0

[
A2

1nt2
sn + A2

2n + 2A1nA2ntsn cos
(
2π(δf0 + n δfR)t + ϕ2n − ϕ1n − ϕsn

)]
,

(3.13)

IP D2(t)|n=m = R
N−1∑
n=0

[
A2

1nt2
sn + A2

2n − 2A1nA2ntsn cos
(
2π(δf0 + n δfR)t + ϕ2n − ϕ1n − ϕsn

)]
.

(3.14)
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The current at the output of the balanced photodetector is given by the subtraction of
IP D1(t) and IP D2(t). Its expression is written as

IBP D(t)|n=m = IP D1(t) − IP D2(t) =

= R
N−1∑
n=0

4A1nA2ntsn cos
(
2π(δf0 + n δfR)t + ϕ2n − ϕ1n − ϕsn

)
,

(3.15)

in which, in addition to the disappearance of the direct detection terms, the intensity of
the photocurrent is increased by a factor of 2.

Symmetric configuration

A symmetric or collinear dual-comb setup can be employed when only the amplitude
of the sample, and not the information related to the phase, needs to be measured. A
diagram of this type of setup is shown in Fig. 3.7.
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Figure 3.7: Illustration of a symmetric or collinear dual-comb setup in which both combs
traverse the tested sample.

In a symmetric arrangement, both combs are combined before traversing the sample and,
consequently, the information of the sample is encoded in the two OFCs. The resulting
optical field after the two combs have passed through the sample can be approximated
as

E1(t) + E2(t) =
N−1∑
n=0

A1ne−j(2πν1nt+ϕ1n)tsne−jϕsn +
N−1∑
m=0

A2me−j(2πν2mt+ϕ2m)tsme−jϕsm .

(3.16)
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Following the same procedure as that carried out in the asymmetric approach, the
electrical current at the output of the photodetector can be expressed as

IP D(t)|n=m = R
N−1∑
n=0

(
A1ne−j(2πν1nt+ϕ1n)tsne−jϕsn + A2ne−j(2πν2nt+ϕ2n)tsne−jϕsn

)
(
A1nej(2πν1nt+ϕ1n)tsnejϕsn + A2nej(2πν2nt+ϕ2n)tsnejϕsn

)
=

= R
N−1∑
n=0

[
A2

1nt2
sn + A2

2n + 2A1nA2nt2
sn cos

(
2π(ν2n − ν1n)t + ϕ2n − ϕ1n

)]
=

= R
N−1∑
n=0

[
A2

1nt2
sn + A2

2n + 2A1nA2nt2
sn cos

(
2π(δf0 + n δfR)t + ϕ2n − ϕ1n

)]
,

(3.17)

where within the beat term, only the amplitude information of the sample prevails.
Although the information related to phase changes experienced by the combs when
interrogating the sample is lost, the intensity interaction with the sample is greater than
that obtained using the asymmetric approach. Consequently, this configuration may
prove advantageous when the interaction with the sample is relatively weak, and only
changes in amplitude are required for its characterization.

Finally, in both asymmetric and symmetric arrangements, an additional reference
measurement is required to extract the response of the sample being interrogated.
In this measurement, none of the combs pass through the sample. Then, a frequency
analysis of the two RF dual-comb spectra (sample and sample-free) is typically conducted,
and the amplitude and phase information is extracted for each comb line. The full
response of the sample is obtained as a function of frequency after normalizing the
information extracted from the measurement dual-comb spectrum with respect to the
reference spectrum.

When calculating the amplitude response of the sample, different considerations need
to be taken into account depending on whether the setup employed is asymmetric or
symmetric. The amplitude response is obtained from the analysis of the power spectral
densities of the two RF spectra: the one containing the information of the sample
and the reference spectrum. The power spectral density is calculated as the squared
magnitude of the Fourier transform of the photodetected current, i.e., |IP D(f)|2 (where
| · | denotes the modulus operator).

If an asymmetric arrangement is used for interrogating a sample, the measured trans-
mission response Tasymm follows the expression

Tasymm = PSDsample

PSDref

= t2
sn = Tsn, (3.18)

where PSDsample and PSDref represent the power spectral densities of the dual-comb
spectra with and without the sample, respectively, and Tsn is the transmission response
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of the sample in optical power units. The upper case notation in Tasymm and Tsn is used
as these variables represent a power transmission response and not a field transmission
response. The measured transmission, obtained from the analysis of the electrical power
spectral densities, corresponds to the optical transmission in power units.

In contrast, if a symmetric arrangement is used, the measured transmission response
Tsymm is given by

Tsymm = PSDsample

PSDref

= t4
sn = T 2

sn. (3.19)

In this case, since both the probe and local oscillator combs interrogate the sample, the
measured electrical transmission in power units corresponds to the square of the optical
transmission in power units. Consequently, the optical intensity response of the sample
must be calculated as the square root of the measured electrical transmission response.
Alternatively, if logarithmic units were used, the measured electrical transmission
response needs to be divided by two to obtain the optical intensity response.

3.1.1 Nyquist zones, acquisition speed, and spectral resolution
In a dual-comb interferometer, ensuring the proper operation of the system requires
meeting specific conditions regarding parameters such as the compression factor and the
bandwidth of the optical combs. The selection of these parameters directly influences the
performance of the interferometer, affecting characteristics such as the acquisition speed
or the spectral resolution. The ability to adjust these parameters varies depending on
the technique used to generate the two frequency combs. GS OFCs offer wide flexibility
for tuning comb operation frequencies, facilitating easy adaptation to the requirements
of specific applications. Conversely, in other systems, parameters like the compression
ratio must be established during the design and manufacturing process. The following
discussion addresses these considerations, aiming to provide a guide for the correct
design of a dual-comb system.

Nyquist zones

The arrival of the two OFCs at a photodetector generates an electrical signal that
contains beat terms resulting from the interaction among all the comb lines from the
two OFCs. In the preceding section, only beat terms that arise from the beating of
neighboring comb lines were considered to derive the expressions for the photocurrent in
both asymmetric (Eq. (3.11)) and symmetric (Eq. (3.17)) arrangements, and to illustrate
the resulting down-converted dual-comb spectrum (Fig. 3.5). The beating of adjacent
comb lines results in the generation of a dual-comb spectrum near DC. This spectrum
is comprised within the so-called first Nyquist zone. Beat notes obtained from other
combinations of tones result in several replicas of the down-converted spectrum centered
around integer multiples of the repetition frequency. These replicas are known as higher
order Nyquist zones. Nevertheless, all the information of the sample is contained in a
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single Nyquist zone; thus, detecting the first Nyquist zone is sufficient to recover the
response of the sample.

The generalized expression of the photocurrent in an asymmetric arrangement accounting
for all the beating products occurring in the detector, i.e., the photocurrent obtained
for n ̸= m, can be expressed as

IP D(t) = R
(N−1∑

n=0
A1ne−j(2πν1nt+ϕ1n)tsne−jϕsn +

N−1∑
m=0

A2me−j(2πν2mt+ϕ2m)
)

(N−1∑
n=0

A1nej(2πν1nt+ϕ1n)tsnejϕsn +
N−1∑
m=0

A2mej(2πν2mt+ϕ2m)
)

=

= R
N−1∑
n=0

[
A2

1nt2
sn + A2

2n + 2A1nA2ntsn cos
(
2π(δf0 + n δfR)t + ϕ2n − ϕ1n − ϕsn

)]
+

R
N−1∑
n=0

∀n̸=m

N−1∑
m=0

∀m ̸=n

2A1nA2mtsn cos
(
2π(δf0 + (m − n)fR1 + m δfR)t + ϕ2m − ϕ1n − ϕsn

)
,

(3.20)

where the first beat term corresponds to the beat notes falling within the first Nyquist
zone and the second term represents beat notes located in higher frequency Nyquist
zones. The frequency domain picture, obtained from the Fourier transform of Eq. (3.20),
is described as

IP D(f) ∝IP D(f)|n=m+
N−1∑
n=0

∀n ̸=m

N−1∑
m=0

∀m̸=n

{
ej(ϕ2m−ϕ1n−ϕsn)δ

(
2π(f − δf0 − (m − n)fR1 − m δfR)

)
+

e−j(ϕ2m−ϕ1n−ϕsn)δ
(
2π(f + δf0 + (m − n)fR1 + m δfR)

)}
.

(3.21)

The second Nyquist zone results from the beating of optical lines of the first comb with
indices n and optical lines of the second comb with indices m = n + 1, and is centered
around δf0 + fR1. A symmetrical spectrum (with respect to δf0 + fR1) is obtained when
considering the beat notes arising from the interplay between lines of indices n and
m = n − 1 from the first and second comb, respectively. Accordingly, the third Nyquist
zone is centered around δf0 + 2fR1. It comprises beatings between comb tones with
indices n and m = n + 2, and n and m = n − 2 for the folded spectrum. The three first
Nyquist zones are depicted in Fig. 3.8. The figure also illustrates the mirrored spectra
at each Nyquist zone: the spectra to the right of the corresponding center frequency
appear shaded in green and yellow for the second and third Nyquist sets, respectively,
while the folded spectra are contained within rectangles represented by dotted lines.
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Figure 3.8: (a) Frequency domain illustration of the sum of two OFCs having repetition
rates of fR1 (orange) and fR2 = fR1 + δfR (blue) and (b) resulting down-converted dual-comb
RF spectrum showing the three first Nyquist zones.

In order to ensure a down-conversion process without spectral overlap or aliasing, the
bandwidth of the RF comb must be contained within a spectral region limited by fR1/2.
This imposes constraints on the optical bandwidth of the OFC and the compression
factor so that the following condition is satisfied

BWopt ≤ CfR1

2 = f 2
R1

2δfR

, (3.22)

where BWopt represents the optical bandwidth of the comb. Therefore, for a given
BWopt, it is necessary to increase the compression factor used as the repetition frequency
decreases. That is, if the repetition frequency is decreased, the frequency offset of the
two generated OFCs must be accordingly lowered.

Acquisition speed

The acquisition speed in a dual-comb experiment is defined as the minimum time
needed to acquire an interferogram trace from which the information to be analyzed
can be extracted. Since all the information of the measured sample is contained in a
single interferogram burst, the minimum acquisition time is the inverse of the difference
between the repetition frequencies of the two combs.

Although the digitization of a single interferogram enables to recover the spectral
information of the sample, the acquisition of a temporal trace containing several periods
of interferogram bursts enhances the SNR and allows to resolve the individual RF comb
tones that arise from the Fourier transform of the interferogram trace. As the duration of
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the acquired interferogram trace increases, the incremental frequency step in the Fourier
domain is reduced. This incremental frequency step can be understood as the resolution
bandwidth of the measurement. Considering a temporal trace with a duration of tacq is
acquired, the resolution bandwidth corresponds to ∆facq = t−1

acq. The acquisition time
corresponding to a resolution bandwidth that results in k spectral samples between two
tones of the down-converted RF comb is given by

tacq = k

δfR

. (3.23)

Finally, as shown in Eq. (3.22), specific conditions regarding optical bandwidth, repetition
rate, and repetition rate difference must be met to prevent aliasing in the photodetection
process. Therefore, ultrafast measurements on the microsecond scale, which require
repetition rate differences on the order of MHz, are typically linked to comb repetition
rates in the GHz range. For example, with a line spacing difference of 1 MHz and a
comb repetition rate of 100 MHz, the maximum optical comb bandwidth would be
restricted to 5 GHz (50 comb lines). However, increasing the repetition rate to 1 GHz
allows for a maximum bandwidth of 500 GHz, corresponding to 500 comb lines evenly
spaced at 1 GHz.

Spectral resolution

The spectral resolution in a dual-comb system is defined by the line spacing of the optical
combs [111], since it is from these points, evenly spaced fR1, where the information of
the measured sample is to be extracted.

A fundamental trade-off exists between spectral resolution and acquisition speed. The
spectral resolution is enhanced by reducing the repetition rate of the combs, which leads
to a decrease of the repetition rate difference in order to guarantee that no overlapping
occurs in the down-conversion process. As a consequence, the improvement of the
spectral resolution inevitably results in an increase of the acquisition time.

Therefore, it becomes essential to choose between prioritizing resolution or acquisition
speed, or finding a balance between the two, for specific applications. For applications
that demand high resolution, such as spectroscopic measurements that require the
characterization of absorption lines with linewidths of a few GHz or less, comb generators
capable of featuring repetition rates in the MHz range are desirable. In these contexts,
acquisition times typically range from milliseconds to seconds. For example, if a spectral
resolution of 100 MHz is required, and a compression factor of 104 is considered, the
resulting difference in repetition frequency is 10 kHz. Hence, the minimum acquisition
time equals 0.1 ms. If a higher resolution is needed or if the compression factor must be
increased, the acquisition time will also increase. Conversely, when ultra-high resolutions
are not necessary but rapid variations of the sample under examination need to be
captured, comb generators with frequencies in the GHz range are typically used. These
systems usually have fast acquisition speeds in the microsecond range.
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In addition, for the spectral resolution of a dual-comb measurement to be maintained,
the linewidth of each beat note produced in the down-conversion process must be
narrower than the repetition rate difference of the involved combs. In a free-running
dual-comb architecture, the two combs operate independently as they are not locked
to a common reference. In these arrangements, both combs experience independent
fluctuations affecting the carrier-envelope offset frequency and the repetition frequency.
These fluctuations depend on the characteristics of the laser sources used, such as their
stability and phase noise. Therefore, if the two combs fluctuate independently, this
condition is unlikely to be met, and the resulting dual-comb RF spectrum will be an
incoherent spectrum with no resolved tones. Instead, when the phases of the two combs
are locked together, the comb lines of the two OFCs maintain a fixed phase relationship
and their beat is coherent. As a result, the obtained beat notes present linewidths
below δfR, typically in the Hz range. Additionally, these linewidths should be narrower
than the inverse of the total acquisition time t−1

acq, that is to say, the two combs should
maintain their mutual coherence during the acquisition time. Although this condition
is not strictly necessary, since relative frequency drifts between the two OFCs can be
tracked and corrected, it is beneficial. In that case, the mutual coherence of the two
combs depends on the characteristics of the common source used to phase lock the
frequency combs.

3.2 Gain-switched dual frequency combs
The generation of a pair of mutually-coherent GS OFCs is analyzed in this section by
means of numerical simulations based on the rate equation model described in Chapter 2.

The implementation of dual-comb interferometry using two GS combs requires a setup
based on two laser diodes gain switched at two slightly different repetition frequencies,
fR1 and fR2. A third laser diode, which operates in CW and serves as master laser
(ML), provides mutual coherence to the two generated combs. The typical setup used
for this purpose is shown in Fig. 3.9, in which the ML injects both GS laser diodes
using two optical circulators. Optical injection by a single ML is a necessary condition
for the generation of mutually-coherent GS dual frequency combs, regardless of the
repetition frequency used. In the previous chapter it was discussed that, under certain
modulation conditions, GS combs can maintain their coherence without being externally
injected and their spectra consists of resolved tones. However, if two of these individually
coherent combs were employed, the resulting beat notes would exhibit fluctuations and
low power.

Along with the mutual coherence requirement, the optical spectra of the two generated
combs must overlap to enable injection locking with the same laser. Even though similar
lasers were used, their gain spectra may be slightly different. Therefore, temperature
controllers are typically employed to achieve spectral overlap. Besides stabilizing the
temperature of each laser, temperature controllers also allow for the modification of the
emission wavelength through the change in the refractive index of each laser induced by
the temperature variation.
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Figure 3.9: Dual-comb generator based on two GS laser diodes with optical injection from a
common master laser (ML). The two GS lasers act as slave lasers (SL1 and SL2).

Spectral overlap in the down-conversion process

As already demonstrated when deriving the expression of the RF spectrum obtained
from the multiheterodyne beating of two OFCs on a photodetector, multiple replicas of
the RF comb are generated as a consequence of this process. In order to illustrate the
down-converted RF spectrum resulting from the beating of two GS OFCs, simulations
of this scenario have been performed. These simulations involve three lasers, and a
system of equations comprising three sets of rate equations has been solved. That is,
two sets of rate equations for the slave lasers to simulate the evolution of carriers, the
photon density, and the phase of the optical field under optical injection, and a set of
rate equations for the master laser. The parameters of the lasers are those described in
Chapter 2 (Table 2.1).

In the simulation, the two GS combs are generated using trains of pulses to switch the
slave lasers. The gain-switching frequencies selected for the simulations are fR1= 1 GHz
and fR2= 1.001 GHz, configuring a moderate compression factor of 1000. Although
the employed compression factor is relatively low, it is adequate to satisfy the Nyquist
condition to avoid aliasing between adjacent dual-comb replicas. Moreover, a higher
compression rate, in addition to prolonging simulation times, would require excessive
memory resources. Injection locking is performed by a master laser driven by a CW
current of 16.5 mA which, according to the power-current characteristic of this laser,
corresponds to 1 mW of optical power. The ML is detuned 30 GHz with respect to the
CW emission wavelength of the slaves. The electrical current that switches the lasers,
shown in Fig. 3.10 (a), consists in pulses of duration τpulse=150 ps with high and low
values of Ion= 50 mA (∼4Ith) and Ioff = 5 mA, respectively. The optical pulses emitted
by the two slave lasers are represented in Fig. 3.10 (b) with blue and orange line plots,
reaching a maximum optical power of around 15 mW. These pulses give rise to the
optical spectra presented in graphs (c) and (d), the latter being a zoom of the spectral
region comprised between 2.3 GHz and 4.6 GHz.
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Figure 3.10: Numerical simulation of two mutually-coherent GS OFCs with repetition rates
of 1 GHz and 1.001 GHz. (a) Electrical current delivered to the lasers for gain-switching
operation. (b) Trains of optical pulses emitted by the two lasers. (c) Superposition of the two
optical spectra from the two simulated GS combs and (d) close view where three comb lines of
the two combs can be visualized.
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Figure 3.11: Time-domain interferograms that result from the interference of the two
simulated mutually-injected GS OFCs on (a) unbalanced and (b) balanced photodetectors.
Panels (c), (d), and (e) correspond to close views of the interferogram signal generated in
the unbalanced photodetector. These three panels illustrate the two trains of optical pulses
slipping across each other, as a result of their slightly different periodicity.
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The interference between the two simulated OFCs on a photodetector is also computed.
The resulting time-domain interferograms are depicted in Fig. 3.11. Panel (a) represents
the interferograms generated on a single, unbalanced photodetector; while the interfero-
gram bursts shown in panel (b) arise from the interference of the combs on a balanced
photodetector. In both cases, a maximum of interference with the expected periodicity
of 1 µs (δf−1

R ) is observed.

When unbalanced photodetection is employed, in addition to the contributions that
arise when both trains of optical pulses arrive simultaneously at the photodetector,
the intensities of the two pulse trains outside the interference region are also detected.
Consequently, the interferogram signal reveals the slippage of one comb across the
pulses of the second comb outside the interference region. This slippage is illustrated in
panels (c), (d), and (e) of Fig. 3.11 for three temporal intervals comprised within an
interferogram period. Conversely, with balanced photodetection, the direct detection
terms do not appear in the interferogram; only the beat term remains. As a result,
outside the center of the burst, the photodetected current approaches zero.

Subsequently, the down-converted frequency spectrum is obtained by performing the fast
Fourier transform of the interferogram signal. The power spectral density is calculated as
the squared magnitude of the photocurrent frequency spectrum. As indicated before, the
two OFCs are optically injected on the blue side of their frequency spectrum, achieved
by detuning the ML by 30 GHz. On the blue side of the injection peak (corresponding
to optical frequencies below 30 GHz in Fig. 3.10 (c)), the obtained optical spectral
width is about 50 GHz in the first 20 dB; on the red side, the 20-dB width is around
10 GHz. The RF beat note obtained from the injection tones of each OFC corresponds
to a frequency of about 0 Hz. Therefore, the beat notes generated from the interference
of the comb lines located at frequencies below the injection frequency would correspond
to RF frequencies below 0 Hz, having a total RF bandwidth of ∼50 MHz below 0 Hz.
Likewise, beat notes from the comb teeth located at higher frequencies than the injection
frequency would correspond to RF frequencies above 0 Hz. Since negative frequencies
cannot be measured, they will appear reflected on the positive side of the spectrum.
As a result, the down-converted electrical spectrum that would be measured with an
acquisition instrument is the one represented in Fig. 3.12 (a). The generation process of
such RF spectrum is illustrated in Fig. 3.12 (b). In the first Nyquist zone, the down-
converted comb that would theoretically result from the beating of the two simulated
OFCs is the one comprised under the yellow envelope. The measured one lies beneath
the blue envelope, and corresponds to the spectrum folded to positive frequencies. As
it is shown in the figure, spectral overlap is produced as a consequence of the folding
process. Within this overlap region, information cannot be unambiguously extracted;
therefore, a significant portion of the spectrum is wasted.

To avoid spectral overlap several strategies can be followed. The most common approach
is to include an optical element capable of introducing a frequency shift to one of the
OFCs. As a result, the down-converted frequency spectrum will be shifted away from
the baseband to the shifting frequency.
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Figure 3.12: (a) Down-converted RF spectrum obtained from the interference of the two
simulated GS OFCs illustrating spectral overlap of "negative" and "positive" beat notes. (b)
Detail of folding process of negative beat notes to the positive side of the spectrum.

Considering the beat notes from neighboring comb lines and accounting for a frequency
shift fshift, the expression of the dual-comb RF spectrum derived in Eq. (3.12) can be
now written as

IP D(f)|n=m ∝
N−1∑
n=0

{
A2

1nt2
snδ(f) + A2

2nδ(f) + 2A1nA2ntsn[
ej(ϕ2n−ϕ1n−ϕsn)δ

(
2π(f − δf0 − n δfR − fshift)

)
+

e−j(ϕ2n−ϕ1n−ϕsn)δ
(
2π(f + δf0 + n δfR + fshift)

)]}
.

(3.24)

This frequency shift increases the required detector bandwidth but, in return, avoids
spectral overlap near 0 Hz and prevents the RF comb from being affected by low-frequency
noise.

If one of the simulated OFCs is shifted by, for example, 80 MHz, the common frequency
of both combs, which previously corresponded to a down-converted frequency near 0 Hz,
will now shift to 80 MHz. This can be observed in Fig. 3.13 (a), showing the beat note
from the injection tones of both OFCs located at 80 MHz. From the simulation results,
it can be verified that as a result of shifting the down-converted signal to fshift, the
lowest frequency replica does not suffer from overlapping, and its entire bandwidth
can be harnessed. Fig. 3.13 (b) depicts the second Nyquist zone, containing the two
expected mirrored spectra. The spectrum on the right corresponds to the beating of
comb lines having indices n and m = n + 1, with the injection beat note located at
fR1 + fshift = 1.08 GHz. Its corresponding image spectrum arises from the beatings of
comb teeth with indices n and m = n − 1. In this case, the injection beat note is located
at | − fR1 + fshift| = 0.92 GHz.
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Figure 3.13: (a) Down-converted RF spectrum obtained from the interference of the two
simulated GS OFCs when one of the OFCs is frequency shifted by fshift= 80 MHz. Only
the 1st Nyquist replica is showed. (b) Second Nyquist zone of the same simulation scenario
containing the two expected mirrored replicas centered at 0.92 GHz and 1.08 GHz.

Finally, other strategies, such as the use of optical band-pass filters, can also be employed
to avoid spectral overlap. This approach involves filtering out the comb lines around
the common frequency of the two OFCs, which in this case corresponds to the injection
peak. Fig. 3.14 (a) shows the two simulated GS combs, which have been band-pass
filtered to eliminate the injection frequency and the lines around it. Since the tones near
the injection frequency have been filtered out, there is no overlapping when mapping
the spectrum to electrical frequencies, as shown in panel (b). This strategy can alleviate
the bandwidth requirement of the detector and allows to use lower sampling rates to
digitize the electrical signals. However, it reduces the optical bandwidth of the combs.

(a) (b)

0 20 40 60 80
Frequency (MHz)

-60

-40

-20

0

P
S

D
 (

20
 d

B
/d

iv
)

-20 0 20
Frequency (GHz)

-80

-60

-40

-20

0

P
S

D
 (

20
 d

B
/d

iv
)

Figure 3.14: Spectral filtering process as an approach to avoid spectral overlap in the
down-conversion process in dual-comb interferometry. (a) Simulated GS OFCs at 1 GHz
and 1.001 GHz obtained after filtering the optical injection. (b) Obtained down-converted
dual-comb spectrum from this simulation scenario demonstrating the absence of spectral
overlap achieved by optical filtering.
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3.3 Applications of dual-comb interferometry
Molecular spectroscopy stands as the most popular and studied application of dual-comb
interferometers. This application, together with dual-comb ranging, will be discussed
throughout this section, since it is in these two areas that contributions have been made
in the present thesis.

3.3.1 Dual-comb spectroscopy
Dual frequency combs find their most widespread use in molecular spectroscopy. Molec-
ular spectroscopy studies the properties of radiation emitted or absorbed by a molecule
as a result of its interaction with electromagnetic radiation. Depending on the energy
associated with the frequency of the incident radiation, molecules undergo different
molecular transitions [112]:

• Electronic transitions. These transitions involve the excitation of an electron
from one energy state to a higher energy state. They occur when high energy
radiation, such as ultraviolet or visible radiation, interacts with a molecule.

• Vibrational transitions. These transitions involve the oscillations of atoms
within the molecule. They occur in the infrared region, where the energy of the
radiation is not sufficient to excite electrons to higher energy levels. Instead, the
energy absorbed by the molecule causes its chemical bonds to vibrate.

• Rotational transitions. These transitions involve the rotation of the molecule
around its center of mass. Pure rotational transitions typically occur in the
microwave region.

The spectrum that results from the interaction between radiation and matter allows for
the unique characterization of specific molecules. The infrared has traditionally been one
of the most relevant and studied spectral regions, particularly the mid-infrared region
(typically defined between 2.5 µm and 10 µm). This region exhibits a rich molecular
fingerprint, providing valuable information about species of interest for areas such as
atmospheric studies and investigations devoted to the emission of pollutants into the
atmosphere.

In particular, dual-comb spectroscopy has been widely used for molecular gas spec-
troscopy to conduct quantitative analyses of the absorption and/or dispersion spectra
of specific molecules in gaseous state in the infrared region. To perform dual-comb gas
spectroscopy, either one (dispersion spectroscopy) or both (absorption spectroscopy)
comb sources are transmitted through a target molecule. If the molecule resonates at one
or more of the frequencies comprising the OFC, absorption will occur at those frequencies
matching the vibrational frequencies of the molecule. As a result, the absorption and/or
dispersion fingerprint will be imprinted in the comb spectrum. Also, for the light to
traverse the sample, some of the frequencies used to probe the sample must fall within
spectral regions where the sample is not strongly absorbent. Once the interference of
both combs is detected, the concentration of the gas can be determined from the RF
dual-comb spectrum through the analysis of the measured absorption lines. In addition
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to the characterization of gases, dual-comb spectroscopy can also be used for the analysis
of molecules in liquid or solid phases. For solid samples, light penetration may be more
challenging than in the case of gases, depending on the sample thickness and reflectivity.
In the case of liquids, molecular transitions exhibit broader profiles than those of gases,
typically exceeding 100 GHz. Thus, broad OFCs covering the spectral region where the
measured transition spans are required.

Vibrational transitions experienced by specific gas molecules in the infrared are usually
coupled with rotational transitions. The allowed and forbidden molecular transitions
of a specific molecule fundamentally depend on the structure of the molecule, and
they are governed by selection rules. It is a complex subject that is beyond the scope
of the thesis; nonetheless, the reader is encouraged to review the literature in case
a deeper understanding of this matter is desired [112]. The purpose of dual-comb
gas spectroscopy experiments developed in this thesis is to measure transitions of
specific molecules, which manifest as absorption lines in the dual-comb spectrum. These
absorption lines are characterized by maxima of absorbance and have specific spectral
shapes and widths. The validation of the experiments is performed by comparing the
measured absorbances with these data obtained from a database. One of the most
commonly used databases for this purpose is HITRAN [113], which stands for high-
resolution transmission molecular absorption. This database, originally developed in
the 1960s, now contains absorption data of a plethora of molecules in the gas phase and
it is extensively used by spectroscopists as a method of calibrating and validating their
experiments.

Analysis of gas rotational-vibrational spectral lines

Spectral lines exhibit specific linewidths, which are broadened due to the motion of
atoms and molecules within matter, regardless of its state –gaseous, liquid, or solid.
For instance, in the case of solids, particle motion is comparatively less random and
more limited than in gases, resulting in narrower spectral lines. In this section, the
analysis focuses on gas spectral lines due to their relevance for the later experimental
demonstrations. The discussion is based on the comprehensive treatment of this topic
found in [107].

In the case of gases, the width and spectral shape of rotational-vibrational lines depend
on the gas pressure. For gases at low pressures, below 1 Torr, Doppler broadening
mechanism predominates. Doppler broadening is due to the random motion of particles
within a gas: gas molecules within a sample have different velocities along the direction
of the traversing beam, resulting in a distribution of scattered frequencies around the
transition center frequency (Doppler shift). The distribution of the velocities of the
molecules in the gas is described by Maxwell statistics. From the velocity distribution
and considering the Doppler shift, the corresponding frequency distribution describes
the spectral line.
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This spectral distribution is given by

SG(ν) = c

ν0

√
m

2πkT
e

− mc2(ν−ν0)2

2kT ν2
0 , (3.25)

where ν0 is the center frequency in Hz, m is the molecular mass in grams, k is the
Boltzmann constant, T is the temperature in Kelvin, and c is the speed of light in
vacuum in m/s. This spectral distribution expression is a Gaussian function whose
standard deviation is described by

σG = ν0

c

√
kT

m
. (3.26)

The FWHM of the spectral line, ∆νG, is related to the standard deviation such as
∆νG = 2

√
2 ln(2)σG. Therefore, Eq. (3.25) can be written is terms of ∆νG as

SG(ν) = 2
∆νG

√
ln(2)

π
e

− 4 ln(2)(ν−ν0)2

∆ν2
G . (3.27)

As the pressure increases, more collisions between molecules within the gas are produced.
The exchange of energy during collisions causes a spread in the energies associated with
the transitions, leading to the broadening of the spectral lines. For pressures above 1
Torr, broadening of absorption lines due to intermolecular collisions starts to become
significant. The line shape of collision-broadened lines follows a Lorentzian distribution,
and can be written as

SL(ν) = γL

π[γ2
L + (ν − ν0)2] , (3.28)

where γL = ∆νL/2 is the half width at half maximum, ∆νL being the FWHM of the
Lorentzian distribution. In this case, the FWHM is proportional to the gas pressure.
Additionally, gas pressure also induces a frequency shift, displacing the line center
frequency to a new position at ν0 + δP .

Finally, for pressures ranging from 1 Torr to 100 Torr, the absorption lines exhibit both
Doppler and collisional broadening contributions. These lines are fitted using a Voigt
profile, defined as the convolution of Gaussian and Lorentzian distributions

SV (ν) = SG(ν) ∗ SL(ν), (3.29)

* being the convolution operator. Fig. 3.15 illustrates the spectral lineshapes associated
with Doppler and collisional broadening, along with the Voigt profile combining both
effects. These spectral distributions are calculated from Eq. (3.27), Eq. (3.28), and
Eq. (3.29) for ∆νG = ∆νL = 2 GHz. They are normalized to their maximum values.
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Figure 3.15: Spectral distribution of Gaussian (blue), Lorentzian (orange), and Voigt (green)
lineshapes.

Regarding the concentration of absorbing species in a sample, it can be obtained from
the Beer-Lambert law, which permits to determine the transmittance of a sample having
a specific absorption coefficient and length. The transmittance at frequency ν, T (ν),
can be written as

T (ν) = It(ν)
Ii(ν) = e−α(ν)l, (3.30)

where It(ν) represents the intensity of the field transmitted through the sample, Ii(ν) is
the intensity of the incident field, α(ν) is the absorption coefficient at ν frequency, and
l is the optical path length traversed by the field when interrogating the sample. The
absorbance is calculated as the base 10 logarithm of 1/T (ν) as

A(ν) = − log
(
T (ν)

)
= log(e)α(ν)l = ε(ν) a l, (3.31)

where ε(ν) is the absorptivity at ν frequency, and a is the concentration. The absorptivity,
ε(ν), has units of concentration per length, and is typically expressed in cm2/mol. The
concentration, a, is usually expressed in mol/cm3, and the optical path length in
cm. It can be observed that the absorbance A(ν) has a linear relationship with the
concentration.

Finally, if the substance is composed by various absorbing species, the total absorbance
is calculated as the sum of individual absorbances of each species as

A(ν) =
N∑

n=1
εn(ν) an l, (3.32)

where N is an integer accounting for the total number of absorbing components in the
substance.
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The absorptivities of different transition lines of the carbon dioxide molecule for the
isotopologue exhibiting higher abundance (12C16O2, abundance of 0.984) are shown in
Fig. 3.16 across different spectral regions within the near and mid-infrared. These data
have been extracted from HITRAN database [114].

(a)

(b)

(c)

Figure 3.16: Absorptivity of CO2 molecule (12C16O2) in the near and mid-infrared regions.
Information extracted from HITRAN database [114].

As it can be seen in Fig. 3.16, the strongest absorption occurs in the mid-infrared,
and the highest absorptivity, 1.7267·10-17 cm2/mol, is obtained for the line centered in
4234.66 nm. Conversely, molecular absorption is weaker in the near-infrared.
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Historical review of dual-comb spectroscopy

Early demonstrations on dual frequency comb generation yielded RF spectra with no
discernible tones, as the two laser sources did not share a common phase reference. It
was in 2008, when I. Coddington and coworkers at the National Institute for Standards
and Technology (NIST) first reported the generation of a dual-comb spectrum with
resolved spectral tones, obtained from two mutually-coherent OFCs [2]. The combs
were generated from two stabilized mode-locked fiber lasers. After being broadened in
a nonlinear fiber, the two OFCs featured a full bandwidth of 15.5 THz in the optical
domain. With a spectral sampling of 100 MHz, the authors resolved the complex
spectrum of the rotational-vibrational band of the hydrogen cyanide (HCN) molecule
(13H14CN) comprised between 192-197 THz.

From that moment, numerous demonstrations contributing to the development, under-
standing, and establishment of the technique have been published. Part of the scientific
community has focused its efforts on improving the technique, for instance, by increasing
the coherence time of the two combs. Motivated to avoid complex and sophisticated
stabilization mechanisms, some groups have proposed methods to correct frequency
drifts experienced by the OFCs using real-time correction techniques [115], [116] as
well as algorithms to compensate for these drifts in post-processing [117]. On the other
hand, another significant part of the research has been focused on the implementation
of dual-comb spectrometers across different spectral regions.

Herein, demonstrations of dual-comb spectroscopy based on gain-switched OFCs are
first reviewed. Then, dual-comb spectroscopy based on other comb generators is briefly
discussed.

• Dual-comb spectroscopy based on gain-switched combs

The first demonstration of dual-comb gas absorption spectroscopy with two GS OFCs
was reported in 2016 by B. Jerez et al. [3]. The authors generated two mutually-coherent
GS OFCs using a master-slave arrangement consisting of three discrete-mode lasers:
one as the master laser operating in CW mode, and the other two as slave lasers under
gain-switching operation. Their spectrometer featured a spectral resolution (comb
spacing) of 1 GHz and a line spacing difference of 100 kHz, configuring a compression
factor of 104. They implemented a symmetric configuration to perform gas absorption
spectroscopy, and the optical combs used to interrogate the gaseous sample exhibited an
optical bandwidth at 20 dB of 70 GHz. The performance of the dual-comb system was
validated by measuring an absorption line of the HCN molecule. The gas was enclosed in
a fiber-coupled cell with a pressure of 100 Torr and an optical path length of 5.5 cm. This
pressure resulted in a FWHM of the absorption lines of approximately 8 GHz, allowing
8 spectral lines, evenly spaced at 1 GHz, to fit within the absorption line. The profile
of the transition line centered at 1538.523 nm was successfully retrieved for various
acquisition times, with the minimum time corresponding to the duration of a single
interferogram, i.e., 10 µs. The reported dual-comb RF spectrum with a down-converted
line spacing of 100 kHz and the measured absorption line for the minimum integration
time are shown in Fig. 3.17 (a) and (b), respectively. In a subsequent demonstration
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later that year, the same group presented a similar GS dual-comb system but using
a dispersive arrangement [4]. In that work, they not only measured the absorption
profile of a single HCN line but also retrieved its dispersion profile from the phase of the
spectral lines of the down-converted dual-comb spectrum. Moreover, they improved the
resolution of the system by a factor of two. The new resolution of 500 MHz was the best
spectral resolution obtained for these systems up to the realization of the present thesis.

(b)(a)

Figure 3.17: Results of the first demonstration of dual-comb spectroscopy with GS laser
diodes. Figures retrieved from [3]. (a) Down-converted 1-GHz GS dual-comb spectrum used
to conduct dual-comb absorption spectroscopy. (b) Measured absorption line of a hydrogen
cyanide cell (gas pressure of 100 Torr and line FWHM of 8 GHz) at 1538.523 nm.

Since 2020, in addition to the contributions realized in this thesis, which will be presented
in the following chapters dedicated to experimental results, two other research groups
have also made significant advancements in gas spectroscopy using GS dual frequency
combs. These are the group from Dublin City University led by P. Anandarajah, and
a group comprising researchers from University College Cork and Tyndall National
Institute in Cork. In 2020, the group from Dublin presented a contribution at the CLEO
conference demonstrating the simultaneous measurement of various absorption features
of hydrogen sulfide (H2S) at different pressures, using a pair of mutually-coherent GS
combs with frequencies of 1.25 GHz and 1.250125 GHz (δfR= 125 kHz) [118]. An optical
bandwidth at 10 dB of around 60 GHz was employed to measure the gas absorption. In
a more recent study reported in 2023, the authors investigated the power and frequency
stability of two optically-injected GS combs and also the frequency stability of their
beating [119]. Regarding the optical combs, four comb teeth were analyzed. A maximum
wavelength fluctuation of 2 pm (250 MHz at 1550 nm) was observed. The maximum
power fluctuation was around 0.3 dB, obtained for the comb line located further away
from the optical injection wavelength. Regarding the frequency stability of the down-
converted beat notes of the dual-comb spectrum, a maximum frequency fluctuation
below 1 kHz was obtained for a measurement time of one hour. That value, which
sets the limit of accuracy and mutual coherence of the spectrometer, demonstrated
the good stability of the system, achieved without the need for repetition rate control
mechanisms.
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The aforementioned studies were conducted at a central wavelength around 1.55 µm,
motivated by the widespread availability of devices such as laser diodes and optical
amplifiers working at the traditional telecommunication wavelength. However, it is
worth noting that the gain-switching technique and dual-comb systems are adaptable
to other wavelengths. Moreover, for spectroscopic applications, wavelengths beyond
1.55 µm are often of greater interest due to their molecular fingerprint exhibiting higher
absorption intensities. Therefore, after having proved the technique at 1.55 µm, it is
interesting to explore its demonstration in other spectral regions. For instance, the region
comprised between 2 µm and 2.5 µm presents higher absorption intensities compared
those in 1.55 µm for greenhouse gases such as CO2 (Fig. 3.16), methane (CH4), or
ammonia (NH3) (see Fig. 3.18). Around these wavelengths, companies such as Eblana
Photonics offer discrete-mode lasers based on indium phosphide and gallium antimonide
for high-speed modulation. The use of these sources can be beneficial for gas sensing
applications in agricultural or industrial contexts.

Figure 3.18: Absorptivity of methane (12CH4) and ammonia (14NH3) in a spectral region
comprised between 1.5 µm and 2.5 µm. Information obtained from HITRAN database.

In this regard, the group from Cork focused its research on the development of a dual-
comb system utilizing GS laser diodes operating around 2 µm. In 2022, they reported a
dual-comb arrangement at this wavelength showing a high degree of mutual coherence,
as evidenced by the FWHM of the beat notes (11 Hz) [17]. With such system, they
conducted a proof-of-concept demonstration of CO2 gas spectroscopy measurements
[120]. They reported on the tunability of the spectral resolution of the spectrometer
along a range comprised between 500 MHz and 3 GHz, achieved by changing the
frequency of the sinusoidal gain-switching signals driving the slave lasers, and compared
the molecular spectra obtained at different line spacings. For frequencies below the
relaxation oscillations, the dual frequency combs exhibited narrow spectral widths,
suppression of tones, and asymmetric envelopes, due the use of sinusoidal modulation
signals for gain switching the slave lasers. Consequently, the dual OFCs generated at
2 GHz and 3 GHz were deemed the most suitable for conducting experiments, at the
expense of lower resolution.

Moreover, our research group recently reported a dual-comb system based on two
optically-injected GS DFB lasers to conduct gas absorption spectroscopy of CO2 around
1572 nm [121]. The gas was enclosed in a fiber-coupled cell, and the measured absorption
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line exhibited a FWHM of 5 GHz and an absorbance of 0.55 dB. The absorption line and
a portion of its baseline were successfully measured with approximately 125 comb lines,
which featured a repetition rate of 100 MHz. Furthermore, the approach was based on
cost-effective electronics in both the transmission and receiver ends of the spectrometer.

With respect to integrated GS dual frequency combs, the first demonstration was reported
in 2020 by J.K. Alexander et al. [122]. The chip was fabricated on an InP substrate.
It consisted of two Fabry-Pérot slave lasers and a slotted Fabry-Pérot master laser, in
which the slotted section was included to achieve single-mode operation. The optical
injection from the ML to the SLs was realized by means of a multi-mode interference
coupler, which showed a good degree of isolation in terms of back-coupled reflections
from the slave lasers into the master. This back-coupling minimization was achieved by
driving the ML well above threshold. Fig. 3.19 (a) shows the schematic of the dual-comb
generator. Regarding the slave lasers, their multi-mode operation facilitated the spectral
overlap of the two combs and also their injection. Finally, for the generation of the
dual comb, the authors chose significantly dissimilar repetition frequencies (4.1 GHz
and 5 GHz) in order to be able to measure the repetition rate difference in the optical
domain with an optical spectrum analyzer (see panel (b)).

(a) (b)

Figure 3.19: First reported fully-integrated dual-comb generator based on two GS laser diodes
and an integrated master laser. Figures retrieved from [122]. (a) Scheme of the dual-comb
generator consisting of two Fabry-Pérot lasers acting as slave lasers, which are optically injected
by a single-mode slotted Fabry-Pérot laser by means of a multi-mode interference coupler. The
device is integrated on an InP substrate. (b) Optical spectrum of the two generated GS OFCs.

To date, this has been the only demonstration of a GS dual-comb integrated system in
which the optical injection of the slave lasers is achieved with a master laser on chip. A
good proof-of-concept was reported in 2023 by M. Srivastava et al. [59], as discussed in
previous chapter, where injection locking was performed with an external laser due to
wavelength mismatch of the integrated ML and the slave laser diodes. However, the
acquisition of the RF down-converted comb, its characterization, and the realization of
sensing measurements with an integrated GS dual-comb system remains unreported.
The current availability of InP foundries makes this goal much more feasible, and one
can anticipate these achievements to be demonstrated in the very near future. These
integrated systems will offer the possibility of having monolithic robust sensors featuring
resolution tunability.
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• Dual-comb spectroscopy based on other comb sources

Research on dual-comb spectroscopy was pioneered by erbium-doped fiber lasers. Due
to the size of their cavities, their repetition frequencies are typically in the order of
hundreds of megahertz. With optical spectra usually broadened by nonlinear techniques,
these dual-comb schemes have historically allowed the simultaneous characterization
of multiple absorption lines of certain gases with very good resolution and, sometimes,
with unprecedented accuracy due to comb self-referencing [123]. In addition to exploring
the near-infrared, spectroscopic measurements have been conducted in deeper infrared
regions using nonlinear conversion techniques such as difference frequency generation
[124]. These table-top systems offer good performance at the expense of their size and
increased complexity due to the need for stabilization loops.

Exploring more compact and simpler solutions is thus of interest. Proposals based on the
generation of both combs from a single laser simplify the system on one hand, and since
both pulse trains originate from the same cavity, stabilization controls can be omitted
as both combs possess good mutual coherence inherent to their generation method. In
this regard, S. M. Link et al. [125] demonstrated a single-cavity semiconductor-based
dual-comb system, utilizing an external-cavity mode-locked semiconductor laser as the
comb source. The authors successfully retrieved the absorption profile of a water vapor
line at ∼1 µm. In addition, on-chip dual-comb spectrometers based on microcombs
have also been reported. These combs have repetition frequencies too large for gas
spectroscopy, as their repetition frequencies ranging from tens of GHz do not allow
resolving gas absorption lines, which typically have widths of several GHz. However,
they can be good candidates for molecular spectroscopy of substances in liquid or solid
state, whose absorption lines typically span a few THz [126].

Moreover, dual-comb architectures involving OFC sources featuring repetition rate
tunability have demonstrated their excellent suitability for gas absorption-phase spec-
troscopy, as the resolution of the measurement can be easily adapted to the measured
feature. In addition to gain-switched systems, electro-optic dual-comb generators are
included within this category of frequency-agile dual-comb spectrometers.

Dual frequency combs based on electro-optic generation offer indeed a performance
comparable to that obtained with GS dual frequency combs. Similarly to GS dual-
comb spectrometers, these systems enable spectroscopic measurements with moderate
bandwidths yet offering exceptional spectral resolution. Despite their limited spectral
coverage, they can be tuned to the desired wavelength provided a laser source emitting in
that spectral range is available. Furthermore, since only one laser is used for generating
the two frequency combs, electro-optic dual-comb generators have a high degree of
mutual coherence, benefiting from a simple implementation to achieve it. In Fig. 3.20,
an example of an electro-optic dual-comb source is shown, where each comb is generated
with a tandem formed by a phase modulator and an intensity modulator.
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Figure 3.20: Illustration of a dual-comb generator based on two mutually-coherent electro-
optic combs. Each electro-optic OFC is generated using a phase modulator (PM) followed by
an intensity modulator (IM).

Electro-optic dual-comb spectrometers have showcased their validity both in the near-
infrared, through the characterization of the absorption and phase profile of gases such as
HCN [127], [128] and CO2 [129], and in the mid-infrared, reached by means of difference
frequency generation [130]. Additionally, in search of simpler systems, M. Soriano-Amat
et al. proposed an electro-optic dual-comb spectrometer consisting of a single branch
[131]. They demonstrated the generation of a dual frequency comb with a single Mach-
Zehnder modulator, driven by a tailored electrical signal that basically consisted in the
superposition of two pulse trains operating at slightly different repetition rates. This
straightforward dual-comb generation method benefited from the linear response of
the Mach–Zehnder modulator. Moreover, besides its simplicity and robustness, the
authors reported a coherence time of around 1 s. In addition, since it is a common-path
architecture, only the amplitude information of the sample under interrogation could be
retrieved.

3.3.2 Dual-comb ranging

Dual-comb schemes are also very attractive for ranging applications, as they allow to
retrieve distances by means of time-of-flight and interferometric approaches combining
high precision, high accuracy, and fast measurement times [132]. Furthermore, the
miniaturization of comb generators and the integration of dual-comb sources paves the
way for the development of on-chip dual-comb ranging systems [133], [134] that could
be deployed in real-world applications, such as drone navigators or autonomous driving
systems.

The fundamentals of interferometric and time-of-flight distance measurements utilizing
a dual-comb system are discussed below. Since the fundamental basis of dual-comb
ranging relies on the change in the optical phase experienced by the optical signal when
it travels through different optical path lengths, an asymmetric dual-comb arrangement
is required. The provided description focuses on relative distance measurements rather
than absolute measurements, as this is the approach employed in the experiments
conducted in this thesis.
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Interferometric dual-comb ranging

The interferometric approach relies on measuring the optical phase change experienced
by each comb mode when traveling across a given distance. This approach enhances the
precision of the measurement, since a high number of comb lines is used to determine
the distance.

The measurement of relative distances is based on determining the difference between
two distances, d = |d1 − d2|. A dual-comb ranging setup to conduct relative distance
measurements is illustrated in Fig. 3.21 (a). First, the optical pulses from the probe
comb (denoted as OFC 1 in the figure) interrogate a specific distance d1 to a target. The
optical path length traversed by the probe OFC is given by Lprobe = L1 + 2d1, where
L1 represents the optical distance of the upper branch of the interferometer excluding
the distance d1 to the target, and the factor 2 accounts for a round-trip to the target.
These pulses are then combined with the local oscillator comb. The optical distance
traversed by the local oscillator comb (OFC 2) corresponds to LLO = L2, with L2 being
the optical length of the bottom branch of the setup. The combined fields interfere
on a photodetector, generating a sequence of interferogram bursts. Subsequently, a
second acquisition is performed, where the target is moved to a different position d2.
Consequently, the optical length of the probe now amounts to Lprobe = L1 + 2d2, while
the local oscillator branch remains unchanged.

OFC 1

OFC 2

lock
Phase lock

PhasePDmeas

d1 d2

Digital signal 

analyzer

Target

PDref

PDmeas

(a) (b)

OFC 1

OFC 2

Target

Digital signal 

analyzer

d1 d2

Figure 3.21: Illustration of a dual-comb ranging setup for the determination of relative
distances. The measured distance corresponds to a difference of distances, d = d1 − d2. (a)
Dual-comb ranging arrangement based on a single photodetector. (b) Dual-comb ranging
system based on two photodetectors, one of them being used for calibration.

Measuring relative distances allows to eliminate the contributions of the optical lengths
L1 and L2 of the two branches of the interferometer. However, it requires the acquisition
of two sequential measurements, changing the distance to the target. Consequently,
any drift of the system or instabilities of the optical signals between these sequential
acquisitions may prevent the correct determination of the distance. This problem
can be addressed by incorporating an additional photodetector into the system, as
depicted in Fig. 3.21 (b). In a reference photodetector (denoted as PDref in the figure),
a reference interferogram, which does not contain any information of the distance to the
target, is generated. The reference interferograms can be used to compensate for the
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instabilities between consecutive acquisitions, since they are simultaneously acquired
with the measurement traces.

In order to analyze how the distance can be determined from the spectral phase of the
tones of the dual-comb spectrum, an ideal scenario with a setup involving the use of a
single, balanced photodetector is considered. In addition, only the first Nyquist zone
is accounted for in the analysis. As derived in detail at the beginning of this chapter
(see Eq. (3.15)), the photodetected current generated at the output of the balanced
photodetector as a result of the beating of the probe and local oscillator combs is given
by

IBP D(t)|n=m = R
N−1∑
n=0

4A1nA2n cos
(
2π(δf0 + n δfR)t + ϕ2n − ϕ1n

)
. (3.33)

The information of the relative distance d = d1 − d2 can be determined from the phase
of the beat term. The optical phase is expressed in terms of the propagation constant
β, which is frequency dependent, and the optical path length L (ϕ = βL). Moreover,
in the analysis, dispersion is neglected. As a result, the optical phase of the beat term
obtained for the two distances, ϕm(d1) and ϕm(d2), with the index m denoting the comb
line index to avoid confusion with the refractive index of the medium, can be expressed
as

ϕm(d1) = (ϕ2m − ϕ1m)|d1 = 2πnν2m

c
L2 − 2πnν1m

c
(L1 + 2d1) =

= 2πn(ν01 + mfR)
c

(L2 − L1 − 2d1) + 2πn(δf0 + mδfR)
c

L2,

(3.34)

ϕm(d2) = (ϕ2m − ϕ1m)|d2 = 2πnν2m

c
L2 − 2πnν1m

c
(L1 + 2d2) =

= 2πn(ν01 + mfR)
c

(L2 − L1 − 2d2) + 2πn(δf0 + mδfR)
c

L2,

(3.35)

where n is the group index of the propagation medium and c is the speed of light in
vacuum.

The relative distance can be retrieved from the subtraction of the phases obtained for
the two distances

δϕm(d) = ϕm(d1) − ϕm(d2) = 2πnν1m

c
2(d1 − d2) = 4πn(ν01 + mfR1)

c
(d1 − d2). (3.36)

80



3.3. APPLICATIONS OF DUAL-COMB INTERFEROMETRY

From Eq. (3.36) it is observed that the optical phase difference has a linear dependence
with the comb line index m. The relative distance can be obtained from the slope of the
straight line representing the evolution of the unwrapped phase difference with respect
to m as

dinterf = b c

4πnfR1
, (3.37)

where b denotes the slope in rad/Hz.

Finally, the maximum distance that can be measured without ambiguity –i.e. the
non-ambiguity range –using an interferometric approach, can be understood from the
limitation imposed by the 2π periodicity of the phase. The phase change of consecutive
spectral tones must be lower than 2π to avoid ambiguity in the determination of the
spectral distance

ϕ1m+1 − ϕ1m = 2πnfR1

c
2d1 < 2π ⇒ d1 = dNAR <

c

2nfR1
. (3.38)

Eq. (3.38) demonstrates that the maximum measurable distance is inversely proportional
to the comb repetition rate. Therefore, to measure longer distances without ambiguity,
reducing the comb line spacing is desirable.

Precision analysis of an interferometric dual-comb ranging measurement

The measured distance d is determined from the slope of the phase difference δϕm,
which, disregarding dispersion, evolves with the comb line index as a straight line. The
standard approach involves fitting δϕm by a linear regression. The distance is then
obtained from the slope of the fitted line. The precision of the measurement is given by
the error in the distance.

The uncertainty of the interferometric distance is calculated as

σd = 1
4π

(
∂d

∂vg

σvg + ∂d

∂fR1
σfR1 + ∂d

∂b
σb

)
, (3.39)

where vg denotes the group velocity (vg = c/n), and σvg , σfR1 and σb are the uncertainty
of the group velocity, the repetition rate, and the slope, respectively. In the precision
analysis conducted in the experimental results of this thesis, the two first terms are
neglected, since the uncertainty of the group velocity and the repetition rate are much
lower than the uncertainty of the slope. For GS combs, the uncertainty of fR1 is fixed
by the precision of the RF source used to generate the gain-switching signal.
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The error in the slope of the linear regression is given by

σb =

√√√√ ∑N
m=1(ym − ŷm)2

(N − 2)∑N
m=1(m − m̄)2 = σδϕ√∑N

m=1(m − m̄)2
, (3.40)

where ym represents the linear function formed by the evolution of the experimental
phase differences at each comb line (unwrapped δϕm), ŷm is the fitted linear function, m
and m̄ are the data points on the abscissa of the function (the harmonics of the comb
spectrum) and their average value, respectively, and N is the total number of comb lines
analyzed. Eq. (3.40) represents the uncertainty of the phase difference, σδϕ, divided by
the standard deviation of the abscissa values.

Finally, the error in the distance σd is written as

σd = σb
c

4πnfR1
. (3.41)

Considering the number of comb lines N ≫1, σb can be approximated [133] by

σb(N ≫ 1) ≈ σδϕ√
N3

12

. (3.42)

Consequently, introducing this approximation in Eq. (3.41) results in

σd ≈ σδϕ

√
12
N

c

4πnNfR1
, (3.43)

which indicates that the precision of the measurement improves as the factor defined by
NfR, i.e. the bandwidth of the OFC, increases. Therefore, comb generators exhibiting
wide bandwidths typically show better performance in terms of precision.

Time-of-flight dual-comb ranging

OFC generators benefiting from a pulsed nature can be used to determine distances
based on time-of-flight measurements. The fundamental principle of this approach is the
measurement of the delay experienced by the optical pulses when they travel through a
specific distance.

In a dual-comb ranging setup, the delay experienced by the optical pulses of the probe
comb when they travel across a given distance results in a corresponding delay in the
interferogram. For relative distance measurements and considering a setup with a single
photodetector, the determination of the delay associated with the difference of distances
requires the proper synchronization of the acquisitions. Conversely, if a setup including
two photodetectors for the simultaneous acquisition of reference and measurement traces
is employed, the reference interferograms serve the function of synchronization signals.
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This is illustrated in Fig. 3.22, which depicts the time-domain interferogram signals that
would be generated at the output of each photodetector, reference and measurement,
for two different distances to the target d1 and d2. The two sequences of interferograms
on the left correspond to the target located at a distance d1, while the sequences on the
right correspond to a subsequent acquisition in which the target is moved to d2. Since
the optical lengths traveled by the signals of the reference path and the measurement
paths are different, there exists a time delay between the interferograms detected by the
reference photodetector and the measurement photodetector. For the distance d1, the
measurement interferograms are delayed a time ∆t1. Similarly, the delay related to the
distance d2 is ∆t2.

PDref

PDmeas

Target d1 Target d2

PDref

PDmeas

Figure 3.22: Illustration of dual-comb interferograms generated from two sequential acqui-
sitions corresponding to two distances d1 and d2. Each acquisition involves capturing the
interferograms at the output of the reference and measurement photodetectors.

The relative distance can be inferred from the time delay difference given by the
subtraction of ∆t1 and ∆t2, ∆t = |∆t1 − ∆t2|. Both delays, ∆t1 and ∆t2, correspond to
the time delay in the expanded time axis. The measured expanded delay, ∆t, is related
to the delay experienced by the optical pulses, ∆τ , by the dual-comb compression factor
as ∆τ = ∆t/C, where C denotes the compression factor. The expansion of the time
axis enabled by the dual-comb technique permits the determination of short time delays
with low-frequency electronics.

Finally, the time-of-flight distance dT OF is given by

dT OF = c

2n

∆t

C
= c

2n

δfR

fR1
∆t, (3.44)

where it is considered that the optical signal travels twice (back and forth) the distances
d1 and d2 and therefore a factor two is included in the expression.

Using this approach, the non-ambiguity range is linked to the repetition rate of the
pulses used to evaluate the distance. In order to determine the measured distance
without ambiguity, pulses reflected or backscattered from the target must arrive before
a new pulse is transmitted through the target.
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As a consequence, the non-ambiguity range is expressed as

dNAR <
c

2nfR1
, (3.45)

where n is the refractive index of the medium and the pulses are considered to evaluate
the distance twice.

It can be verified that the expression of the non-ambiguity range is the same whether
derived from the round-trip time of the pulses reflected from the target (Eq. (3.45)) or
from the periodicity of the optical phase (Eq. (3.38)).

Precision analysis of a time-of-flight dual-comb ranging measurement

Following the same procedure as in the interferometric scenario, the uncertainty of the
time-of-flight distance can be calculated as

σd = 1
2

(
∂d

∂vg

σvg + ∂d

∂fR1
σfR1 + ∂d

∂δfR

σδfR
+ ∂d

∂∆t
σ∆t

)
, (3.46)

where σδfR
denotes the uncertainty of the repetition rate difference of the two combs

and σ∆t is the uncertainty of ∆t. Although the time-of-flight approach is not explored
in the experimental results of this thesis, the first three terms of Eq. (3.46) can usually
be neglected relative to the uncertainty of ∆t. Therefore, the error in the distance
depends on the precision in determining the time delay between two interferograms.
This precision is affected by the jitter of the optical pulses.

Historical review of dual-comb ranging

The suitability of dual-comb systems for ranging was first reported in 2009 by I. Codding-
ton and coauthors [132]. In their work, they demonstrated the measurement of distances
using two stabilized femtosecond fiber frequency combs with repetition rates around
100 MHz. They successfully measured a distance of 1 meter, close to the non-ambiguity
range of the system, achieving a precision better than 5 nm within a measurement time
of 60 ms. This precision was obtained by combining time-of-flight and interferometric
measurements. Moreover, they proposed a technique to extend the non-ambiguity range
based on the acquisition of an additional measurement swapping the roles of the probe
and local oscillator OFCs. This technique, which exploited the Vernier effect, allowed
the initial ambiguity range of 1.5 meters to be extended to 30 km. The authors validated
this technique by measuring a fiber reel of 1139.2 meters long.

Since this initial demonstration, several works on both time-of-flight and interferometric
dual-comb ranging have been reported. Although early demonstrations were based on
mode-locked fiber combs, other comb generators have shown significant potential for
dual-comb ranging, as discussed in this section. Additionally, techniques for extending
the non-ambiguity range of dual-comb ranging systems have been proposed [132].
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• Dual-comb ranging based on gain-switched combs

This thesis contributes to the field of dual-comb ranging with a system based on a dual
frequency comb generator consisting of two optically-injected GS laser diodes. The
impact of the developments presented in this document relies on the extension of the
non-ambiguity range of these systems enabled by the generation of GS combs with low
repetition rates.

Dual-comb ranging has been relatively unexplored with GS comb sources. However, these
sources are well-suited for this application due to their ability to generate a considerable
number of comb lines with relatively low line spacing using simple and robust setups. In
addition, the potential for miniaturizing these semiconductor-based dual-comb systems
enables their deployment in out-of-the-lab environments. The main limitation that these
systems can encounter in a real-world application is the low average optical power of
the comb sources. Nonetheless, this issue can be addressed by the inclusion of optical
amplifiers in the transmitter side. In the case of an integrated approach, semiconductor
optical amplifiers could be included in the system.

The only demonstration of dual-comb ranging using a pair of GS laser diodes with
optical injection was reported by K. Hei et al. in 2021 [135]. The authors proposed
a ranging system that exhibited a repetition rate tunability spanning from 1.1 GHz
to 1.4 GHz. The distance was retrieved through an interferometric approach, utilizing
approximately one hundred spectral lines for the estimation of the distance. The
maximum non-ambiguity range of the system (obtained for the lowest repetition rate
of 1.1 GHz) was approximately 136 mm. This relatively short ambiguity range was
extended by measuring the same distance at different repetition rates, resulting in
distances up to 2.5 m being measured. Finally, the system was validated through
calibration measurements performed by means of a HeNe interferometer, demonstrating
an accuracy of 12 µm based on these calibrations.

• Dual-comb ranging based on other comb sources

Fiber lasers offer outstanding performances in terms of precision, which is enhanced
owing to the broad bandwidth of the resulting combs. Their measurement speed is
in the order of hundreds of microseconds, due to their repetition rates typically being
in the order of hundreds of MHz. Despite their excellent performance, these ranging
systems are bulky and expensive.

The possibility of developing chip-scale dual-comb ranging systems came with the advent
of microcombs, which pioneered the miniaturization of OFCs. Since microcombs feature
large bandwidths, they can also offer highly precise ranging measurements. In addition,
due to the high repetition rate of these combs, acquisition times drop to the order of a
few microseconds. However, this high repetition rate limits the non-ambiguity range of
these systems to the order of millimeters, necessitating the use of ambiguity-breaking
techniques for deploying ranging measurements in real-world applications. In 2018,
two different groups first reported their results on microcomb-based dual-comb ranging.
Following a time-of-flight approach, M-G Suh and K. J. Vahala reported on distance
measurements using two mutually-coherent microcombs generated inside a single silica
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resonator pumped by a CW laser in clockwise and counterclockwise directions [134].
Being the non-ambiguity range 16 mm, they demonstrated a distance measurement of
∼4.6 mm with a precision of 200 nm, achieved through averaging up to a time of 500 ms.
For a distance measurement of around 26 meters, using the Vernier effect to surpass the
non-ambiguity range, the achieved precision was approximately 0.5 meters. At the same
time, but following an interferometric approach, P. Trocha and coauthors demonstrated
the potential of a dual-comb ranging system based on two free-running microcombs
generated in two similar silicon nitride microresonators [133]. They measured distances
up to 2 mm with an outstanding precision of 12 nm for an averaging time of 13 µs.
Additionally, they demonstrated the ultrafast capabilities of their ranging system by
retrieving the profile of an air-gun projectile moving at a speed of 150 m/s.

In addition, approaches based on semiconductor laser sources for the generation of the
two OFCs have been also reported. Ranging systems based on electro-optic combs
offer similar a performance as gain-switched dual-comb ranging systems, owing to the
similarity of electro-optic and GS combs. In 2017, E. L. Teleanu et. al demonstrated
a dual-comb ranging system based on two electro-optic frequency combs to measure
rapid displacements, emulated by the vibrations of two dynamic samples with vibration
frequencies from a few kHz to 50 kHz [136]. By means of a time-of-flight measurement,
they measured delays between the optical pulses around 1 ps with a precision of a few
femtoseconds. In distance, these values are equivalent to 100 µm and 500 nm, respectively.
Moreover, using an interferometric approach they demonstrated the improvement of the
precision of the measurement, obtaining a value of 0.8 nm.

Finally, a comparison of the performance of various state-of-the-art dual-comb ranging
systems based on different comb sources can be found in the work of B. Martin et al.
[137]. This analysis is based in the precision achieved by those systems, and includes
both time-of-flight and interferometric measurements. Also, in the review reported by Z.
Zhu and G. Wu [138] the reader can find a comprehensive discussion of the fundamentals
of dual-comb ranging.

3.3.3 Other applications
Since the emergence of dual frequency combs, part of the research on this area has been
focused on exploring novel application domains where dual-comb architectures may be
advantageous over existing systems. Beyond dual-comb spectroscopy and dual-comb
ranging, additional applications have been reported. Some of these are listed and briefly
discussed below.

• Fiber Bragg grating sensing. Dual frequency combs have proven their suitabil-
ity as fiber Bragg grating-based strain sensors [139]. The principle of operation of
these systems relies on the detection of a change in the Bragg wavelength resulting
from strain applied to the fiber Bragg grating. In this application, OFCs offer
the advantage of a broader detection bandwidth for sensing the changes in the
response of the fiber Bragg grating, compared to approaches based on CW lasers.
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• Distributed sensing. This application is based on the use of the optical fiber
as a sensor, leveraging its numerous sensing points to monitor parameters such
as strain or temperature variations. These variations are detected from the light
backscattered from the interrogated fiber, with a spatial resolution determined
by the width of the optical pulses sent to the fiber. The use of dual frequency
combs in this context benefits from the ability of the dual-comb technique to
down-convert and compress optical information to electrical frequencies. The
interrogation of 1 km of fiber with a spatial resolution in the centimeter range and
the recovery of the information with a detection bandwidth in the MHz range has
been demonstrated with electro-optic combs [80].

• Spectroscopic ellipsometry. This application related to material science permits
to analyze the properties of a material such as its crystalline nature or its thickness
by measuring the change of the polarization of light incident on the material.
Dual frequency combs allow to perform this analysis with high spectral resolution
capabilities at fast acquisition times [140]. The information is obtained from the
magnitude and phase of the RF spectrum in both orthogonal polarizations of the
optical field, which can be split before detection.

• Imaging. Among the most promising applications for dual-comb systems explored
in recent years are those related to imaging. Of particular interest is hyperspectral
imaging, which combines spectroscopy and imaging. In a hyperspectral imaging
system, instead of capturing the intensity of incident light at three wavelengths
(red, green, and blue), each pixel captures the intensity over a broad and continuous
spectral range. The collected data forms a hypercube, where each pixel contains
a spectrum corresponding to a specific spatial location in the scene. Dual-comb
hyperspectral imaging systems have demonstrated the ability to characterize
a scene across a spectral span defined by the comb bandwidth and with fine
resolution [141], [142]. The dual comb illuminates a scene, and the scattered light
is collected by a camera. The interferogram time is adjusted to match the frame
rate of the camera, typically on the order of 1 second. During the integration time
of the camera, each pixel captures an interferogram. The Fourier transform of
the information retrieved by each individual pixel of the camera sensor reveals
transmission or reflection information of the sample. Additionally, other imaging
techniques such as frequency-domain optical coherence tomography, a standard
imaging tool in fields such as ophthalmology, can benefit from OFCs as illumination
sources and from dual-comb arrangements [143].

• Indirect spectroscopic techniques. Dual frequency combs can also enhance
spectroscopic techniques where the measured signals are not direct measurements
of the absorption spectrum itself but rather indirect consequences of the absorption
process. Among these techniques, photoacoustic spectroscopy [144] measures an
acoustic signal generated as a result of the interaction between light and the
sample, employing an ultrasound transducer for this purpose. This technique,
widely utilized in biomedical applications, benefits from the fact that acoustic
waves experience weaker scattering when traversing biological tissues. Similarly,
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other techniques such as photothermal spectroscopy [145] involve the detection of
changes in the thermal properties of a sample, such as changes in the refractive
index, induced by the absorption of light. Both approaches benefit from broadband
interrogation and non-demanding detection systems enabled by the use of dual
frequency combs.
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Chapter 4

High-resolution dual-comb
spectroscopy with gain-switched
combs

The suitability of gain-switched optical frequency combs with low repetition rates for
high-resolution dual-comb absorption spectroscopy is experimentally demonstrated in
this chapter. A semiconductor-based dual-comb spectrometer with a spectral resolution
of 100 MHz is developed experimentally. The two combs are generated by gain switching
two laser diodes using short electrical pulse trains as gain-switching signals. The two
laser diodes are externally injected by a single laser in CW operation, providing them
with mutual coherence. As a result, the coherence of the system is maintained for
integration times up to 80 seconds. In addition, the cost-efficiency of the spectrometer
is improved by using a low-cost software-defined radio platform at the receiver end of
the system. The good performance of these platforms for dual comb spectrometers is
demonstrated.

The chapter is structured as follows. First, an experimental characterization of gain-
switched optical frequency combs with a line spacing of 100 MHz is performed. The
response of an optically injected laser under pulsed gain switching to different modulation
amplitudes and different detuning conditions is analyzed in terms of the bandwidth
at 10 dB and the carrier-to-noise ratio of the resulting spectra. Then, the results of
performing dual-comb spectroscopy using two combs with slightly different repetition
rates are presented. Finally, the replacement of a high-end digitizer by an inexpensive
software-defined radio device is reported.
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4.1 Introduction

The spectral resolution of dual-comb systems is determined by the line spacing of
the frequency combs used. Consequently, generating OFCs with low repetition rates
(<1 GHz) is desirable for spectroscopic purposes. This is especially crucial for gas
spectroscopy, as gaseous samples typically exhibit absorption features with linewidths
spanning a few GHz.

Prior to this thesis, dual-comb spectroscopy experiments using GS frequency combs had
only been demonstrated with spectral resolutions as low as 500 MHz [4]. However, the
maximum spectral resolution of the reported system was limited by the use of sinusoidal
signals for the implementation of gain switching at low repetition rates. In other words,
below the modulation frequency of 500 MHz and using sinusoidal currents, the poor
spectral quality of GS frequency combs (in terms of spectral width and symmetry) limits
their usability for spectroscopic measurements. As it has been already discussed in
Chapter 2, at low repetition rates the carriers are able to follow the variations of the
gain when using sinusoidal signals for gain switching the laser diodes. As a consequence
of the slow modulation of the carriers, the generated OFCs present narrow bandwidths
compared to those obtained at high modulation frequencies (since the broadening
mechanism is different) and asymmetric spectra (due to the chirp being in phase with
the optical pulses).

To fully harness the potential of GS combs for spectroscopic applications and to access
narrow spectral features, it would be necessary to extend the minimum repetition rate
achievable by these systems. This is precisely the motivation of the work developed
throughout this document. In the first instance, this goal can be achieved by replacing
sinusoidal excitation with pulsed excitation. The use of trains of short electrical pulses
allows for the rapid and abrupt modulation of the laser gain. Carriers can no longer
follow the gain variations, and as a result, short and chirped optical pulses are generated,
yielding wide and flat optical spectra. The generation of such combs was first reported
by A. Rosado and researchers from our group, with repetition rates down to 100 MHz
[35]. The use of these combs for the realization of gas spectroscopy measurements in a
dual-comb arrangement was demonstrated in the first publication of this thesis [146],
improving the previous 500-MHz resolution of these systems by a factor of 5. The results
presented in this chapter, part of which are included in the aforementioned publication,
contribute to unlocking the full potential of dual-comb spectrometers based on GS OFCs
and pave the way towards high-resolution dual-comb spectroscopy systems using these
comb sources.

Moreover, the optimization of the system in terms of cost is presented in the second
part of this chapter. The use of an affordable software-defined radio (SDR) device is
demonstrated. The feasibility of using these devices in dual-comb spectrometers was
first reported in the second publication of this thesis [147]. Absorption spectroscopy
measurements are conducted and the accuracy of the system is validated by comparing
the results obtained with such cost-efficient digitizer and those obtained using a high-
priced real-time oscilloscope.
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4.2 Characterization of 100-MHz gain-switched
combs

In order to implement a dual-comb system using two GS OFCs with repetition frequencies
of 100 MHz and pulsed excitation, an experimental characterization of the combs obtained
at this repetition frequency under different laser driving conditions is first presented. This
characterization is focused on the subsequent realization of spectroscopy measurements
with the generated OFCs. The response of the sample under test is usually extracted
by analyzing the dual-comb spectrum, for this reason, the evaluation of the generated
combs is targeted on the evolution of their spectra. Such performance is analyzed via
two figures of merit: the carrier-to-noise-ratio, CNR, and the bandwidth at 10 dB,
∆f10dB. Both figures of merit were already defined in Chapter 2 (Section 2.2.2).

4.2.1 Experimental setup
The experimental setup used for the characterization of 100-MHz GS combs is presented
in Fig. 4.1.

PPG Bias-T

fR  Ibias

ML

SL

EDFA

OSC

HR-OSA

T1 ºC

RF Amp PC
50:50

Figure 4.1: Experimental setup employed for the characterization of GS OFCs under pulsed
electrical excitation. PPG: pulse pattern generator, RF Amp: RF amplifier, SL: slave laser,
ML: master laser, PC: polarization controller, EDFA: Erbium-doped fiber amplifier, OSC:
oscilloscope, HR: high-resolution optical spectrum analyzer.

The OFC is generated by gain switching a DFB laser (Gooch & Housego AA0701 series)
acting as slave laser (SL). This laser is an InGaAsP/InP multi-quantum well laser diode
and features a modulation bandwidth of ∼10 GHz. It is packaged in a 7-pin butterfly
configuration and includes a thermistor and a thermo-electric cooler for the measurement
and control of the laser temperature, a monitor detector, an inductance (part of the
bias-tee element) in the pin that corresponds to the bias current, and an RF connector
to allow for its direct modulation. The capacitor of the bias-tee element is included at
the RF modulation input of the laser diode. The laser is mounted on a commercial laser
mount (Arroyo Instruments 203 LaserMount) with enabled connectors for the supply
of the bias current and for the temperature control of the device. The bias current is
provided by a low-noise source (Arroyo Instruments 4200-DR series LaserSource), and
the temperature is controlled and stabilized by means of a standard thermo-electric
temperature controller (ILX Lightwave LDT-5412).
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The SL is gain switched by an electrical current that consists of a DC bias current Ibias

superimposed to a train of electrical pulses. The electrical pulses are generated by a
pulse pattern generator (Anritsu MU181020A). This pulse pattern generator (PPG)
can operate at a maximum bit rate of 12.5 Gb/s and is able to synthesize electrical
waveforms with a maximum peak-to-peak voltage of 2.5 V. In order to switch the laser
with higher amplitude electrical pulses, the output of the PPG is amplified by means
of a wideband RF amplifier (Minicircuits ZVA-183W-S+). The wide bandwidth of
this device (18 GHz) does not distort the rise and fall times of the electrical pulses,
which need to be rapid for the switching of the laser. The amplified train of pulses is
then delivered to the DFB laser through the aforementioned RF connector. A tunable
external cavity laser (Pure Photonics PPCL300), which acts as master laser (ML),
injects the slave laser using an optical circulator. This master laser operates over the
C-band and has a measured linewidth of 60 kHz. A polarization controller ensures the
alignment of the states of polarization of the SL and the ML.

The generated OFCs are measured both in time and frequency domains by means
of an oscilloscope equipped with an optical sampling module and a high-resolution
optical spectrum analyzer, respectively. The oscilloscope (Tektronix DSA8200) performs
equivalent digital sampling and has an optical bandwidth of 20 GHz. Regarding the
optical spectrum analyzer (Aragon Photonics BOSA 400 C+L), it features a resolution of
10 MHz that enables to resolve the 100-MHz comb lines. An erbium-doped fiber amplifier
(EDFA, Amonics AEDFA-13-B-FA) is included at the input of the optical spectrum
analyzer to increase the optical power of the signal, facilitating the measurement of the
CNR of the recorded spectra. Otherwise, the noise power of the combs would be masked
by the noise floor of the measurement instrument. The optical power of the BOSA
measurements corresponds to the power after the amplification stage. In contrast, the
optical pulses measured with the oscilloscope are not amplified. Therefore, the optical
power measured and showed in this case corresponds to the power of the GS pulses.
Moreover, the insertion losses of the circulator and the coupling losses of the optical
coupler used (splitting ratio 50:50) are not subtracted from the measurements.

Finally, the CW characterization of the employed DFB laser is included in Fig. 4.2.
Panel (a) shows the power-current characteristic of the laser diode measured at room
temperature (25 ºC). Its threshold current has a value of 11.35 mA. The CW emission of
the laser is depicted in panel (b), measured using a 6-GHz resolution optical spectrum
analyzer. Its central emission wavelength at 25 ºC is 1549.73 nm.
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Figure 4.2: CW characterization of the DFB laser employed for the generation of GS OFCs at
100 MHz. (a) Power-current characteristic of the laser diode measured at 25 ºC. (b) Emission
spectrum of the laser diode measured with an optical spectrum analyzer at 25 ºC.

4.2.2 Influence of the amplitude of the electrical pulses
The evolution of the comb properties when varying the amplitude of the electrical pulses
applied to the laser is experimentally studied. The objective is to obtain OFCs with good
characteristics in terms of CNR and spectral flatness for each value of the electrical pulses
amplitude. For this purpose, the peak-to-peak amplitude of the AC signal generated by
the PPG (VRF ) is systematically varied from 2 V to 10 V, in increments of 1 V. The DC
component of the driving signal is adjusted in each case to maintain the good spectral
quality of the combs and to ensure the proper operation of the laser in gain-switching
regime. While the methodology for varying the DC current is not entirely systematic,
this approach is deliberately chosen to obtain GS OFCs with good CNR values and
spectral flatness across the entire amplitude range. If a fixed value of Ibias were set, the
same Ibias would not allow for the simultaneous generation of good-quality OFCs in the
lowest and highest amplitude scenarios due to the large amplitude variation of the AC
current from 2 V to 10 V. Specifically, as the amplitude of the RF signal increases, the
bias current needs to be decreased to ensure the complete extinction of the optical pulse
before the onset of the second spike of the relaxation oscillations.

The experiments are performed for a fixed duration of the electrical pulses, set to a value
τpulse of 200 ps. This value, together with the repetition rate of the pulses, fR= 100 MHz,
configures a duty cycle of the pulsed excitation signal of dcycle= 0.02. The detuning is
also fixed, ensuring injection locking in the two extremes of the RF amplitudes range.
In this regard, the injection wavelength, λML, and power, PML, are 1549.57 nm and
0.25 mW, respectively, and the temperature of the slave laser is stabilized at 25 ºC. In
these conditions, the estimated detuning is ∼20 GHz.

Fig. 4.3 shows the evolution of the optical spectra (top row) and the optical pulses
(bottom row) for three RF amplitudes of (a) 2 V , (b) 6 V and (c) 10 V. The comb line
exhibiting the highest power corresponds to the injection peak. As the amplitude of
the modulation signal increases, the dynamic chirp in the gain-switching process also
increases. The greater variation of dynamic chirp over the duration of the optical pulses
when the modulation amplitude is increased causes an incremental broadening of the
optical spectrum, as evidenced by the depicted spectra.
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Furthermore, the spectrum corresponding to the highest modulation amplitude shows
a worse flatness and exhibits a ripple on the left side of the spectrum. This ripple is
attributed to the excitation of the second peak of the laser relaxation oscillations, which
is evidenced by observing the optical pulse corresponding to this particular case.
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Figure 4.3: Evolution of the 100-MHz optical frequency comb spectra (top panel) and optical
pulses (bottom panel) in response to increasing amplitudes of the electrical pulses (VRF ) that
modulate the laser diode: (a) VRF = 2 V, (b) VRF = 6 V, (c) VRF = 10 V.

The CNR and ∆f10dB are calculated for the spectra obtained at each VRF value using
a MATLAB routine. The initial step in this routine is to obtain the envelope of the
comb spectrum. The injection is then band-pass filtered to exclude it from subsequent
calculations. ∆f10dB is determined by identifying the two furthest points whose power
value is 10 dB below the highest power value of the filtered envelope (see Fig. 4.4 (a)).
Within ∆f10dB, the CNR is calculated. To do so, the 10-dB bandwidth is swept using
frequency windows containing two comb lines. In each window, the CNR is calculated as
the ratio of the average power of the two carriers to the average noise power of the noise
floor between the two carriers. The overall CNR is calculated as the average value of
the individual CNRs (in linear units) obtained at each sweeping window. This process
is illustrated in Fig. 4.4 (b). The accuracy of the CNR is limited by the resolution of
the measurement instrument, which is 10 MHz.
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Figure 4.4: Graphical illustration of the determination of (a) the bandwidth at 10 dB of an
OFC and (b) the carrier-to-noise ratio within the 10-dB spectral width.
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Figure 4.5: (a) (left) Evolution of the bandwidth at 10 dB (∆f10dB) and (right) the carrier-
to-noise ratio (CNR) with the amplitude of the pulsed signal used to gain switch the laser
diode at 100 MHz. (b) (left) GS OFC spectrum and (right) optical pulse obtained for a
peak-to-peak amplitude of the AC signal of VRF = 8 V.
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The evolution of both ∆f10dB and the CNR with the amplitude of the electrical pulses
is depicted in Fig. 4.5. The spectral width exhibits a linear increase up to a saturation
point reached for an RF amplitude value of 8 V. Beyond this point, ∆f10dB slightly
decreases due to the appearance of ripples in the spectra, compromising the spectral
flatness and therefore, the calculation of the 10-dB bandwidth. Regarding the CNR
obtained after the optical pre-amplification stage, it generally ranges between 36 dB
to 38 dB. These values are deemed sufficiently high for spectroscopic measurements,
which typically require CNR values greater than the absorption depth of the line being
measured (usually a few dB). The highest CNR obtained for VRF = 6 V corresponds
to the scenario where the comb is injected at the center of its spectrum. Compared to
scenarios where injection locking occurs at the extremes of the comb spectrum, this
configuration yields a higher overall CNR. OFCs optically injected at the extremes of
the spectrum exhibit a high local CNR in the tones surrounding the injection, but the
CNR decreases for comb teeth further away from the injection.

Finally, the graph showing the evolution of the spectral width with the amplitude of the
RF gain-switching signal can be used as a design manual to configure the bandwidth
of the dual frequency comb according to the bandwidth to be tested. With electrical
pulses of 200 ps, spectral widths ranging from approximately 47 GHz to approximately
103 GHz can be achieved for RF amplitudes of the electrical pulses from 2 V to 10 V,
respectively. If narrower widths were required, lower electrical pulses amplitudes should
be configured. The GS OFC obtained for the scenario with the best ∆f10dB is presented
in Fig. 4.5 (b), generated with VRF = 8 V and Ibias = 0.3 mA.

4.2.3 Influence of the optical injection detuning
The variation of the optical spectrum and the optical pulses with injection detuning is
also analyzed. Optical injection detuning was previously defined as the difference in
emission frequencies between the slave and master lasers in CW, with the slave laser
biased at its threshold current. Here, the objective is to identify how the generated
combs change when they are injected into different regions of their spectrum. For this
reason, a qualitative analysis has been conducted, analyzing how the OFCs evolve when
they are injected in different spectral regions, without quantifying the detuning with
the above definition. To achieve this, detuning variation is performed by keeping the
wavelength of the master laser fixed and adjusting the temperature of the slave laser.
Increasing the temperature of the slave laser causes the comb to shift towards lower
frequencies.

To conduct these experiments, the previously obtained comb showing the broadest
spectral width is used as a reference. Specifically, the 100-MHz OFC obtained for
VRF = 8 V, with τpulse = 200 ps, and Ibias = 0.3 mA. PML is as well fixed for all these
experimental realizations to 0.25 mW. The optical spectra and optical pulses obtained
for three detuning conditions are shown in Fig. 4.6. Panel (a) corresponds to the comb
being injected on the left side of the frequency spectrum. By increasing the temperature
of the DFB laser by 3.5°C, the injection conditions presented in panel (b) are reached.
Subsequently, further increasing the temperature to 31.7°C results in the OFC illustrated
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in panel (c). The latter spectrum exhibits a wide spectral width and excellent flatness.
However, in the spectral region opposite to the injection wavelength a poor local CNR
is obtained. In terms of the optical pulses, no significant changes are observed.
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Figure 4.6: Evolution of the 100-MHz optical comb spectra (top panel) and optical pulses
(bottom panel) in response to different detuning values between the emission of the slave laser
and the master laser. (a) OFC injected on the left side of the frequency spectrum. (b) OFC
with a reduced detuning. (c) OFC injected on the right end of its frequency spectrum.

The evolution of ∆f10dB and CNR is calculated as a function of the slave laser tempera-
ture, which is varied between 23.9°C and 31.7°C. This temperature range corresponds
to a variation in the detuning, with the lowest temperature resulting in the injection
being performed on the left side of the spectrum and the highest temperature achieving
optical injection on the right side of the spectrum. Panels (a) and (b) of Fig. 4.7 show
the evolution of the spectral width and the CNR with detuning, respectively. Lower
values of ∆f10dB and a greater CNR are obtained when the OFC is injected in the center
of its spectrum. This behavior can be attributed to a lower detuning between the master
laser and the slave laser. Under these conditions, better locking between the ML and SL
can lead to a reduction in chirp, which not only narrows the spectra but also decreases
the timing jitter of the optical pulses. The reduction of the timing jitter results in lower
noise in the optical pulses, leading to an improved CNR. Conversely, broader OFCs
with lower CNR values are obtained when the combs are injected at the edges of the
spectrum. This behavior can be attributed to an increase in the detuning between the
ML and SL. In these conditions, a higher chirp in the optical pulses can lead to broader
combs with a poorer total CNR, due to the degraded noise performance of the optical
pulses. In the scenario depicted in panel (c) of Fig. 4.6, further detuning would push
the operation outside the locking range, as the emissions of both lasers would not be
sufficiently close to enable injection locking, resulting in the loss of coherence in the
optical pulses.
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Figure 4.7: (left) Evolution of the bandwidth at 10 dB (∆f10dB) and (right) the carrier-to-
noise ratio (CNR) with the detuning between the master and slave emission wavelengths. The
detuning is expressed in terms of the slave laser temperature, with the mid temperature values
(27 ºC to 29 ºC) corresponding to decreased detunings.

4.3 Gas spectroscopy of hydrogen cyanide

The experiments conducted in this section demonstrate the practical application of
GS OFCs operating at repetition rates on the order of a hundred megahertz for gas
spectroscopy. Utilizing GS combs enables the retrieval of gas absorption profiles with
a tunable spectral resolution, whose tunability range is now expanded to finer values
thanks to the use of pulsed excitation to gain switch the laser diodes. Furthermore, as
previously demonstrated, the bandwidth of the combs can be adjusted to match the
width of the line being measured, facilitating effective optical power management.

In the experiments, by slightly adjusting the repetition rate of the driving trains of
pulses, a dual comb with approximately 350 mutually coherent optical lines is generated
and employed to successfully measure an absorption line of hydrogen cyanide. This gas
is selected due to its deep absorption lines at wavelengths around 1550 nm, which is the
central wavelength of the laser diodes used. Figure 4.8 illustrates the transmission of the
HCN gas cell to be characterized by dual-comb spectroscopy. The gas cell (Wavelength
References HCN-13-H(16.5)-25-FCAPC) contains HCN (isotopologue 13H14CN) at a
pressure of 25 Torr, and has an absorption length of 16.5 cm. The transmission spectrum
shown in the figure is measured using the high-resolution optical spectrum analyzer and
employing a tunable laser included in the instrument.

The number of lines generated by the presented system is comparable to the results
achieved by electro-optic dual frequency combs employing external nonlinear broadening
[148] or unconventional driving methods [149]. These results are also similar to those
obtained with two acousto-optic frequency-shifting loops [150], albeit without the need
of feedback stabilization systems. The performance of the GS dual-comb system is also
evaluated by testing two different detection schemes and by analyzing the SNR when
averaging is carried out.
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Figure 4.8: Transmission spectrum across the C-band of 13H14CN enclosed in a fiber-coupled
single-pass cell at a pressure of 25 Torr and with an absorption path length of 16.5 cm, measured
with a high-resolution optical spectrum analyzer via tunable laser absorption spectroscopy.
The absorption line selected for the measurements is located at 1549.73 nm.

4.3.1 Experimental setup

The setup used for the realization of the experiments, which is based on a master-slave
arrangement, is shown in Fig. 4.9 (a). Fig. 4.9 (b) shows a photograph of the optical part
of the experimental setup, where the different components are conveniently indicated.

The two OFCs are generated by gain switching two similar DFB lasers (Gooch &
Housego AA0701 series), operating as SLs. One of the lasers used has already been
presented in the previous section for the characterization of GS combs (Section 4.2).
The two slave lasers (denoted SL1 and SL2) are driven by the superposition of two
electrical signals: a bias current (Ibias1 for SL1, Ibias2 for SL2) and a low-duty-cycle
pulsed signal with peak-to-peak amplitude VRF and pulse width τpulse. The two trains
of pulses are generated by two PPGs, and feature two slightly dissimilar repetition rates
of fR1= 100 MHz and fR2= 100.1 MHz (δfR= 100 kHz). The operating temperature of
both lasers is independently adjusted with two temperature controllers (ILX Lightwave
LDT-5412) in order to control the detuning with respect to the master laser. Two optical
circulators are used to inject the output power from the ML (Pure Photonics PPCL300)
into the two GS DFB lasers. Polarization controllers are included in the setup to align
the polarization of the optical fields, thereby maximizing the coupling between the
master and slave lasers and the coupling between the optical signals circulating through
the two branches of the interferometer. The OFC generated by SL2 is frequency shifted
a value fshift= 80 MHz using an acousto-optic modulator (AA Opto-Electronic MT80-
IIR30-Fio-PM0). The implementation of the frequency shift ensures the unambiguous
mapping of optical lines to RF beat notes. The optical signals coming from each laser
are coupled together with a 50:50 coupling ratio and then directed either to a reference
path or to a gas cell by means of two optical switches. At the output of the switches,
the signal is amplified with an EDFA (Amonics AEDFA-13-B-FA) and mixed on a
photodiode (New Focus 1014).
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Figure 4.9: (a) Schematics and (b) photograph of the experimental setup employed for the
demonstration of 100-MHz dual-comb spectroscopy using GS OFCs. PPG: pulse pattern
generator, SL: slave laser, ML: master laser, PC: polarization controller, AOM: acousto-optic
modulator, GC: gas cell, EDFA: Erbium-doped fiber amplifier, PD: photodetector, RT-OSC:
real-time oscilloscope, ESA: electrical spectrum analyzer.

The dual-comb setup is built following a symmetric configuration, which shows stability
and robustness but only allows for the retrieval of the amplitude profile of the gas line.
The gas is enclosed in a sealed cell (Wavelength References HCN-13-H(16.5)-25-FCAPC)
enabled with fiber connectors. The line centered around 1549.73 nm is selected for the
measurements. According to the database from the National Institute of Standards and
Technology (NIST) [151], the normalized transmittance of this line is 0.5592 (absorption
depth of 2.52 dB). According to the manufacturer, its FWHM is around 2 GHz.

The electrical signal at the output of the photodiode is either measured with an electrical
spectrum analyzer or with a real-time digital sampling oscilloscope. The electrical
spectrum analyzer (Agilent E4446A) features a bandwidth of 44 GHz. This instrument
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shows the power spectral density of the measured signal, with a spectral resolution
determined by the bandwidth of the band-pass filter applied to the input signal. On the
other hand, the real-time oscilloscope (Keysight MSOS804A) shows the time-domain
electrical signal, which can be digitized with a sampling rate up to 20 GSa/s and an
electrical bandwidth of 8 GHz. The trigger for the temporal measurements is obtained
by mixing the signals from the two PPGs by means of an RF mixer to get the frequency
difference. Synchronization of the PPGs and the oscilloscope is ensured through a shared
10-MHz reference, aligning their clocks for precise measurements.

In addition to the main setup shown in Fig. 4.9, a 6.25-GHz resolution optical spectrum
analyzer (Ando AQ6315A) is used to measure the two optical spectra. In the time
domain, the optical pulses corresponding to the two generated combs are measured
with the oscilloscope equipped with a 20-GHz bandwidth optical module described in
Section 4.2. The same oscilloscope is also used to measure the electrical excitation
pulses, employing the electrical module for this purpose. This module enables to
measure electrical signals with a fine resolution, since it features an electrical bandwidth
of 50 GHz. Finally, the driving conditions of the DFB lasers as well as their threshold
currents are summarized in Table 4.1.

Parameter SL1 SL2
Threshold current Ith (mA) 11.35 11.58
Bias current Ibias (mA) 5.7 9.1
Peak-to-peak amplitude of electrical pulses VRF (V) 2.5 1
Width of electrical pulses τpulse (ps) 200 200
Comb repetition rate fR (MHz) 100 100.1
Master laser injection power PML (µW) 70.8 70.8

Table 4.1: Driving conditions of the lasers and modulation parameters employed for the
demonstration of 100-MHz dual-comb spectroscopy with GS laser diodes.

4.3.2 Experimental results
The experimental results are organized in different subsections, which follow the steps
carried out until the absorption profile is obtained. These steps include the generation
of the two optical combs, the beating of the combs on the photodetector leading to
the generation of the RF dual-comb, the post-processing of the data, and finally, the
retrieval of the absorption profile.

Generation of two optical frequency combs

The two OFCs generated by pulsed gain switching of two optically-injected slave lasers
with the parameters described in Table 4.1 yield a dual-comb system with a line spacing
of 100 MHz and repetition rate offset of 100 kHz. These settings configure a compression
factor C= 1000. In both cases the excitation pulses have a nominal duration of 200 ps,
which corresponds to a duty cycle of the modulation signal of 2%.
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The profiles of the electrical pulses measured with the 50-GHz equivalent-time oscilloscope
are shown in Fig. 4.10 (a). The measured FWHM is 190 ps for both pulses, which
includes the contribution of the bandwidth of the oscilloscope to the measured rise and
fall times. The peak-to-peak amplitude of the pulses (2.5 V for SL1 and 1 V for SL2)
corresponds to the maximum output voltage of the two PPGs used: although the two
PPGs are from the same manufacturer and have the same performance in terms of the
synthesizer module, one of them exhibits a higher maximum output power. For these
experiments, electrical amplifiers to boost the excitation pulses have been omitted, as
the bandwidth of the combs does not need to be very broad. Given that the linewidth
of the absorption line is around 2 GHz, the required spectral width to capture both the
absorption line and the baseline is around 30 GHz.
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Figure 4.10: (a) Electrical pulses used to gain switch the two laser diodes: pulses from PPG1
drive SL1 and pulses from PPG2 drive SL2. (b) Optical pulses emitted by the two lasers
(OFC1, OFC2) in response to gain switching. (c) Optical spectra of the two generated GS
combs measured with an optical spectrum analyzer (resolution of 6 GHz). Optical injection
region indicated by an arrow.

The optical pulses from each comb source are depicted in Fig. 4.10 (b). Their FWHM
is 43 ps for OFC1 and 61 ps for OFC2, including the contribution introduced by the
oscilloscope to these time widths. Since the slaves are switched off most of the time,
optical injection plays a fundamental role in the comb generation process. Photons
externally injected by the master laser serve as seeds for the generation of new GS pulses
when the lasers switch on again.

In order to generate the RF dual comb, it is necessary to ensure that the two GS optical
combs overlap. In addition, the overlapping area must cover the absorption region
of interest. This is achieved by individually adjusting the temperature of each laser
after configuring the driving signals. The visualization of this process in the optical
spectrum analyzer allows for the verification of such spectral overlap, which occurs at the
wavelength of interest at specific laser temperatures. Once the two combs are generated,
they are optically injected. The resulting optical spectra of both combs measured
with the optical spectrum analyzer are presented in Fig. 4.10 (c). As indicated in the
figure, optical injection is performed at the blue side of the spectra, at λML=1549.63 nm.
Due to the resolution of the instrument the individual comb lines cannot be resolved.
However, because of the use of injection locking, coherent emission is guaranteed, which
leads to the generation of well-resolved optical lines in the frequency combs. This
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is later evidenced from the generation of the down-converted comb. The measured
envelope allows to verify the flatness of the combs as well as their optical bandwidth. In
consistency with the time domain measurements, the bandwidth of OFC2 (∼35 GHz
within 10 dB) is lower than that of OFC1 (∼50.5 GHz within 10 dB) because of the
lower amplitude of the modulation signal of SL2. The existence region of the RF
dual frequency comb corresponds to the spectral region where the two OFCs overlap.
Therefore, and assuming mutual coherence between both combs, the maximum number
of optical lines (spaced by 100 MHz) that can be employed in the dual-comb system
is around 350 lines, which is more than enough for the spectroscopic measurements
considered here.

Both OFCs are appreciably flat, especially OFC1, which features around 324 teeth
within 3 dB. The generation of flat-topped OFCs is achieved by adjusting the power
injected into the slave lasers and by controlling the point of the GS spectrum where
optical injection is performed. Optical injection is typically performed at one end of
the gain-switching spectrum due to its typical asymmetry. Specifically, it is usually
performed at the edge that shows less power. This procedure can be also monitored
with the optical spectrum analyzer, while the master laser frequency is finely tuned to
guarantee locking and to optimize the flatness of the spectra. It is important to note
that the injection wavelength should not coincide with the absorption wavelength of the
gas. This is because the combs exhibit instabilities at the injection frequency, which
would negatively impact the spectroscopic results.

Generation of down-converted dual-comb spectrum

The interference of the two OFCs shown above on a photodetector results in an inter-
ferogram with a periodicity of δfR. This periodicity in this case corresponds to 10 µs
(inverse of δfR= 100 kHz). The interferogram, which is a time-domain signal, can be
digitized and visualized with the real-time oscilloscope. Fig. 4.11 (a) corresponds to the
interferogram trace resulting from the beating of the two GS combs, digitized with the
oscilloscope at a sampling rate of 400 MSa/s. The modulus of the Fourier transform
applied to this interferogram signal gives rise to a down-converted RF spectrum as the
one shown in Fig. 4.11 (b). This RF comb is the result of frequency averaging two
thousand spectra. Each spectra is retrieved from a temporal trace with a duration of
500 µs, i.e., containing 50 consecutive interferogram bursts. This acquisition settings
yield a total measurement time of 1 s.

The temporal signals are sequentially recorded with the oscilloscope1 and stored in a
personal computer, where they are later post-processed. Furthermore, to filter out the
highest Nyquist zones, the oscilloscope bandwidth is limited to 100 MHz. The prominent
peak at 80 MHz corresponds to the optical injection from the master laser. Since a
frequency shifter of 80 MHz is used, the injection frequency is moved away from 0 Hz to
this frequency.

1In the case of the oscilloscope traces, their acquisition is automatized using a home-built LabVIEW
program. For the acquisition of the traces using the electrical spectrum analyzer, a LabVIEW program
already available in the laboratory is used.
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Figure 4.11: (a) Dual-comb interferograms digitized with a real-time oscilloscope at a
sampling rate of 400 MSa/s. The bursts reproduce the expected periodicity of 10 µs. (b)
Power spectral density of the RF dual frequency comb obtained for an integration time of 1 s.

The resulting down-converted comb exhibits a flat-top spectrum, with approximately
300 lines within 10 dB (excluding the injection peak). A close-up view of this spectrum,
illustrating the line spacing of the RF comb of 100 kHz (compressed from 100 MHz by
a factor of 1000), is provided in the inset of Fig. 4.11 (b).

When the digitization process is performed with the electrical spectrum analyzer, the
time-domain interferograms cannot be visualized. Instead, the power spectral density is
directly provided by the instrument. This instrument, based on heterodyne detection,
calculates the power of the measured signal as it passes through a band-pass filter.
The resolution of the measurement is configured through the resolution bandwidth
parameter, which essentially represents the bandwidth of such band-pass filter. The
resolution bandwidth is therefore one of the most important parameters of spectrum
analyzers. For these measurements, the RF spectrum is obtained by configuring a
sweeping span of 32 MHz, from 55 MHz to 87 MHz. This frequency interval contains the
first Nyquist set of the RF spectrum. In order to ensure that the frequency resolution of
the electrical spectrum analyzer is sufficient to resolve the RF beat notes, the number
of points of each sweep is set to its maximum value (8192 points) and the resolution
bandwidth is configured to 11 kHz. The number of points together with the resolution
bandwidth yield a sweep time of 1 s, which sets the minimum integration time (tint) for
the measurements performed here with this acquisition instrument.
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Fig. 4.12 shows the RF spectrum acquired with the electrical spectrum analyzer for two
different acquisition times. Panel (a) corresponds to an integration or measurement time
of 1 s. When comparing the RF spectrum obtained from the acquisition performed with
the real-time oscilloscope to the one from the electrical spectrum analyzer for the same
measurement time (Figure 4.11 (b) versus Figure 4.12 (a)), it is noticeable that the RF
spectrum obtained from the spectrum analyzer exhibits higher noise. This is due to
the fact that for the same acquisition time of 1 s, no averaging is performed with the
electrical spectrum analyzer. Nonetheless, the noise can be reduced through averaging,
which can be computed by the instrument itself. When 60 averages are performed,
leading to an increase of the integration time to 1 minute, the spectrum displayed in
Fig. 4.12 (b) is obtained. The inset shows a 500-kHz region of this spectrum, comprised
between 60.5 MHz and 61 MHz.
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Figure 4.12: RF dual-comb spectra measured with an electrical spectrum analyzer at two
integration times of (a) 1 s and (b) 60 s. The shortest integration time corresponds to one
sweep of the instrument while the longest integration time corresponds to 60 averaged sweeps.

The down-converted spectra shown above are captured with the optical switches set in
the reference configuration. In this scenario, the optical fields do not traverse the gas
cell. To retrieve the absorption profile of the gas line, the same acquisitions have to be
performed for the fields interrogating the gas. For this purpose, once the reference traces
are acquired, the optical path is changed with the aid of the switches and the resulting
traces are captured. This procedure is performed for both acquisition instruments,
the oscilloscope and the electrical spectrum analyzer. When the light traverses the
sample, the fingerprint of the gas is encoded in the two OFCs (due to the use of a
symmetric setup). The RF spectra obtained from the beating of the two frequency combs
containing the amplitude information of the sample for the two acquisition instruments
are presented in Fig. 4.13.
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The spectra obtained from the modulus of the Fourier transform of the interferogram
traces retrieved from the oscilloscope are shown in Fig. 4.13 (a) for three integration
times: 500 µs (obtained after processing a single interferogram trace of 500 µs), 500 ms
(obtained after averaging 1000 spectra from 1000 interferogram traces of 500 µs), and
1 s (corresponding to 2000 averaged spectra). The spectra measured with the electrical
spectrum analyzer for integration times of 1 s, 10 s, and 60 s are represented in Fig. 4.13
(b). They correspond to 1 frequency sweep, 10 averaged sweeps, and 60 averaged sweeps
performed by the spectrum analyzer, respectively. The region where the gas absorbs can
be clearly seen in the spectra. The maximum of absorption occurs at a down-converted
frequency of ∼67 MHz. In addition, the evolution of the noise floor with averaging is
evidenced in the figure.
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Figure 4.13: (a) Dual-comb gas spectra obtained from post-processing the oscilloscope
interferogram traces. The results at three integration times are presented: 500 µs, 500 ms,
and 1 s. (b) Dual-comb gas spectra measured with the electrical spectrum analyzer. Three
spectra corresponding to three integration times are shown: 1 s, 10 s, and 1 minute.
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Post-processing of dual-comb data

Digital processing of the retrieved data is performed offline using a home-built MATLAB
code. A block diagram detailing the post-processing algorithm is shown in Fig. 4.14.
When an oscilloscope is used as digitization system, the steps followed by the algorithm
are:

1. The N interferogram traces captured in both positions of the optical switches
are loaded in the MATLAB program: N reference (no-sample) traces and N gas
traces.

2. The fast Fourier transform (FFT) of each trace is calculated. Since the information
to be retrieved is on the amplitude of the comb teeth, the modulus of the FFT is
computed.

3. The moduli of the FFTs corresponding to the N reference traces and to the N gas
traces are averaged. The electrical power spectral density of the averaged spectra
is then calculated.

4. A peak detection routine in the span corresponding to the first Nyquist zone is
applied to both averaged spectra, reference and gas, to retrieve the maximum
amplitude of each comb tooth. This procedure is performed using a home-built
peak detection routine, based on frequency windows applied to the spectra. Each
frequency window contains a single comb line. Vectors storing the locations and
amplitudes of comb lines are created from this process.

5. The transmittance is obtained from the ratio of the amplitudes of the comb lines
of the gas and reference spectra.

6. Differences in the envelopes of the reference and gas dual-comb spectra may appear
linked to the absorption process. As a result, the baseline of the transmittance
may deviate from being a flat line. To correct the baseline deviation, it is fitted
to a polynomial. The fitted polynomial is then subtracted from the experimental
data.

7. A Voigt profile is fitted to the final transmittance obtained after the baseline
correction procedure. For this purpose, a home-built fitting routine based on
optimization through a least squares algorithm is applied to the the experimental
data. The output of the fitting algorithm provides a Voigt distribution fitted to
the experimental transmittance and the residuals from the fitting process. The
residuals correspond to differences between pairs of experimental and fitted values.

The algorithm that fits a Voigt distribution to the experimental transmittance is also
detailed in Fig. 4.14. This optimization algorithm is based on the least squares method,
an iterative procedure that minimizes the sum of the squares of the residuals. The
algorithm stops when the change in the sum of the squares relative to its initial value is
less than a user-defined tolerance value, which in this case is set to 10-19. The measured
transmittance and the frequency vector serve as input variables. At the output of the
optimization procedure, a distribution fitted to the experimental data is returned.
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Calculate 𝑁𝑁 FFTs and obtain their moduli

Average𝑁𝑁 spectra

Load 𝑁𝑁 reference and gas traces

𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟 =
∑𝑁𝑁 |𝐹𝐹𝐹𝐹𝐹𝐹 𝑟𝑟𝑟𝑟𝑓𝑓𝑁𝑁 |

𝑁𝑁
𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔 =

∑𝑁𝑁 |𝐹𝐹𝐹𝐹𝐹𝐹 𝑔𝑔𝑔𝑔𝑠𝑠𝑁𝑁 |
𝑁𝑁

Calculate electrical power spectral density
𝑃𝑃𝑃𝑃𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑑𝑑 = 10 log10(𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟2 )
𝑃𝑃𝑃𝑃𝐷𝐷𝑔𝑔𝑔𝑔𝑔𝑔 𝑑𝑑𝑑𝑑𝑑𝑑 = 10 log10(𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔2 )

Find amplitude and location of comb teeth
within 1st Nyquist zone

Obtain transmittance
𝑇𝑇 𝑑𝑑𝑑𝑑 = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔 𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟 (𝑑𝑑𝑑𝑑𝑑𝑑)

Fit Voigt profile to experimental transmittance
and calculate residuals from fit

Baseline correction by polynomial fitting

Input data: frequency vector and T (dB)

Calculate T (l.u.)

Obtain the minimum transmission point 
and shift minimum to 0 Hz

Reduce analyzed span to X GHz
(X/2 GHz at both sides of minimum)

Calculate FWHM of transmittance: Δ𝜈𝜈

Optimization algorithm: find Voigt profile
Method: Least squares algorithm

5 fitting parameters Initial seeds
Gaussian width: Δ𝜈𝜈𝐺𝐺 Δ𝜈𝜈
Lorentzian width: Δ𝜈𝜈𝐿𝐿 Δ𝜈𝜈

Center frequency: 𝜈𝜈0 Frequency of min(T)
Absorption depth: 𝑎𝑎 Absorption depth of T
Vertical offset: 𝑠𝑠 Vertical offset of 

baseline 

Calculate Gaussian and Lorentzian 
distributions using Δ𝜈𝜈𝐺𝐺, Δ𝜈𝜈𝐿𝐿, and 𝜈𝜈0

𝑆𝑆𝐺𝐺(𝜈𝜈) 𝑆𝑆𝐿𝐿(𝜈𝜈)

Obtain Voigt distribution
𝑆𝑆𝑉𝑉 𝜈𝜈 = [𝑆𝑆𝐺𝐺 𝜈𝜈 ∗ SL(𝜈𝜈)]

Normalize 𝑆𝑆𝑉𝑉 𝜈𝜈  and adjust offset and 
depth: 𝑆𝑆𝑉𝑉 𝜈𝜈 = 𝑎𝑎 · 𝑆𝑆𝑉𝑉 𝜈𝜈 + 𝑠𝑠

Error < Tolerance
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False
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Δ𝜈𝜈𝐺𝐺 ,Δ𝜈𝜈𝐿𝐿 , 𝜈𝜈0,𝑎𝑎, and 𝑠𝑠  

New iteration

Voigt fitting algorithm
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Figure 4.14: Developed MATLAB code to post-process dual-comb spectroscopy data.

The optimization algorithm follows the steps described below:

1. The Gaussian and Lorentzian spectral distributions needed to build the Voigt
profile are described in linear units. The experimental transmittance is also
expressed in linear units.

2. The span of the transmission profile is reduced to a narrow region containing the
absorption feature and a portion of the baseline. For an absorption line exhibiting a
linewidth of 2 GHz, a span of 10 GHz around the transmission minimum is usually
considered (5 GHz at both sides of the minimum). In addition, the frequency
vector is shifted to have the minimum centered in 0 Hz. This is performed just for
convenience when presenting the results.
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3. Once the data are conditioned, the optimization routine starts. The algorithm
is programmed with five fitting parameters. Each fitting parameter needs an
initial value (seed) to perform the first iteration of the optimization problem. For
this reason, first of all, the initial seeds are calculated. Two fitting parameters
correspond to the spectral widths of the Gaussian and Lorentzian distributions.
As seed, the FWHM of the experimental curve is used in both cases. The center
frequency of the spectral distribution is the third fitting parameter. Its seed
corresponds to the minimum of transmission, which occurs at 0 Hz. The fourth
fitting parameter is the absorption depth, which is used to scale the normalized
fitted profile. As initial value, the depth of the experimental line is calculated as the
difference between the average value of the baseline points and the transmittance
minimum. Finally, the fifth fitting parameter is a vertical offset, which may be
considered in case the experimental baseline of the transmission in linear units is
slightly deviated from the unity.

4. The first iteration of the least squares algorithm runs with the seed values. The
optimization consists in calculating the Voigt profile as the linear convolution
of a Gaussian and a Lorentzian profile. The result from the convolution is then
normalized, scaled, and displaced considering the offset. At each step of the
algorithm, values of the fitting parameters γ that minimize the following sum are
searched:

S =
n∑

i=1
[yi − f(xi, γ)]2, (4.1)

where n is the number of points of the measured transmittance, xi and yi correspond
to the x and y values of the experimental transmittance, and f is the model function,
which in our case is a Voigt distribution. The program iterates until the stopping
condition described above is reached.

Finally, when utilizing the electrical spectrum analyzer for capturing the spectra, the
initial steps involving the calculation of reference and molecular spectra associated with
each interferogram trace are omitted. Additionally, since averaging is also conducted by
the acquisition apparatus, the first step conducted is the peak detection routine. The
subsequent steps follow the same previously detailed process.

Absorption spectroscopy results

The profile of the molecular transition of the interrogated cell containing 13H14CN
that occurs at 1549.73 nm is retrieved for different integration times and using the two
mentioned acquisition instruments. The acquisition performed with the oscilloscope
enables fast measurements with good SNR, while the spectrum analyzer requires longer
times to achieve the same SNR.

In Fig. 4.15 the transmission profiles of the analyzed line obtained from the electrical
spectrum analyzer measurements are presented for three integration times of (a) 1 s
(1 average), (b) 10 s (10 averages), and (c) 60 s (60 averages). A frequency span of
10 GHz around the absorption peak is shown. The experimental points are plotted with

109



CHAPTER 4. HIGH-RESOLUTION DUAL-COMB SPECTROSCOPY WITH GAIN-SWITCHED COMBS

blue circles, while the fitted Voigt profile is represented by a red line. The residuals
of the fitting can be observed in the bottom part of each subfigure. For the longest
measurement time (panel (c)), the absorption depth and the linewidth provided by the
fit are T= 0.56 and FWHM= 2.3 GHz, respectively. These values are in good agreement
with the transmission data provided by the NIST (T= 0.5592) [151] and the linewidth
specification given by the gas cell manufacturer (∼2 GHz). For this case (tint= 60 s)
the standard deviation of the residuals, σres, calculated in the 10-GHz span is 0.0078.
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Figure 4.15: Transmission profile of a single HCN absorption line (1549.73 nm) retrieved by
dual-comb spectroscopy using an electrical spectrum analyzer as digitizer. Three integration
times are represented: (a) 1 s, (b) 10 s, (c) 60 s. A Voigt profile (red line) is fitted to the
experimental points (blue dots).
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Figure 4.16: Transmission profile of the HCN line at 1549.73 nm retrieved from dual-comb
spectroscopy measurements and using a real-time oscilloscope to digitize the interferograms.
Three integration times are presented: (a) 500 µs, (b) 500 ms, and (c) 1 s.

On the other hand, the oscilloscope allows for faster measurements, from 500 µs up to
1 s in our case. By means of the oscilloscope, single shots of 500 µs of duration are
sequentially recorded. Each shot contains 200000 samples (sampled at 400 MSa/s),
which make up the 50 interferogram bursts contained in each measurement. Therefore,
to achieve an integration time of 1 s, 2000 temporal traces of 500 µs are averaged in
the frequency domain. The resulting transmittances obtained for three integration
times are shown in Fig. 4.16: (a) 500 µs, (b) 500 ms, and (c) 1 s. The corresponding
value at the minimum transmission point and the FWHM for tint= 1 s are T= 0.54,
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FWHM= 2.2 GHz. The residuals, shown in the bottom part of each individual plot, do
not show systematic deviations. The standard deviation of the residuals for the last
integration time is σres= 0.0031.

Finally, the performance of the dual-comb system in terms of signal-to-noise ratio is
analyzed by means of a figure of merit defined by the product of the SNR and the
number of comb lines, M. In an OFC with M comb lines, the SNR per spectral line
scales with 1/M [111]. In addition, when averaging is performed, the SNR scales with
the square root of the averaging factor or, equivalently, with the square root of the
integration or measurement time,

√
tint. Therefore, the basic scaling law (without

performing a detailed analysis of the predominant noise sources in the system) of the
SNR in an OFC when averaging is performed is SNR ≈

√
tint/M. For this reason, the

figure of merit SNR × M at an integration time of 1 s is commonly used as an indicator
of the noise performance of dual-comb systems. The mutual coherence of the system is
also derived from this expression, since the SNR improves with

√
tint provided that the

mutual coherence of the two OFCs is maintained during the integration time.

In this case, the SNR is calculated as the inverse of the standard deviation of the
residuals (1/σres) in a 10-GHz window centered around the transmission minimum.
The calculation is performed following this reasoning since the standard deviation of
the residuals provides an equivalent measurement of the noise, which decreases with
averaging. If the SNR is computed by dividing the amplitude of a tooth by the average
noise between two teeth, a similar value to 1/σres is obtained. Considering the number
of lines in a 10-dB bandwidth, M= 350, the figure of merit for an integration time of
1 s takes values of 1.1·105 and 6.3·103 for the oscilloscope and the electrical spectrum
analyzer measurements, respectively.
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Figure 4.17: Signal-to-noise ratio in M comb lines (SNR × M) versus integration time
obtained when the acquisition is performed by an oscilloscope and by an electrical spectrum
analyzer.

The evolution of SNR × M with the integration time is shown in Fig. 4.17 for the two
employed acquisition methods. As the expected behavior of SNR × M is to scale with√

tint, a logarithmic graph is chosen for the representation of these data so that a linear
progression of SNR × M with tint can be observed. In the case of the oscilloscope,
SNR × M exhibits the expected behavior up to 100 ms. Then, the slope decreases
showing a trend towards saturation at 1 s. This saturation is attributed to systematic
errors in the fitting and the baseline correction process. In the case of the electrical
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spectrum analyzer, the quality factor improves also according to
√

tint from 1 s up to
80 s. This improvement of the SNR up to 80 s indicates a very good degree of stability
and coherence of the setup. Finally, the lower value of SNR × M obtained for the
spectrum analyzer is related to the operation principle of this instrument, which discards
a significant portion of the input power during the process by measuring the spectrum
with an equivalent tunable band-pass filter.

4.4 Towards low-cost gain-switched dual-comb
spectrometers

OFC generators using laser diodes offer various advantages if compared to other light
sources, one of them being their cost-efficiency. In the quest for low-cost field-deployable
dual-comb spectroscopy systems, the use of these sources as well as their integration
seems a rather natural choice. In this regard, GS OFCs constitute good candidates.

The optimization of the cost of the optical part must be accompanied by the improvement
of the cost of the electronics. On the transmission side, dual-comb spectrometers should
be based on inexpensive electronics for generating the different required signals without
compromising the robustness, resolution, and accuracy of the system. If the system
described in the previous section for the implementation of molecular spectroscopy
measurements is considered, cost reduction on the transmission end involves replacing
the pulse pattern generators by a more affordable alternative. In this direction, the
viability of using step-recovery diodes for the generation of the trains of pulses used to
gain switch the lasers was demonstrated [152]. These devices, often known as electrical
comb generators, produce electrical pulses when they are driven by a sinusoidal signal.
The periodicity of the pulses is dictated by the frequency of the sinusoidal wave and their
FWHM is usually in the range of hundreds of picoseconds. The sinusoidal signals required
for driving these electrical comb sources can be generated with low-cost instruments
such as direct digital synthesizers, as it has been recently reported by our research group
[121].

To complete the picture, an improvement in terms of cost in the receiver side is
also required. It is in this regard where the use of SDRs as digitization devices
comes into the scene. These devices, with prices as low as $20, are good candidates
for substituting sophisticated digitizers. Following the successful implementation of
absorption spectroscopy with the proposed 100-MHz gain-switched dual-comb system,
this section demonstrates dual-comb spectroscopy measurements in which the 20 GSa/s
real-time oscilloscope is replaced by an SDR board [147].

4.4.1 The software-defined radio as digitizer
Software-defined radios are radio transceivers in which certain traditional analog com-
ponents used for RF signal manipulation, such as filters, mixers, modulators, and
demodulators, are replaced by digital processing in an embedded system. This helps to
mitigate undesirable effects such as thermal noise or voltage drifts.
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Figure 4.18: Illustration of a
generic SDR transceiver.

The block diagram of a generic SDR transceiver is de-
picted in Fig. 4.18. In their simplest form, they consist
of two antennas for receiving and transmitting RF sig-
nals, analog to digital and digital to analog converters
(ADCs and DACs, respectively) and a digital signal
processing unit usually based on a field programmable
gate array (FPGA) or a microcontroller. The first
SDRs emerged in the mid-1990s. Initially, due to lim-
itations in the sampling capabilities of ADCs at that
time, RF signals underwent down-conversion steps in

the analog domain before digitization. As ADC sampling capabilities improved, ADCs
have been progressively moved closer to the antennas, nowadays allowing for the direct
digitization of the received RF signals. Then, down-conversion to baseband and other
required steps are now performed digitally.

The maturity and versatility of SDR systems have progressively increased while costs have
concurrently decreased, making them appealing tools for the transmission, acquisition,
and processing of RF signals. These flexible platforms have proven to be very useful as
transmitters and receivers in various applications, such as nuclear magnetic resonance
spectroscopy [153], [154]. Since SDRs are often built on open-source platforms, they have
also proven beneficial as key elements of optoelectronic systems, where the functionality
of the system can be defined by accessing the software platform of the device. In this
regard, they have been used for the development of an optical interferometer to measure
photoacoustic signals induced in a dye solution [155]. Additionally, in the context of
optical frequency combs, SDRs have been employed for the stabilization of the repetition
rate and the offset frequency of femtosecond combs [156], serving as integral components
within phase-locked loops.

In the work developed in this thesis, an SDR platform is used, for the first time as far
as we are concerned, in a dual-comb system [147]. The SDR is included in the receiver
end of the system, for the acquisition and digitization of dual-comb interferograms
produced at the output of the photodetector. For this purpose, the SDR is tuned
within the spectral region corresponding to the first Nyquist zone. The SDR selected
for the dual-comb spectrometer is one of the most affordable options in the market.
Specifically, an RTL-SDR is utilized [157], which possesses only receiving capabilities
and integrates a USB connector for transferring output data to a personal computer.
These receivers were originally developed for digital video broadcasting (DVB) signals;
however, the amateur radio operators community found out that these devices were
capable of receiving any signal within their tuning operation range. This was possible
by operating the radio in a ’test mode’, bypassing the digital television decoding stage.
This enabled RTL-SDRs to be used as generic programmable radios, with a tuning
range that usually spans from 25 MHz to 1.75 GHz. Within this tuning range, they
can receive signals from different bands such as GPS band (global positioning system,
1.5 GHz), FM radio (199 MHz), or mobile communications bands such as 4G and 5G
frequency ranges.
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The name RTL-SDR derives from the fact that these receivers, originally intended to be
use as DVB decoders which now function as generic SDR receivers, are built upon the
Realtek RTL2832U DVB demodulator. The RTL-SDR used can receive signals within
the tuning range mentioned above and generates 8-bit in-phase and quadrature (IQ)
data samples at its output. The output data can be sampled at a maximum rate of 3.2
MSa/s, which limits the bandwidth of the detected signal to a maximum of 3.2 MHz
(note that this is a complex signal). It is based on two devices, a digital television tuner
(Rafael Micro R820T) that down-converts the received RF signal to an intermediate
frequency (IF), and the Realtek demodulator that digitizes and demodulates the signal
by means of an IQ demodulator. The processes that undergoes the signal received
through the antenna until the output IQ data is generated are depicted in Fig. 4.19 (a).

RF signal

BPF LPF LPF ADC

Decimator

Output

IQ data
LO

Decimator

Analog Digital

RF IF

K

LPF

LPF

Rafael Micro R820T Tuner RTL2832U demodulator

Software configurable parameters

Tuner center frequency

Tuner gain

Sampling rate of output data (after decimation)

(a)

(b) (c)

13.5 x 7 cm

Figure 4.19: (a) Block diagram of the RTL-SDR used as low-cost digitizer in the proposed
dual-comb system, adapted from [158]. BPF: band-pass filter, LPF: low-pass filter, LO: local
oscillator. (b) RTL-SDR USB dongle used for the realization of the experiments. (c) SDR
operation parameters that can be configured and modified via software.

First, the RF signal centered at a specific frequency within the allowed bandwidth is
band-pass filtered to select a portion of the spectrum and down-converted to an IF
of fIF = 3.57 MHz with a voltage-controlled oscillator. The frequency of the voltage-
controlled oscillator, fLO, is set such that the resultant frequency after mixing the RF
signal with the local oscillator is centered around fIF , i.e., fLO = fRF − fIF . Then, the
IF signal is low-pass filtered to only allow for the replica centered around 3.57 MHz.
Amplification stages are added before filtering and the gain of such amplifiers (K) can
be modified through software. The IF signal is sent to the RTL2832U, where the rest
of processing is performed. The IF signal is digitized by the ADC with a sampling
frequency of 28.8 MSa/s. The sampled signal is sent to an IQ demodulator, which
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down-converts the signal from IF to baseband and produces IQ data samples. The
resulting signal is then decimated to reduce the sampling rate, and low-pass filtered.
The decimation factor can be defined by the user so that the output data has a sampling
rate up to 3.2 MSa/s.

An image of the RTL-SDR device is shown in Fig. 4.19 (b). The RF signal is received
by an RF port enabled with an SMA connector. Communication between the SDR
platform and the computer is performed using MATLAB and Simulink. A Simulink
hardware support package including an interface with the RTL-SDR receiver is used.
This interface enables the configuration of specific parameters, which are indicated in
Fig. 4.19 (c).

4.4.2 Experimental setup
The objective of the experiments developed in this section is to replicate the dual-comb
absorption spectroscopy results achieved using a real-time oscilloscope for digitization,
now utilizing an RTL-SDR platform. For this purpose, the optical part of the exper-
imental setup is identical to that presented in the previous section. Regarding the
electrical part of the setup, in addition to the real-time oscilloscope, the RTL-SDR is
included as acquisition system. It is controlled through a personal computer running
MATLAB and Simulink. The real-time oscilloscope is synchronized to the 10-MHz
common reference of the two electrical pulse generators, while the RTL-SDR is not
synchronized to any instrument. In addition, since the maximum RF voltage delivered by
each pulse generator is different (being 2.5 V for PPG1 and 1 V for PPG2), a wideband
amplifier (Minicircuits ZVA-183W-S+) is included at the output of the second PPG in
order to achieve similar driving conditions in both lasers and hence comparable OFCs.
Despite being very similar to the setup already presented in Fig. 4.9, the employed setup
is shown in Fig. 4.20 for the convenience of the reader.

Two commercial high-speed-modulation single-mode lasers are employed as slave lasers;
a discrete-mode laser (Eblana EP1550-0-DM-H19-FM) as SL1, and a DFB laser (Gooch
& Housego AA0701 series) as SL2. The central wavelength of both lasers is around
1550 nm. Despite being different lasers, both show similar CW operation. Regarding the
threshold current of each laser, their values are Ith1= 10.1 mA and Ith2= 11.35 mA for
SL1 and SL2, respectively. The discrete-mode laser is modulated by the superposition of
a DC current Ibias1 and a pulsed signal with a peak-to-peak amplitude of 2.5 V, which
is delivered by one of the PPGs. The DFB laser acting as SL2 is modulated by the
combination of Ibias2 and the train of electrical pulses delivered by the second PPG. The
maximum output voltage of this device is amplified so that the AC signal modulating
SL2 shows a peak-to-peak amplitude of 3.1 V. The bias currents of the two lasers are
optimized in relation to their threshold currents and the peak-to-peak voltages of the
pulsed signals. The duration of the electrical pulses is configured to a value of 200 ps
in both pulsed signals. The two gain-switching frequencies are fR1= 100 MHz and
fR2= 100.01 MHz, which results in a repetition rate difference of δfR= 10 kHz and a
compression factor of C= 104. A higher compression factor with respect to the one used
for the experiments presented in the previous section is chosen in order to compress the

115



CHAPTER 4. HIGH-RESOLUTION DUAL-COMB SPECTROSCOPY WITH GAIN-SWITCHED COMBS

ML
RT-OSC

Matlab-Simulink

RTL-SDR

Electrical

Optical

PPG
RF

Amp

fR2  Ibias2 SL2

PPG

fR1  Ibias1 

SL1

PC

PC
AOM

PC

GC

EDFA

PD

10 MHz ref

T
rig

ge
r

R
F

 m
ix

er

50:50 50:50

Figure 4.20: Dual-comb experimental setup utilized for the realization of gas absorption
spectroscopy, employing both a high-end and an inexpensive digitizer. PPG: pulse pattern
generator, SL: slave laser, ML: master laser, PC: polarization controller, AOM: acousto-optic
modulator, GC: gas cell, EDFA: Erbium-doped fiber amplifier, PD: photodetector, RT-OSC:
real-time oscilloscope.

optical spectrum within the bandwidth of the SDR, whose maximum value is 3.2 MHz.
Finally, the emission wavelength of the master laser (Pure Photonics PPCL300) is set to
1549.57 nm, about 20 GHz away from the gas absorption line to avoid some instabilities
observed close to the injection frequency. The driving conditions of the lasers and other
devices included in the setup are summarized in Table 4.2.

Description Symbol Value
Master laser wavelength λML 1549.57 nm
Master laser power PML -11.5 dBm
SL1 DC bias current Ibias1 5.1 mA
SL1 AC peak-to-peak voltage VRF 1 2.5 V
SL1 AC pulse repetition rate fR1 100 MHz
SL2 DC bias current Ibias2 1.4 mA
SL2 AC peak-to-peak voltage VRF 2 3.1 V
SL2 AC pulse repetition rate fR1 100.01 MHz
Width of electrical pulses τpulse 200 ps
Acousto-optic modulator frequency fshift 80 MHz

Table 4.2: Driving conditions of the lasers and other employed optical elements for the
implementation of a cost-efficient dual-comb spectrometer.
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4.4.3 Experimental results

The measurement of the two individual GS OFCs used to realize dual-comb spectroscopy
is first presented. Then, the down-converted spectra resulting from mapping the optical
spectrum into the electrical domain are shown. The offline analysis of the retrieved
spectra allows to finally retrieve the transmittance of the gas line selected for the
measurements.

Generation of two optical frequency combs

The selected driving and modulation parameters for the two optically injected slave
lasers result in the two GS combs shown in Fig. 4.21 (a) and (b). These spectra, which
are normalized to the injection power, are measured using a high-resolution optical
spectrum analyzer. As fR1 and fR2 are greater than the resolution frequency of this
instrument (10 MHz), the individual spectral lines composing each OFC can be resolved,
as shown in Fig. 4.21 (c). This zoomed plot focuses on the region where absorption
will be produced and measured. A flatness better than 2 dB is obtained along the gas
absorption region.
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Figure 4.21: Optical spectra of the two slightly detuned GS OFCs generated by (a) a
discrete-mode laser and (b) a DFB laser, measured with a 10-MHz optical spectrum analyzer
(BOSA). (c) Zoomed view of the two superimposed optical spectra.

The comb generated by gain switching the discrete-mode laser shows a 10-dB bandwidth
of ∼65 GHz and a CNR of ∼23 dB, calculated within ∆f10dB. The comb generated by
the DFB laser features a slightly higher ∆f10dB of 70 GHz and a CNR of ∼24 dB. The
optical 10-dB bandwidth resulting from the overlap of the two spectra is then limited to
the lower bandwidth, i.e., 65 GHz. Within this bandwidth, there are 650 optical lines
evenly spaced by 100 MHz in the case of OFC1 and 100.01 MHz in the case of OFC2.
For the two individual comb spectra to overlap, the central frequency of both lasers is
finely tuned using temperature controllers. After finding stable temperature conditions
of both slave lasers ensuring their spectral overlap, the master laser wavelength is
selected to guarantee locking and to obtain a flat comb region at the gas absorption
frequencies.
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Generation of down-converted dual-comb spectrum

The interferograms generated after the interference of both OFCs recorded with the real-
time oscilloscope and the radio device are depicted in Fig. 4.22 (a) and (b), respectively.
Regarding the acquisition with the oscilloscope, it is performed at a sampling rate of
200 MSa/s, and the analog bandwidth of the oscilloscope is limited to 100 MHz to filter
the frequencies that are outside the bandwidth of interest. Five hundred single shots
of 2 ms are recorded sequentially, each of them containing 20 interferograms having a
periodicity of 100 µs (inverse of δfR). The low amplitude of the interferogram signal is
caused by a bad response of the photodetector used, whose degraded performance was
detected after the realization of the experiments. Nonetheless, the experiments could be
carried out with such a weak signal without a clear degradation of the results.

(a) (b)

Figure 4.22: (a) Time domain interferogram trace digitized with the oscilloscope. (b)
Magnitude of the IQ data samples acquired with the SDR representing the modulus of the
complex interferogram traces.

On the other hand, the digitization with the SDR is configured to be performed at a
much lower sampling rate of 2 MSa/s. The working principle of SDR platforms is very
appropriate for these measurements, as they shift the center frequency of the signal
with a tunable local oscillator before digitizing, allowing the use of lower sampling rates
than those that would be required for directly sampling the signal. These sampling
rates are further reduced after the decimation operation. The local oscillator frequency
is configured through the software interface to a value of 82 MHz, which is where the
maximum absorption occurs. Then, the spectrum centered around the absorption
peak is digitized with a bandwidth of 2 MHz (limited by the employed sampling rate).
Considering the compression factor, the electrical bandwidth of 2 MHz corresponds to
an optical bandwidth of 20 GHz. With the linewidth of the measured line being around
2 GHz, the optical bandwidth of 20 GHz is wide enough to retrieve both the line profile
and a portion of the baseline. The configuration of the SDR yields temporal traces of
10 ms, each of them comprising 100 interferograms. Since the SDR demodulates the
input signal into IQ data, a complex signal is obtained from the digitization process. The
normalized magnitude of the IQ data, with the bursts showing the expected periodicity,
can be seen in Fig. 4.22 (b). The visible differences between the interferograms displayed
in Fig. 4.22 are a consequence of the signal processing performed by the SDR, which
results in a complex interferogram signal. Despite operating with this complex signal to
obtain the dual-comb spectrum, only the magnitude of the signal is illustrated.
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The RF spectra are obtained from the Fourier transform of the entire interferogram traces.
This means that neither the traces acquired with the oscilloscope nor those acquired
with the SDR are truncated before calculating the Fourier transform. Consequently, the
minimum integration time of the system corresponds to the duration of the recorded
traces, which is 2 ms for the oscilloscope and 10 ms for the SDR. Fig. 4.23 shows the
obtained RF spectra at different integration times: 100 ms, 500 ms, and 1 s. For each
integration time, the reference spectrum is plotted together with its corresponding
measurement spectrum. The depicted spectra are the result of frequency averaging
individual spectra, each individual spectra corresponding to integration times of 2 ms
(when considering the oscilloscope signals) or 10 ms (for the SDR traces). The top
graphs (Fig. 4.23 (a), (b) and (c)), showing the reference spectra in yellow and the gas
spectra in blue, correspond to the dual-comb spectra obtained from the oscilloscope
traces. The RF spectra depicted in the bottom part of the figure, with the gas-free
spectra in red and the measurement spectra in green, are obtained from the SDR data.
For the integration time of 1 s, five hundred oscilloscope spectra and one hundred SDR
spectra are averaged in the frequency domain.
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Figure 4.23: Down-converted dual-comb spectra obtained after calculating the fast Fourier
transform of the interferogram traces acquired with the oscilloscope (top) and the SDR
(bottom). Frequency averaging is performed, resulting in averaging times of 100 ms, 500 ms,
and 1 s.

The spectra recorded with the SDR present a spurious tone, which in addition exhibits
a higher power than the comb tones. A closer look to the recorded spectra, provided in
Fig. 4.24, allows to identify the frequency of such undesired tone: 81.625 MHz.
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The spurious tone does not overlap with any comb teeth. Therefore, it will be filtered
in the post-processing peak detection routine and its presence will not affect the results.
In terms of the SNR of the acquired signals, by observing Fig. 4.24 it is evident that
the SDR signal exhibits higher power and a slightly better SNR. This difference is
attributed to the two amplification stages in the radio platform. Consequently, the
signal power received by the radio can be increased depending on the gain of these
amplifiers, which can be adjusted using the Simulink user interface. In this case, the
gain of both amplifiers is set to a value of 20 dB, ensuring good conditioning of the
detected signal. Saturation is observed when the gain is increased to 40 dB.
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Figure 4.24: Dual-comb spectra obtained with (a) the SDR platform and (b) the oscilloscope
showing a reduced span of 90 kHz.

Finally, regarding the frequency resolution of the measurements, the acquisition of
2-ms-length traces at 200 MSa/s performed with the oscilloscope corresponds to a
frequency step in the transformed domain of 500 Hz, resulting in 20 spectral points
between two down-converted dual-comb teeth. For the SDR acquisition, a frequency
step as low as 100 Hz is obtained. In both cases, the frequency step, which can be
interpreted as the resolution bandwidth of the retrieved spectra, fully guarantees the
proper characterization of the individual dual-comb spectral lines.

Absorption spectroscopy results: performance comparative of low-cost and
high-end digitizers

The absorption line of the HCN gas cell centered around 1549.73 nm is chosen again for
these experiments. The same fiber-coupled gas cell containing 13H14CN with a pressure
of 25 Torr and an absorption path length of 16.5 cm, already presented in the previous
section, is used. The line profile is extracted following the post-processing procedure
detailed in Section 4.3.2. The transmission profiles retrieved for integration times of
100 ms, 500 ms and 1 s are presented in Fig. 4.25. They are the result of normalizing
the previously shown frequency-averaged measurement spectra with their corresponding
reference counterparts. The profiles shown in the top half of the figure are obtained after
post-processing the oscilloscope interferograms. The profiles included in the bottom
part of the figure are obtained from post-processing the SDR IQ traces. Each panel
includes the experimental profile (represented with dots), a Voigt profile fitted to the
measured profile (represented with solid lines), and the residuals from the fitting process
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(indicated by black dots). The analyzed and fitted span corresponds to a bandwidth of
15 GHz around the minimum of transmission, which is centered in 0 Hz for convenience.
A clear reduction of the noise and the uncertainty in the measurement is produced
as a consequence of the averaging process. This noise reduction is translated in the
progressively decreasing standard deviation of the residuals, σres.
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Figure 4.25: Transmission profile of the HCN absorption line centered at 1549.73 nm retrieved
from post-processing the data samples digitized with a real-time oscilloscope (top panel) and
a RTL-SDR device (bottom panel) at three integration times.

The minimum transmission value and the width of the absorption line, both extracted
from the fitted data, along with the standard deviation of the residuals obtained with
the two employed digitizers for tint= 100 ms, tint= 500 ms, and tint= 1 s are indicated
in Table 4.3.

tint= 100 ms tint= 500 ms tint= 1 s
Tosc 0.548 0.538 0.545
TSDR 0.513 0.544 0.536
FWHMosc 2.1 GHz 2.2 GHz 2.1 GHz
FWHMSDR 2.2 GHz 2.2 GHz 2.2 GHz
σres osc 0.027 0.012 0.011
σres SDR 0.034 0.015 0.016

Table 4.3: Parameters extracted from the characterization of the 1549.73 nm absorption line
of HCN obtained for three different integration times and using both a real-time oscilloscope
and an SDR platform as digitization instruments.
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For the longest integration time of 1 second, the transmission obtained with the oscillo-
scope is 0.545 (absorption depth of 2.62 dB), with a standard deviation of the residuals
of 0.011. This value, considering the mentioned σres, is in good agreement with the value
reported by the NIST for this line (T= 0.5592). On the other hand, the transmission
obtained with the SDR for this integration time is 0.536, having a greater deviation of
0.016 %, but also very close to the expected value.

Finally, the attainable signal-to-noise ratio of the described dual-comb spectrometer is
analyzed. For this purpose, the evolution of the figure of merit defined by the product
of the SNR and the number of comb lines with the integration time is studied. As
it was performed in the previous section, the SNR is calculated as the inverse of σres.
The number of lines considered for the calculations is M= 200. Although the down-
converted dual-comb spectrum exhibits a higher number of lines, only the tones within
the detection bandwidth of the software defined radio are considered.

Considering the basic scaling law of the SNR with integration time or the number of
averages, an increase of the figure of merit with the square root of the integration time
is expected (SNR × M ≈

√
tint). The evolution of this figure of merit with averaging is

illustrated in Fig. 4.26. The dashed lines represent the theoretical trend in each case.
For the oscilloscope, a linear increase of the SNR is observed up to a measurement
time of 500 ms. After this point, the function shows a saturation trend. Similarly, the
measurements performed with the radio show a linear behavior up to 500 ms. However,
a slightly lower performance in terms of SNR is achieved in this case.
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Figure 4.26: Evolution of the signal-to-noise ratio of the system with integration time,
evaluated for the two digitization systems: oscilloscope (blue traces) and SDR (red traces).

At an integration time of 1 s, and considering 200 comb lines, the values of the figure of
merit for the oscilloscope and the SDR are 1.7·104 and 1.2·104, respectively. Considering
the 10-dB bandwidth of the down-converted comb, which is around 6.35 MHz, the
number of lines increases to 635. In this case, the new values of SNR × M are 5.4·104

and 3.8·104. The achieved SNR per comb line at 1 s is 85 for the oscilloscope and 60 for
the SDR. Both indicators demonstrate a good degree of mutual coherence at 1 s.
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4.4.4 Analysis of symmetric and asymmetric configurations
In addition to the implementation of a symmetric dual-comb arrangement, the accuracy
of the results obtained when employing an asymmetric dual-comb architecture is explored.
For this purpose, different asymmetric configurations are analyzed:

1. An asymmetric configuration with the gas cell measured in transmission.

2. An asymmetric setup with the gas cell configured in reflection. In this case, different
attenuation factors are introduced in order to emulate an open-air approach.

The experimental setup built for this purpose is presented in Fig. 4.27. The driving con-
ditions of the lasers are those indicated in Table 4.2. Since an asymmetric configuration
is used, one of the combs (designated OFC1) interrogates the gas cell. This comb is
sampled by a local oscillator comb (denoted OFC2). When a transmission configuration
is used, the device under test is the fiber-coupled gas cell. On the other hand, for the
gas cell to be measured in reflection configuration, an optical circulator is used. The
sample is connected to port 2 of the circulator. The optical field at this port, which
can be attenuated by a variable attenuation factor, passes through the sample and is
reflected back to the circulator by a fiber retroreflector. When a reflection configuration
is used, the optical field scans the sample twice. Therefore, this factor of two must
be taken into account when obtaining the transmission profile. Finally, the electrical
interferogram traces are digitized only with the real-time oscilloscope.
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Figure 4.27: Dual-comb spectroscopy setup implemented in asymmetric configuration, in
which only OFC1 interrogates the device under test (DUT). The DUT, which is a gas cell,
is measured either (1) in transmission or (2) in reflection configuration. The acronyms have
been defined in Fig. 4.20.

The transmission profiles obtained from each scenario, for an integration time of 1 second,
are shown in Fig. 4.28. The minimum transmittance values obtained from the fitted
profile when the gas cell is measured in (a) transmission and (b) reflection configurations
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are T= 0.53 and T= 0.55, respectively. These values are in good agreement with
the NIST value. The transmission profiles obtained when the gas cell is measured in
reflection configuration with attenuation factors of (c) 6 dB and (d) 10 dB show minimum
transmittances of T= 0.52 and T= 0.51, respectively. These values exhibit a larger
deviation from the NIST value for this absorption line (T= 0.5592) of approximately
6% and 9%, respectively. Nevertheless, the fit shows systematic errors in the region
around the absorption maximum in both cases. If the transmission minimum provided
by the experimental data is considered instead of that given by the fitted profile, the
minimum transmission values, which are T= 0.55 and T= 0.54, respectively, show a
better agreement with the value reported by NIST.

-5 0 5
0.4

0.6

0.8

1

1.2

T
ra

n
s
m

is
s
io

n
 (

l.
u

.)

Experimental
Fit

-5 0 5
Frequency (GHz)

-0.1
0

0.1

R
e

s
.

Transmission configuration

-5 0 5
0.4

0.6

0.8

1

1.2

T
ra

n
s
m

is
s
io

n
 (

l.
u

.)
Experimental
Fit

-5 0 5
Frequency (GHz)

-0.1
0

0.1

R
e

s
.

Reflection configuration

-5 0 5
0.4

0.6

0.8

1

1.2

T
ra

n
s
m

is
s
io

n
 (

l.
u

.)

Experimental
Fit

-5 0 5
Frequency (GHz)

-0.1
0

0.1

R
e

s
.

-5 0 5
0.4

0.6

0.8

1

1.2

T
ra

n
s
m

is
s
io

n
 (

l.
u

.)

Experimental
Fit

-5 0 5
Frequency (GHz)

-0.1
0

0.1

R
e

s
.

Reflection configuration 6 dB att. Reflection configuration 16 dB att.

(a) (b)

(c) (d)

Figure 4.28: Absorption line of HCN cell measured using a dual-comb setup in asymmetric
configuration with the gas cell configured in (a) transmission, (b) reflection, (c) reflection with
a 6 dB of attenuation, and (d) reflection configuration with an attenuation factor of 16 dB.

Finally, the SNR analysis in terms of the standard deviation of the residuals is performed.
The SNR values obtained for different integration times are compared to those obtained
with the dual-comb setup in symmetric configuration. The results of this analysis,
considering M= 200 comb lines to maintain consistency with the values obtained in the
previous section, are shown in Fig. 4.29. It can be observed that the system performance
improves for longer integration times up to saturation at 500 ms.
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Figure 4.29: SNR performance achieved for different averaging values and different dual-comb
architectures evaluated in terms of the product SNR × M versus integration time. The number
of comb lines considered for the study is M= 200.

The symmetric configuration provides the highest signal-to-noise ratio, achieving a
SNR × M at 1 s of 1.7·104. A similar performance is obtained from the asymmetric-
reflection configuration, which reaches a value of SNR × M at 1 s of 1.2·104. In the
symmetric configuration both OFCs interrogate the sample, and in the asymmetric
reflective arrangement a single comb interrogates the sample twice. In both cases a
deeper absorption feature is encoded in the combs if compared to a single interrogation
of the gas cell, which leads to the determination of the gas profile with a better noise
performance. The asymmetric-transmission and asymmetric-reflection configurations
with the probe OFC being attenuated result in lower SNR values. Nonetheless, the
transmission profile has been successfully retrieved under all the shown conditions, and
higher attenuation factors could be accommodated by the system.

4.5 Conclusions
In this chapter, the realization of absorption spectroscopy measurements using a dual-
comb architecture based on two GS OFCs featuring a fine spectral resolution of 100 MHz
has been demonstrated. This spectral resolution has been achieved through the use of
pulsed gain-switching signals. In addition, the cost-efficiency of these systems has been
improved by means of the use of affordable digitization devices in the receiver side of
the spectrometer.

The significance of these results lies in the improved resolution of dual-comb spectroscopy
measurements compared to existing demonstrations using GS laser diodes modulated
with sinusoidal signals. The use of sinusoidal signals to modulate the lasers limits
the generation of low-repetition-rate OFCs with good spectral characteristics for the
realization of spectroscopy. By sinusoidally modulating the lasers, the achievable combs
are limited to the frequency range of the relaxation oscillations of the employed lasers,
which is in the order of a few GHz. These repetition frequencies, however, are usually
high for the resolution requirements of most spectroscopic measurements. The dual-comb
system presented here, in which the sinusoidal modulation signals are replaced by trains
of short electrical pulses, constitutes a solution to this limitation since it opens the
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possibility of implementing dual-comb spectroscopy with GS laser diodes at repetition
rates below 1 GHz. The system is capable of generating a flat-topped RF dual-comb,
with a tunable bandwidth up to 100 GHz. The dual-comb system introduced in this
chapter enables the acquisition of spectroscopy measurements requiring fine resolutions
and permits the measurement of narrow absorption lines with widths of a few GHz
keeping advantages such compactness, robustness, easy and simple implementation, low
cost, and suitability for photonic integration.

• Characterization of 100-MHz gain-switched combs

In the first section of this chapter, an experimental characterization of GS combs with
pulsed modulation and a comb repetition rate of 100 MHz has been performed. The
increase in the width of the generated combs when increasing the amplitude of the
pulsed signal has been demonstrated under fixed detuning and pulse width conditions,
and with an optimized DC current for each AC voltage value. This behavior is identical
to that reported for high-frequency modulation using sinusoidal signals. The increase
of the spectral width with the modulation amplitude is attributed to the increasing
dynamic chirp as a result of the abrupt modulation of the laser. In the analyzed driving
conditions, a good performance in terms of carrier-to-noise ratio has been demonstrated.
The evolution of the spectral width with the variation of the detuning between the
emission frequency of the master laser and the slave laser has been experimentally
studied, showing the increase of the 10-dB bandwidth with the detuning. In conditions
of low detuning, the better locking conditions allowed for the reduction of the noise
and the chirp, which resulted in OFCs exhibiting higher values of carrier-to-noise ratio
and lower spectral widths. This experimental demonstration serves as a useful guide for
selecting the driving conditions best suited to achieve the desired comb characteristics
for the selected application.

• Gas spectroscopy of hydrogen cyanide

In this section, a dual-comb system that combines pulsed gain switching and optical
injection to perform spectroscopy measurements with a spectral resolution of 100 MHz
has been experimentally demonstrated. The system is capable of producing two mutually-
coherent combs with 350 spectral lines within 10 dB, covering an optical bandwidth of
35 GHz. The compression factor of the system has been set to 103, so RF bandwidths
of only tens of megahertz are involved. The efficient frequency down-conversion into the
RF domain permitted to measure the optical bandwidth with a slow-speed digitizer, as
is inherent in dual-comb systems.

The system has been tested through the realization of absorption spectroscopy measure-
ments of a single spectral line of hydrogen cyanide. The consistency of the measurements
has been verified by using two different acquisition instruments: an oscilloscope, which
allowed to retrieve the time-domain interferogram signals, and an electrical spectrum
analyzer, which allowed for slower measurements and permitted to directly obtain the
power spectral density of the temporal interference signals. The retrieved transmission
lines, at different integration times and using the two digitizers, showed good agreement
with the values reported in the literature. The narrow linewidth of the measured line,
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which is around 2 GHz, verified the capability of performing fine resolution measurements
with our system. In addition, the SNR performance of the system has been analyzed.
For an integration time of 1 second and using the oscilloscope, the figure of merit defined
by the product SNR×M, where M is the number of lines used to detect the absorption
feature, reached a value of 1.1·105. This value is comparable to SNR values reported for
other dual-comb systems (2·104 in [148] using two mutually-coherent electro-optic OFCs,
2·105 in [159] using two acousto-optic OFCs). The measured SNR showed the expected
evolution with the averaging time up to hundreds of milliseconds for the oscilloscope
and up to tens of seconds in the case of the electrical spectrum analyzer, with a trend
towards saturation for longer measurement times. This saturation trend is attributed
to systematic errors in post-processing. The good degree of mutual coherence of the
system has been achieved without employing stabilization controls nor post-correction
algorithms. The mutual coherence time could be extended by improving the stabilization
of the system or by using a master laser exhibiting a lower linewidth.

• Towards low-cost gain-switched dual-comb spectrometers

In the final section of this chapter, a solution to reduce the cost of dual-comb spectrom-
eters has been proposed. This solution involves using a software-defined radio receiver
for the digitization of the interferogram traces. The use of these radio platforms is
demonstrated for the first time in this thesis for dual-comb spectroscopy measurements.
A dual-comb setup involving gain-switched combs with a spectral resolution of 100 MHz
has been employed to measure a hydrogen cyanide absorption line. The transmission
results obtained using both a real-time oscilloscope and the SDR receiver as digitizers
demonstrate the feasibility of using radio platforms for these types of measurements.

One of the most basic radio receivers in the market (whose cost is around $20) with
a maximum bandwidth of 3.2 MHz has been used. Despite the low bandwidth of the
receiver, dual-comb down-conversion process together with the use of a high compression
factor of 104 allowed for the compression of the absorption information comprised in an
optical bandwidth of 20 GHz into an electrical span of 2 MHz. The reported results
represent a significant advancement in the search for cost-efficient dual-comb systems.
The combination of inexpensive comb sources such as laser diodes, and the utilization
of affordable electronics at both the transmitting (through the use of step recovery
diodes and digital synthesizers) and receiving ends (by means of software defined radios)
contribute to the development of dual-comb gas sensing systems based on affordable
technology, without compromising the reliability and validity of the measurements.
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Chapter 5

Improving the resolution of
gain-switched dual-comb
spectrometers

This chapter is devoted to the experimental generation of gain-switched optical frequency
combs with ultra-low line spacings of a few megahertz or less. Reducing the repetition
rate of the comb sources in a dual-comb absorption spectroscopy system affects its
spectral resolution, resulting in a sensing system capable of measuring narrower features.
In other dual-comb systems, such as those dedicated to measuring distances, a reduced
repetition rate increases the maximum measurable distance without ambiguity. Therefore,
the generation of low-repetition-rate gain-switched combs expands the application range
of gain-switched dual-comb architectures.

Firstly, a technique for decreasing the repetition rate based on pulsed gain switching is
proposed. By means of using trains of pulses with low repetition rates, gain-switched
combs with line spacings down to 2.5 MHz are experimentally demonstrated. However,
this approach compromises the average optical power of the resulting combs. A balance
between low repetition rate and average optical power is achieved with the densification
of the two gain-switched combs using two external phase modulators. Following this
approach, a dual-comb spectrometer capable of retrieving a spectral feature of about
360 MHz is demonstrated.
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5.1 Introduction

The generation of high-quality GS OFCs with repetition rates on the order of a hundred
MHz was enabled by the use of pulsed electrical signals to switch the lasers. This brought
the possibility of using GS laser diodes as comb sources for dual-comb spectroscopy
applications where spectral lines with linewidths of a few GHz needed to be resolved.
These combs, which exhibit flat and sufficiently broad spectra to measure a single spectral
feature, were proved highly beneficial for dual-comb spectroscopy in the previous chapter.

One of the main advantages of gain-switched dual-comb systems, besides their semicon-
ductor nature, is their ability to easily change the repetition rate of the two involved
combs and hence the spectral resolution of the spectrometer. Gain-switched dual-comb
spectrometers represent versatile systems that permit the resolution of the spectroscopic
system to be adapted to the spectral resolution requirements of the interrogated sample.
This tunability can be achieved within the tuning range of the repetition rate of GS
combs, which typically spans from tens of GHz to a hundred MHz. Achieving lower
repetition rates, in the order of a few megahertz or below, would enable gain-switched
dual-comb systems to access high-resolution applications.

In this chapter, several strategies for decreasing the repetition rate of GS combs, or
in other words, for increasing the spectral resolution of dual-comb arrangements, are
explored and discussed. The first explored technique represents the most straightforward
approach for generating low-repetition-rate GS OFCs. It relies on decreasing the
frequency of the train of pulses used to modulate the laser diode acting as the slave
laser. This method, based on the intensity modulation of the laser, results in frequency
combs with low average optical power due to the reduction of the duty cycle of the
optical signal as the repetition rate decreases. To address this, strategies involving gain
switching the laser diodes with pulsed excitation signals comprising more than one pulse
per period –i.e., multi-pulse approaches –have also been explored in the course of this
thesis. While these approaches can alleviate the low average power issue, they result in
combs with poor spectral flatness and require further investigation. These multi-pulsed
strategies are included in an appendix to this chapter (please, refer to Appendix A).

A balance between average optical power and good spectral characteristics can be
achieved through densification techniques. The densification of an OFC allows to reduce
the comb line spacing, as additional spectral lines to those already existing in the comb
are generated. The use of electro-optic phase modulators (EOPMs) for this purpose
enables the creation of new spectral lines without power loss. Since the phase of the
optical pulses is modulated rather than their intensity, the optical power of the non-
densified OFC is redistributed among the new generated components. This strategy
was first introduced for electro-optic combs [160]. In their work, N. B. Hébert et al.
densified an electro-optic frequency comb using an EOPM driven by a PRBS. The
original electro-optic comb repetition rate of 100 MHz was reduced down to 787 kHz.
They beat the densified comb with a non-densified electro-optic OFC to perform dual-
comb spectroscopy measurements in quasi-integer ratio mode, a technique that enhances
the acquisition speed at the expense of a greater post-processing complexity.
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The densification of a gain-switched OFC was first demonstrated by P. Lakshmijayasimha
and coauthors [51]. The authors reported the densification of a GS comb featuring
a repetition rate of 6.25 GHz by means of external phase modulation. The EOPM
was driven by a sinusoidal signal with a frequency corresponding to a sub-harmonic
of the comb repetition rate. This strategy resulted in the densification of the GS
comb by a factor of 16, i.e., the repetition rate of the non-densified comb was lowered
down to 390 MHz. However, the use of sinusoidal signals to drive the EOPM limited
the densification factor, as well as the spectral flatness of the densified comb. These
limitations arise from the evolution of the amplitudes of the comb lines created by phase
modulation with an EOPM, which follow the Bessel functions of the first kind. On the
other hand, the use of a pseudorandom binary sequence instead of a sinusoidal signal
to modulate the EOPM allows to obtain a highly densified gain-switched combs while
preserving their spectral flatness, as was recently demonstrated by A. Rosado et al. [161].
In their work they densified a single GS OFC, which originally featured a line spacing
of 1 GHz, down to a comb spacing of 488 kHz. With a densification factor as high as
2044, they experimentally obtained a comb exhibiting 180000 spectral lines within an
optical bandwidth at 10 dB of 90 GHz. In addition, the authors carried out a numerical
analysis to study the dependence of the spectral flatness of the densified comb with
the amplitude of the binary sequence used to drive the phase modulator, and showed
that the optimum value (the value in which the flatness reaches the highest value) is
obtained when this amplitude is very close to the half-wave voltage of the modulator.

The second section of this chapter is devoted to the implementation of a dual-comb
spectrometer based on two densified GS OFCs. The validity of the system is demon-
strated by the successful retrieval of the reflection profile of a Fabry-Pérot filter, which
features a nominal transition profile of 363.2 MHz. In addition to the experimental
realizations, a description of the fundamentals of the phase modulation of optical pulses
by a pseudorandom binary sequence is included, providing intuitive insights into the
spectral characteristics of the densified combs. These results, included in the third
publication of this thesis [162], open up the possibility of using GS dual-comb systems
for high-resolution applications with a simple, cost-effective, and integrable perspective.
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CHAPTER 5. IMPROVING THE RESOLUTION OF GAIN-SWITCHED DUAL-COMB SPECTROMETERS

5.2 Gain-switched combs with repetition rates below
100 MHz

This section discusses the extension of the repetition rate of GS combs down to a few
MHz, which is achieved by decreasing the frequency of the pulsed electrical excitation
signal. The generation of OFCs with a line spacing as low as 2.5 MHz is demonstrated.
However, gain switching the laser diode using trains of pulses with low duty cycles results
in combs with low average optical power and significant power differences between the
optical injection tone and the surrounding comb tones. As a complementary approach,
the search for more power-efficient methods based on the use of multi-pulsed electrical
sequences to generate GS combs is explored in Appendix A.

Two comb spectral characterization techniques are carried out in this section: a technique
based on the direct measurement of the comb spectrum using an optical spectrum
analyzer, and a self-heterodyne approach, which enables for the indirect measurement
of the optical spectrum through the electrical spectrum.

5.2.1 Experimental setup
The experimental setup used for the generation and characterization of low-repetition-
rate combs obtained by pulsed gain switching of laser diodes is illustrated in Fig. 5.1. The
comb generation side is identical to that presented in the previous chapter. It is based
on the classical master-slave configuration, with the slave laser being gain-switched by a
train of short electrical pulses at a chosen repetition rate. Different pulsed gain-switching
signals are explored, all of them provided by a 12.5 Gb/s pulse pattern generator (PPG).

PPG Bias-T

fR  Ibias

ML

SL

EDFA

HR-OSA

T1 ºC

RF Amp

PC

PC

ESA

AOM EDFA

PD

50:50 50:50

Figure 5.1: Experimental setup used for the generation and measurement of low-repetition-
rate GS OFCs under pulsed electrical excitation based on heterodyne detection. PPG: pulse
pattern generator, RF Amp: RF amplifier, SL: slave laser, ML: master laser, PC: polarization
controller, EDFA: erbium-doped fiber amplifier, ESA: electrical spectrum analyzer, HR-OSA:
high-resolution optical spectrum analyzer.
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5.2. GAIN-SWITCHED COMBS WITH REPETITION RATES BELOW 100 MHZ

The optical spectra of the generated combs are measured using a high-resolution
optical spectrum analyzer (Aragon Photonics BOSA 400 C+L). However, for combs
with a repetition rate below the resolution of this analyzer (10 MHz), an alternative
measurement technique is required. To measure OFCs with repetition rates equal to
or less than 10 MHz, a heterodyne setup is employed. This heterodyne setup relies on
detecting the beating of the optically-injected comb with a frequency-shifted version
of the injected field. At the output of the photodetector, the electrical spectrum
corresponding to the down-converted optical spectrum is obtained. The power spectral
density of the electrical spectrum is measured using an electrical spectrum analyzer. The
frequency shifter, which provides a shift of fshift= 80 MHz, ensures the measurement of
the RF spectrum without overlapped beat notes. In contrast, if a frequency shift were
not employed, the common frequency of the two signals traversing the two interferometer
branches, namely the frequency of the optical injection, would be located in the RF
spectrum at 0 Hz. Consequently, the tones with an optical frequency below the injection
frequency would correspond to down-converted "negative" frequencies, which in the
spectrum analyzer measurement would be reflected to "positive" frequencies. This folding
process would result in the overlapping of spectral lines. The use of a frequency shifter,
together with a convenient choice of repetition rate, avoids these issues.

The slave laser is a discrete-mode laser (Eblana EP1550-0-DM-H19-FM) with a central
wavelength around 1550 nm, specifically enabled for high-speed modulation. The master
laser is a tunable laser with a tunability range across the C-band (Pure Photonics
PPCL300). To measure the combs, two EDFAs are used, each one placed at the input
of a measurement instrument (high-resolution optical spectrum analyzer and electrical
spectrum analyzer). These amplifiers compensate for the average power reduction
experienced by the combs when their line spacing is decreased. For the detector, a
wide-bandwidth photodetector (New Focus 1014) with a bandwidth of 44 GHz is selected
for the measurements.
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Figure 5.2: GS OFC retrieved from
BOSA (blue) and self-heterodyne
(red) measurements.

A 100-MHz GS OFC measured through the two
described characterization techniques, using a
high-resolution optical spectrum analyzer and self-
heterodyne detection, is shown in Fig. 5.2. The
figure demonstrates that the heterodyne measure-
ment is capable of reproducing the BOSA measure-
ment up to a detected bandwidth of approximately
20 GHz. Although the bandwidth of the detector
is 44 GHz, it exhibits linearity issues above 20 GHz
attributed to a lack of calibration of the detec-
tor. Consequently, the heterodyne measurements
presented in this section will be retrieved from a
reduced span of 10 GHz. This span is sufficiently
broad to analyze the presence of resolved tones in
the generated combs.
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CHAPTER 5. IMPROVING THE RESOLUTION OF GAIN-SWITCHED DUAL-COMB SPECTROMETERS

5.2.2 Experimental results
For the generation of GS combs with different repetition rates, two conditions are fixed:
the ML wavelength, which is set to 1549.73 nm, and the width of the electrical pulses,
set to 200 ps. The temperature of the slave laser is optimized in each case to inject the
comb in the blue side of its frequency spectrum and ensure locking.

An OFC with a line spacing of 100 MHz serves as the initial configuration. The optical
spectrum, measured using a high-resolution optical spectrum analyzer, is displayed
in Fig. 5.3 (a). The frequency corresponding to the injection is shifted to 0 Hz for
representation and analysis purposes. This comb is generated by driving the laser diode
with a current formed by the superposition of a bias current of Ibias= 1 mA and a train of
pulses showing a peak-to-peak amplitude of VRF = 8 V. The ML power is Pinj= 0.1 mW
(-10 dBm). The employed gain-switching parameters enable the generation of a broad
frequency comb with a 10-dB bandwidth of ∆f10dB= 120.6 GHz (1206 optical lines).
The comb exhibits a good CNR of 24.5 dB. The zoomed view of the figure reveals
a relatively weak locking regime. Under these conditions, injection locking could be
improved by either decreasing the detuning between the master and slave lasers or by
increasing the injection power. Fig. 5.3 (b) and (c) show the optical spectra obtained
when the gain-switching frequency is reduced to 50 MHz and 25 MHz, respectively.
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Figure 5.3: OFC spectra obtained by pulsed gain switching of an optically injected laser
diode at different repetition rates of (a) 100 MHz, (b) 50 MHz and (c) 25 MHz. The optical
spectra are measured with a 10-MHz-resolution optical spectrum analyzer (BOSA). The panels
on the lower row provide a closer view of a spectral region spanning 1 GHz.
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5.2. GAIN-SWITCHED COMBS WITH REPETITION RATES BELOW 100 MHZ

The amplitude of the electrical pulses is not changed, in order to obtain combs with
broad spectral widths. Since VRF is fixed, and so is the duration of the electrical pulses,
the bias current needs to be optimized for each repetition rate. A lower repetition rate
of the pulse train corresponds to a longer period of the gain-switching signal. During
this period, the laser is powered by the superposition of two currents (DC and AC)
throughout the pulse duration, and only by the bias current for the remainder of the
period. Consequently, as the signal period increases, more current accumulates along the
period. To achieve laser driving conditions that enable the emission of an optical pulse
without exciting the second peak of the laser relaxation oscillations, and considering
a fixed amplitude and duration of the electrical pulses, the bias current needs to be
progressively decreased with the repetition frequency. The GS combs with fR= 50 MHz
and fR= 25 MHz are obtained by configuring the bias current to Ibias= 0.5 mA and
Ibias= 0.2 mA, respectively. For a repetition rate of 25 MHz, the comb tones cannot be
resolved with the high-resolution optical spectrum analyzer, since only two sampling
points are used to measure each comb line.

Below 25 MHz, the presence of resolved tones cannot be determined by measuring
the optical spectrum with the BOSA. Therefore, the characterization of such combs
is carried out based on the results obtained from the self-heterodyne approach. A GS
OFC showing a repetition rate of 10 MHz measured using the optical spectrum analyzer
is included in Fig. 5.4 (a). The driving conditions to obtain this comb are Ibias= 0 mA,
VRF = 8 V, and τpulse= 200 ps. The ML power is increased to Pinj= 0.5 mW (-3 dBm).
The results obtained from the self-heterodyne detection scheme are shown in Fig. 5.4
(b). This graph depicts a span of 500 MHz of the electrical spectrum, measured with
the electrical spectrum analyzer. In order to avoid overlapping of the harmonics, the
repetition rate of the comb is slightly modified to 11 MHz, ensuring that there is not a
significant change in the spectrum compared to that obtained for fR= 10 MHz.

A total bandwidth of 5 GHz is measured with the electrical spectrum analyzer in
sequential steps of 50 MHz. Each portion of the spectrum of 50 MHz is measured using
the maximum number of points enabled by the instrument (8192 samples) and using
a resolution bandwidth of 5 kHz. These settings allow to retrieve the comb lines with
sufficient resolution. The measured electrical spectrum contains both direct detection
and beating terms, since balanced photodetection is not used. A detail of a portion
of the electrical spectrum, from 60 MHz to 100 MHz, is shown in panel (c). The
comb tone corresponding to the injection wavelength appears at fshift= 80 MHz. The
direct detection lines are located at multiples of the repetition rate, which in the figure
correspond to frequencies of 66 MHz, 77 MHz, 88 MHz, and 99 MHz. The beat notes
are located at frequencies fbeat = |fshift ± nfR|, where the absolute value accounts for
the folding of negative frequency components to positive ones. The beat notes that
arise from optical frequencies above the injection frequency correspond to the tones
indicated as "positive" beats, centered in 69 MHz, 80 MHz, and 91 MHz. The tones with
frequencies of 63 MHz, 74 MHz, 85 MHz, and 96 MHz correspond to folded beat notes
(fshift − nfR, with n being 13, 14, 15, and 16, respectively). The electrical spectrum
demonstrates the generation of coherent comb lines with good CNR.
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Figure 5.4: (a) Optical spectrum of a GS comb obtained with fR= 10 MHz measured with
the BOSA. (b) Electrical spectrum of the same OFC (fR modified to 11 MHz), retrieved from
self-heterodyne measurements. Unbalanced photodetection is used; therefore, the electrical
spectrum includes the contributions from both direct detection and beat terms. (c) Detail of a
40-MHz region around fshift specifying the origin of the detected tones.

The reconstruction of the electrical spectrum based on the reorganization of the detected
beat notes is shown in Fig. 5.5. This reconstruction is performed using a home-built
MATLAB code, which sweeps the retrieved electrical spectrum and locates and stores
the power and frequency values of the beat notes located at both sides of the injection
frequency. Panel (a) illustrates the measured 5-GHz span which, after the reconstruction
process, consists in a total bandwidth of 10 GHz around the injection frequency. The
injection frequency is translated to 0 Hz for convenience. A detailed view of a 400-MHz
span is also shown, revealing an additional modulation with a frequency of 55 MHz.
This modulation is attributed to the selected acquisition parameters. The reconstructed
bandwidth is superimposed to the optical spectrum measured with the BOSA (see panel
(b)), showing good agreement between both measurements. The two power spectral
densities are normalized for comparison purposes.

Finally, the optical spectra acquired from the BOSA measurements and the reconstructed
spectra corresponding to GS combs generated at repetition rates of fR= 5 MHz and
fR= 2.5 MHz are shown in Fig. 5.6 (a) and (b), respectively. For both frequencies, the
bias current is set to the minimum one, i.e. 0 mA, and the ML power is set to 0.5 mW.
The comb at 2.5 MHz constitutes the GS OFC with the lowest reported repetition rate.
It features a bandwidth at 10 dB of 102 GHz, corresponding to 41000 comb lines evenly
spaced fR. The duty cycle of the emitted optical signal is very low (around 0.01%,
considering optical pulses with a FWHM of 40 ps). As a consequence, the average
optical power is also low and so is the power per comb line, which is obtained by dividing
the average power among the 41000 comb lines.
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Figure 5.5: (a) Optical spectrum reconstructed from the self-heterodyne measurements
and (b) comparison of the BOSA measurement and the reconstructed spectrum. The results
corresponds to a gain-switching frequency of 11 MHz.
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Figure 5.6: Optical spectra measured with the BOSA (blue plots) and reconstructed spectra
from the electrical measurements (black) obtained for two repetition rates of (a) 5 MHz and
(b) 2.5 MHz.

The obtained combs, especially those operating at frequencies below 50 MHz, reveal
the power compromise inherent in using pulsed excitation signals with low duty cycles.
Along with the low average power of the combs, a large power difference between the
injection line and the rest of the spectral tones is observed.

The combs presented include an amplification stage, and the current of the EDFA is
conveniently configured in each scenario to obtain an average optical power of 1 mW
at its output. This ensures the generation of comb spectra with comb line powers
above the noise level of the measurement instrument, making them useful for dual-comb
interferometry applications. However, as a consequence of amplification, the peak power
can saturate the detectors used, imposing certain limitations when deploying such
dual-comb systems. If optical amplification were used but the optical injection were
filtered out, the limit would be set by the peak power of the amplified optical pulses.
Considering this, the power limitations of these combs lead to the search for alternative
methods capable of producing GS frequency combs with low line spacings and adequate
average power levels.
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5.3 Densification of gain-switched combs
In the quest for GS combs with a line spacing in the few MHz or sub-MHz range that
exhibit neither degradation of average optical power nor of the spectral flatness, the
technique of comb densification comes into play. This technique, recently demonstrated
for the generation of GS OFCs with repetition rates as low as 488 kHz [161], is validated
here to perform high-resolution dual-comb spectroscopy using two densified gain-switched
combs.

High densification of GS OFCs is achieved by means of the external phase modulation
of the combs, using maximum length sequences (MLSs) as the driving signals for the
phase modulators. In addition, the use of these sequences allows for the optimization of
the spectral flatness of the resulting combs, as discussed in the subsequent section.

5.3.1 Fundamentals of comb densification
The external phase modulation of an OFC results in the generation of new spectral
components in the comb spectrum. This technique is referred to as densification, since
a denser OFC featuring a higher number of spectral lines is obtained after this process.
Moreover, it is a lossless method (except for the insertion losses introduced by each phase
modulator), and the optical power of the non-densified comb is redistributed among
the total number of lines obtained after densification. In this section, an analytical and
numerical description of the densification of a comb is presented. The densification is
performed by means of the phase modulation of an OFC using an MLS to drive the
EOPM. These sequences, are a type of PRBS and have unique properties in terms of
their autocorrelation and their spectral flatness. The power spectral density of the
resulting spectrum reveals why the use of this type of sequence allows to obtain highly
densified and flat combs.

The optical field of an OFC that is externally modulated by means of an EOPM driven
by an MLS of order M and length L (L=2M -1) can be written as

Edens(t) =
N−1∑
n=0

Anej(2πνnt+ϕn)ejϕP RBS(t) =

=
N−1∑
n=0

Anej(2πνnt+ϕn)
L−1∑
m=0

ejbmβu(t−mTb), bm = [0, 1][m(moduloL)],
(5.1)

where An, νn, and ϕn represent the amplitude, frequency, and phase of a comb line
with index n, respectively, N is a positive integer representing the number of comb
lines, and ϕP RBS(t) is the pseudorandom phase imparted in each optical pulse. The
pseudorandom signal is described as a sequence of L bits with bit time Tb. Each bit is
defined by a rectangular function u(t) with duration Tb shifted to the corresponding
positions. The periodic character of the MLS is defined by the modulo operator. In
addition, the amplitude of each bit of the sequence is configured by the coefficients bm
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and by β, which determines the phase shift provided to the optical pulses. This phase
shift is controlled through the voltage applied to the phase modulator, VEOP M , as

β = π
VEOP M

Vπ

, (5.2)

where Vπ is the half-wave voltage of the modulator. If the bit rate of the MLS matches
the repetition rate of the non-densified OFC (1/Tb = fR), some comb pulses (dictated
by the binary sequence) will experience a phase shift of β rad (when bm = 1), while the
phase of some other comb pulses will remain unchanged (when bm = 0). As a result, L
new spectral lines are generated between each original comb teeth, i.e., a densified comb
with repetition rate fdens = fR/L is obtained. In the experiments, β ∼ π rad, which
optimizes the flatness of the densified comb [161].

The phase modulation of the comb pulses with discrete values 0 and π radians can be
expressed as an amplitude modulation with values 1 and -1, respectively. Then, Eq. (5.1)
can be written as

Edens(t) =
N−1∑
n=0

Anej(2πνnt+ϕn)
L−1∑
m=0

amu(t − mTb), am = [1, −1][m(moduloL)], (5.3)

am being amplitude coefficients.

The power spectral density of Edens(t) can be calculated as the Fourier transform of its
autocorrelation function, as stated by the Wiener–Khinchin theorem. Considering a
single comb line at ν0 frequency, the continuous autocorrelation of the densified comb
described in Eq. (5.3) is

RDD(τ)|N=1 =
∫

T
Edens(t + τ)E∗

dens(t)dt =

=
∫

T
A0e

j(2πν0(t+τ)+ϕ0)
L−1∑
m=0

amu(t + τ − mTb)A0′e−j(2πν0′ t+ϕ0′ )
L−1∑
m′=0

a∗
m′u(t − m′Tb)dt =

= A2
0e

j2πν0τ
∫

T

L−1∑
m=0

amu(t + τ − mTb)
L−1∑
m′=0

a∗
m′u(t − m′Tb)dt =

= A2
0e

j2πν0τ ∧ (τ/Tb), am = am′ = [1, −1][m(moduloL)],
(5.4)

where ∗ denotes the complex conjugate, and T = LTb is the period of the signal.
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The result of the autocorrelation integral of the two MLSs [163], ∧(τ/Tb), is the triangular
function defined as

∧(τ/Tb) =
1 − |τ |/Tb |τ | < Tb

−1/L else
, (5.5)

which is also periodic with period T = LTb. This autocorrelation function is illustrated in
Fig. 5.7, which shows an MLS of length L, time of bit Tb and period T , with amplitudes
between -1 and 1, and its autocorrelation in panels (a) and (b), respectively.
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Figure 5.7: (a) Illustration of an MLS of order of length L, bit time Tb, and period T = LTb,
and (b) its autocorrelation function.

The power spectral density of the densified comb is calculated as the Fourier transform
of RDD(τ). Using the Fourier transform properties, the expression obtained for the
power spectral density is

Sdens(f)|N=1 =
A︷ ︸︸ ︷

A2
0δ(f − ν0) ∗Tb

(
sin(2πfTb) − sin(πfLTb)

πfLTb︸ ︷︷ ︸
B

+ sinc2(πfTb)︸ ︷︷ ︸
C

)
1

LTb

∞∑
k=−∞

δ

(
f − k

LTb

)
︸ ︷︷ ︸

D

,

(5.6)

∗ being the convolution operator and δ(f) the Dirac delta function. The power spectral
density corresponds to a squared sinc centered at the comb line frequency, sampled at
1/(LTb), and with the nulls occurring at multiples of fR. In Eq. (5.6) four components
have been indicated by capital letters. The first component (A) accounts for the shift
of the sinc shaped spectrum to the comb frequencies (ν0 in this case). The second
term (B) emerges from the phase modulation of the optical pulses with values 0 and
π, and determines the suppression of the optical carrier, which is enhanced for longer
sequence lengths. The third term (C) corresponds to an intensity modulation. The
fourth term (D) accounts for the sampling, and comes from the periodic character of
the autocorrelation signal.
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Fig. 5.8 (a) illustrates the result of the analytical power spectral density of Eq. (5.6)
obtained for N=1 comb line, L= 127 bits, ν0= 0, and Tb = 1/fR= 2 ns. The result is a
spectrum with a line spacing of fdens=fR/L= 3.937 MHz.
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Figure 5.8: (a) Analytical and (b) numerical power spectral density corresponding to the
phase modulation of an optical carrier centered at 0 Hz. The optical pulses are modulated by
an MLS of length 127 bits. (c) Zoomed view with analytical (orange) and numerical (black)
results superimposed.

The analytical power spectral density is compared to the power spectral density obtained
from a numerical simulation, shown in Fig. 5.8 (b). In the numerical simulation, the
optical field of a single comb line is phase modulated by an MLS of the described
characteristics. Then, the autocorrelation of the densified comb field is computed, and
the power spectral density of the autocorrelation is finally calculated. A comparison of
the two spectral densities is provided in panel (c), showing good agreement of the two
results.

The extension for N lines of the autocorrelation of the densified field can be written as

RDD(τ) =
∫

T

N−1∑
l=0

N−1∑
p=0

AlApej(2π(νl−νp)t+2πνlτ+ϕl−ϕp)

L−1∑
m=0

amu(t + τ − mTb)
L−1∑
m′=0

a∗
m′u(t − m′Tb)dt =

=
N−1∑
l=0

A2
l e

j2πνlτ ∧ (τ/Tb) +
∫

T

N−1∑
l=0

∀l ̸=p

N−1∑
p=0
∀p ̸=l

AlApej(2π(νl−νp)t+2πνlτ+ϕl−ϕp)

L−1∑
m=0

amu(t + τ − mTb)
L−1∑
m′=0

a∗
m′u(t − m′Tb)dt, am = am′ = [1, −1][m(moduloL)],

(5.7)

where ∗ denotes the complex conjugate. The first addend (∑N−1
l=0 A2

l e
j2πνlτ ∧ (τ/Tb))

corresponds to trivial terms representing the product of the amplitude of each comb
line and the autocorrelation function of the PRBS. In frequency domain, this conforms
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CHAPTER 5. IMPROVING THE RESOLUTION OF GAIN-SWITCHED DUAL-COMB SPECTROMETERS

a superposition of sampled sinc2 spectra, each spectrum being centered at a comb
line. The second addend includes not trivial cross-terms that must be considered to
solve the autocorrelation integral, as these terms depend on t. Due to the presence of
these cross-terms, the extension for N lines is performed numerically. The numerical
simulation is based on the field expression of a densified comb, where the amplitude
of each comb line is the unity and the phase of each comb tooth is considered to be
constant. As before, a comb with a repetition rate of fR = 500 MHz is densified by a
factor of 127 using an MLS of order 7. In this simulation, a total of N = 5 comb teeth
are configured.

The superposition of five individual power spectral densities corresponding to five optical
carriers phase-modulated by the aforementioned binary sequence is illustrated in Fig. 5.9
(a). The spectra correspond to carrier frequencies of ν = [0, 0.5, 1, 1.5, 2] GHz. These
individual power spectral densities are obtained from the numerical approach, although
they could have been calculated analytically. By observing the superposition of the
squared sinc functions centered on the optical carriers, one can easily understand why
the phase modulation of a comb using an MLS results in a flat spectrum: the maximum
of each sinc2 spectrum coincides with the nulls of the other spectra, thereby creating
a flat spectrum. Furthermore, the flatness is enhanced as the number of comb lines
increases.

Next, the superposition of five spectral densities is compared to the power spectral
density that arises from a densified comb with N = 5 comb lines, depicted in Fig. 5.9
(b). This figure illustrates that the power spectrum does not correspond to the sum of
the individual spectra shown in panel (a). The cross-terms resulting from the beating
of each comb line with all the other lines contribute to the amplitudes of the spectral
tones.
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Figure 5.9: (a) Superposition of 5 spectra corresponding to the phase modulation of 5
optical carriers by means of the PRBS described in the text. (b) Power spectral density of a
phase-modulated OFC with 5 comb lines, obtained numerically. (c) Closer view of (b).

Fig. 5.9 (c) constitutes a closer view of panel (b), showing the expected carrier suppression
at the locations of the non-densified comb teeth (i.e, at multiples of fR= 500 MHz).
The carrier is not totally suppressed due to the fact that the length of the MLS is an
odd number, and therefore the number of 0s and 1s differs in one bit.
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Figure 5.10: OFC spectrum ob-
tained by densification using an
MLS (black) and a randomly PRBS
(orange).

Finally, it is also noteworthy that the use of an MLS
for the pseudorandom phase modulation of the op-
tical pulses is essential for optimizing the spectral
flatness of the generated OFC. The enhanced spec-
tral flatness of these types of pseudorandom binary
sequences is a consequence of their distribution of 0s
and 1s, which ensures a uniform energy distribution
across the frequencies that comprise the spectrum.
Fig. 5.10 illustrates the densified comb spectrum ob-
tained when the densification is performed using both
an MLS and a randomly generated PRBS that does
not meet the properties of MLSs.

5.3.2 Experimental setup
The experimental setup developed for the realization of dual-comb spectroscopy mea-
surements using two densified GS OFCs is shown in Fig. 5.11. The part of the setup
dedicated to the generation of the two densified GS combs is identified with a gray
rectangle. The part where dual-comb spectroscopy is conducted is marked with a yellow,
dashed block.
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Figure 5.11: Setup dedicated to perform dual-comb spectroscopy with ultra-high resolution
capabilities, based on two densified GS OFCs. The device used to test the capabilities of the
system is a Fabry-Pérot filter (FPF). AWG: arbitrary waveform generator, PPG: pulse pattern
generator, SL: slave laser, ML: master laser, PC: polarization controller, EOPM: electro-optic
phase modulator, AOM: acousto-optic modulator, EDFA: erbium-doped fiber amplifier, BPF:
band-pass filter, BPD: balanced photodetector, RT-OSC: real-time oscilloscope.
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Regarding the generation of the two detuned OFCs, the same procedure used in the dual-
comb experiments discussed so far is followed. This procedure relies on gain switching
two commercial laser diodes (Eblana EP1550-0-DM-H19-FM), which are externally
seeded by the same master laser. The optical fibers of the devices and components
within the master-slave section are polarization-maintaining fibers and, as a consequence,
the two polarization controllers often used to align the states of polarization of the ML
and the SLs are dismissed in this experiment.

The two SLs are switched at frequencies of fR1 = 499.995 MHz and fR2= 500 MHz,
respectively, conforming a repetition rate difference of 5 kHz and a high compression
factor of C= 105. The AC signals used to gain switch the two lasers consist in two
trains of electrical pulses featuring the two mentioned frequencies, which are generated
by means of a 16 GSa/s arbitrary waveform generator (Tektronix AWG70000B). Each
AC signal is superimposed to a DC bias current provided by a low-noise current source
(Arroyo Instruments 4200-DR series LaserSource). In addition, although not depicted in
the setup, two temperature controllers allow for the slight modification of the operating
temperature of the slave lasers and for the stabilization of the diodes at the two
selected temperatures. Due to the great similarity of the two SLs, they are driven
by the same parameters: both bias currents are configured to Ibias1= Ibias2= 3 mA,
the peak-to-peak amplitude of the pulsed signals is set to VGS1= VGS2= 5.5 V (after
amplification), and the electrical pulses have a duration of τpulse1= τpulse2= 200 ps. The
superposition of the DC and AC signals results in the switching of the lasers between
Ioff ∼0 mA and Ion ∼102 mA, from below to above their threshold currents. The ML,
a tunable semiconductor laser (Pure Photonics PPCL300) injects its light on both SLs,
so that every new optical pulse builds up with the same phase. It also transfers its
linewidth (∼60 kHz) to the SLs. The power and wavelength of the ML are configured
to Pinj= 0.25 mW and λinj= 1549.6 nm, respectively, ensuring injection locking.
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Figure 5.12: Illustration of 127-bit
PRBS superimposed to train of optical
pulses with fR= 500 MHz. Time of
bit Tb= 1/fR.

Once the two mutually-coherent GS OFCs are
generated, they are externally densified using two
EOPMs (Thorlabs LN65S-FC, Covega 053). The
two modulators exhibit an electro-optic bandwidth
of 10 GHz. Also, a polarization controller is placed
at the input of each phase modulator to ensure
the efficient densification of the combs. Each phase
modulator is driven by an MLS with bit rate match-
ing the repetition rate of the comb to be densified.
The two required MLSs are generated by two pulse
pattern generators (Anritsu MU181020A). For this
purpose, the frequency of the synthesizer module
of each pattern generator driving each EOPM is
conveniently set to fR1 and fR2. By doing so, the
bit time of the PRBS matches the repetition rate
of the train of optical pulses and it is ensured that
each bit modulates a single optical pulse (see Fig. 5.12).
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The length of both MLSs is 127 bits. The amplitude of the two binary sequences needs
to be adjusted to the Vπ voltage of each modulator in order to modulate the phase of
the optical pulses with values of 0 and π rad. For this purpose, the half-wave voltage
of the two modulators was measured for a modulation bandwidth of 500 MHz using
a high-resolution optical spectrum analyzer before the realization of the dual-comb
experiments. The half-wave voltage was retrieved from the characterization of the
optical spectrum that results from the phase modulation of a CW laser when varying
the amplitude of the RF signal that drives the modulator. The evolution of the power
of the carrier and the sidebands allowed to determine Vπ, whose value is around 4.5 V
for both modulators. Then, the bits of the PRBSs have a low value of 0 V and a high
value of 4.5 V. All these settings result in the generation of two densified combs with
repetition rates fdens1=fR1/127= 3.9369685 MHz and fdens2=fR2/127= 3.9370079 MHz.
The frequency offset, which determines the interleaving of the down-converted tones, is
δfdens= 39.37 Hz.

Each densified comb travels along one branch of the interferometric setup. One of them,
acting as probe comb, interrogates the device under test. The second OFC acts as the
local oscillator. The device used to test the resolution capability of the system is a
narrow Fabry-Pérot tunable filter (FPF, Micron Optics TF2FMJ) with a nominal FSR
of 272.38 GHz, a finesse of 750, and a FWHM of 363.2 MHz. It is measured in reflection
configuration using an optical circulator. After probing the filter, the probe comb is
combined with the local oscillator comb in an optical coupler. Then, they are amplified
by means of an EDFA, resulting in an average optical power of ∼1 mW at the input
of the photodetector. An optical filter (EXFO XTM-50-SCL-U) filters the amplified
spontaneous emission noise. Finally, the two signals beat in a 100-MHz balanced
photodetector (Koheron PD100BAC) and are digitized using a real-time oscilloscope
(Keysight MSOS804A).

To obtain the reflection response of the Fabry-Pérot etalon, two sequential acquisitions
are performed: a first acquisition in which the probe passes through the Fabry-Pérot
filter, followed by a reference measurement in which the probe does not interrogate
the filter. The optical path traversed by the probe OFC is configured by means of
two optical switches. Also, it is worth mentioning that the two PRBS generators, the
arbitrary waveform generator, and the oscilloscope share a common 10-MHz reference
signal. This ensures the proper synchronization of the optical pulses and the modulation
signals and triggers the interferogram signal in the oscilloscope.

5.3.3 Design of the densified gain-switched dual-comb
spectrometer

The design of the proposed dual-comb spectrometer is flexible with respect to two key
parameters: the densification level and the gain-switching repetition rate. The trade-off
between the two determines the spectral resolution and the acquisition speed, which
can be tailored to meet specific performance requirements.
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The densification factor can only be an integer (2M-1). By simply increasing the length of
the MLS, higher densification and hence lower repetition rates can be achieved. However,
it is important to consider the required SNR, as higher densification factors result in
lower power per comb line. As for the repetition rate of the non-densified GS combs, it
can be tuned from tens of GHz to hundreds of MHz. For low repetition rates the duty
cycle of the pulsed optical signal is relatively low, resulting in low average powers. Since
power is a significant challenge for GS OFCs at these frequencies, the use of higher
OFC frequencies in the GHz range together with longer densification sequences can
help address this issue. By adjusting these two parameters, it becomes relatively simple
to customize the spectrometer to suit the specific measurement requirements. In our
experiment, an OFC with a line spacing of 500 MHz is densified by a factor of 127.
This densification factor is chosen in order to measure the spectral feature with good
resolution. As a result of the selected parameters, the FWHM of the filter of 363.2 MHz
is interrogated with approximately 92 comb lines.

In addition, a careful design of the repetition rate difference of the combs needs to
be carried out in order to prevent aliasing in the down-conversion process. As it was
discussed in Chapter 3, in the down-conversion process dual-comb replicas appear at
multiples of the comb line spacing. Therefore, the lower the repetition rate of the
OFC, the closer the replicas appear, and a higher compression factor is required. A
higher compression factor implies a lower repetition rate difference, resulting in an
increase in the acquisition time. The system here proposed includes an acousto-optic
modulator that shifts one of the OFCs by fshift= 80 MHz. This ensures that the
down-conversion process is carried out without ambiguity. With this frequency shift,
the replicas of the RF spectrum appear at |fshift ± nfdens|, n being an integer and
the absolute value accounting for the folding of beat notes to the positive side of the
frequency spectrum. In the system here described, and considering the frequencies
involved, the first Nyquist zone is centered at the acousto-optic modulator frequency, and
the two closest neighboring replicas are centered around 77.48 MHz (|fshift − 40fdens|)
and 81.42 MHz (|fshift − 41fdens|). Both replicas are mirrored replicas. Fig. 5.13
illustrates a region of the down-converted frequency spectrum that would be obtained
in the described scenario, showing the dual-comb spectrum at 80 MHz and its two
nearest replicas. In the illustration, the two interfering combs are considered to be
optically injected in the blue side of their frequency spectrum. In addition, a total optical
bandwidth of 60 GHz, distributed asymmetrically around the injection, is considered1.
As depicted in the figure, the selected compression factor of 105 prevents spectral aliasing
in down-conversion. The compression factor limit in this scenario is approximately
3·104. Moreover, with regard to the acquisition with the oscilloscope, it is necessary
to ensure that the sampling rate meets the Nyquist sampling theorem. Considering
the scenario illustrated in Fig. 5.13, the minimum sample rate that can be employed
is around 170 MSa/s. In the experiments, the selected sampling rate for digitizing the
interferometric signals is 250 MSa/s.

1These assumptions are made based on the experimental results, which will be detailed in a later
section. Therefore, the illustration reproduces the experimental down-converted frequency spectrum.
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Figure 5.13: Sketch of the down-converted frequency spectrum that would be obtained
in the described dual-comb experiment with two densified GS OFCs. A region around the
acousto-optic modulator frequency (fshift= 80 MHz) is illustrated. A repetition rate after
densification of ∼3.937 MHz is considered, and the compression factor is 105.

Finally, the necessity for high compression, coupled with the low repetition rate of
the combs, results in relatively prolonged acquisition times. With the aforementioned
experimental parameters, the minimum acquisition time is approximately 25 ms, which
corresponds to the acquisition of a single interferogram burst. In order to visualize the
discrete tones in the RF spectrum, derived from the acquisition of several periods of the
interferogram signal, single-shot acquisitions of 250 ms are captured in the experiment.
However, the acquisition of such long interferogram traces results in demanding memory
requirements, given that heavy files must be stored and subsequently processed.

5.3.4 The device under test: the Fabry-Pérot filter
The device selected for testing the high-resolution dual-comb absorption spectroscopy
system is a Fabry-Pérot filter, defined by its FSR, finesse (F), and FWHM (∆νF P ).
The values of these characteristics were already detailed in the description of the
experimental setup. In this subsection, prior to the presentation of the experimental
results, a theoretical analysis of the transmittance and reflectance of a Fabry-Pérot
etalon is provided. In the description, ideal conditions of no absorption within the cavity
and identical reflectivities of the two mirrors of the cavity are assumed.

As it was introduced in Chapter 2, the FSR of a resonant cavity is a parameter that
defines the frequency separation of the cavity resonances. The FSR of the cavity and
the spectral width of the resonances are related by the finesse, which indicates how
narrow the resonances are with respect to their frequency distance. Considering this,
the finesse can be written as

F ≡ FSR
∆νF P

≈ π

2arcsin(1/
√

F )
, (5.8)

F being the coefficient of finesse, which is related to the reflectivity of the two mirrors
forming the cavity.
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Considering that both reflective surfaces have a reflectivity R, the coefficient of finesse
becomes

F = 4R

(1 − R)2 . (5.9)

Assuming these considerations, the transmittance function of the Fabry-Pérot etalon is
expressed as

TF P = 1
1 + F sin2(δφ/2) , (5.10)

where δφ is the phase shift experienced by a resonator wave when traversing a round-trip
of the cavity.

Considering normal incidence for the field entering the cavity, the phase shift is expressed
as

δφ = 2kl = 4πnl

c
ν, (5.11)

k being the wavenumber, and ν being the frequency.

Finally, in absence of absorption, the reflectance of the Fabry-Pérot filter, calculated as
RF P = 1 − TF P , is given by

RF P = F sin2(δφ/2)
1 + F sin2(δφ/2) . (5.12)

5.3.5 Experimental results
Following the procedure described in the preceding chapter for dual-comb experiments,
the results first demonstrate the generation of two similar densified GS OFCs. Subse-
quently, the generation of an RF dual frequency comb featuring a down-converted line
spacing of 39.37 Hz (optical line spacing of approximately 3.937 MHz after upconversion)
is demonstrated. Finally, the retrieval of the reflection profile of one of the cavity
resonances of the measured Fabry-Pérot etalon with a dual-comb system is presented.

Generation of two optical frequency combs

First, the two GS OFCs before and after densification are measured in time and frequency
domains. The comb spectra are measured using an optical spectrum analyzer with a
spectral resolution of 10 MHz (Aragon Photonics BOSA 400 C+L). The optical pulses
are measured employing an equivalent-time sampling oscilloscope equipped with an
optical module, which allows to measure an optical bandwidth of 20 GHz. In these
characterizations, an EDFA is also used to amplify the optical signal to an average
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optical power of 1 mW. Fig. 5.14 (a) shows the optical pulses generated by one of the
optically-injected GS laser diodes. The intensity of the optical pulses after densification
shows no difference to the pulses depicted in the figure, since only the phase of the
pulses is changed. The optical pulses have a measured FWHM of 50 ps. Fig. 5.14 (b)
includes the optical spectrum of one of the non-densified 500-MHz GS OFC (blue) and
the optical spectrum obtained after densification (green). The spectral resolution of the
BOSA does not allow to individually resolve the spectral lines of the densified comb (see
panel (c)), which features a line spacing of approximately 4 MHz. The spectral width
at 10 dB of both combs, excluding the injection peak from this calculation, is around
48 GHz. The maximum attainable spectral width for these combs is around a hundred
GHz, but they were designed to fit the device under test, avoiding the loss of power per
comb line that would entail an excess of bandwidth. The power per comb line of the
densified OFC shows a decrease corresponding to the increase in the number of lines by
a factor of 127, although it cannot be properly measured using the BOSA.
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Figure 5.14: (a) Optical pulses of the GS OFC featuring a periodicity of 2 ns (fR= 500 MHz).
(b) Non-densified (blue) and densified (green) gain-switched OFCs measured with the BOSA.
(c) Close view of (b).

Generation of down-converted dual-comb spectrum

The retrieved interferogram trace comprises bursts every δf−1
R , which in the scenario

here considered corresponds to a periodicity of 0.2 ms. This interferogram signal results
from the cross-correlation of the two trains of optical pulses from each OFC, featuring
periodicities of f−1

R1 and f−1
R2 , respectively. The optical pulses have a phase distribution

defined by the distribution of zeros and ones in the PRBS of length 127 bits and therefore,
every 127 optical pulses the phase sequence repeats. Consequently, the interferogram is
constituted by sub-sequences of 127 bursts that introduce an additional periodicity of
δf−1

dens=25.4 ms.

A portion of the raw interferogram trace digitized with the oscilloscope at 250 MSa/s is
shown in Fig. 5.15. The interferograms show the expected periodicity, as depicted in
the closer view included in the figure.
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Figure 5.15: Portion of the raw interferogram trace digitized with the oscilloscope (optical
switches in reference position). The inset shows the periodicity of individual interferograms.

The interferogram traces acquired with the oscilloscope at 250 MSa/s have a duration of
250 ms. Five sequential acquisitions are performed, comprising five acquisitions in the
reference configuration and five acquisitions interrogating the filter. Each acquisition
contains 1250 interferograms with the periodicity of δf−1

R , and around 10 sub-sequences
with periodicity of δf−1

dens, arising from the densification. A total of 62.5 million samples
are acquired per interferogram trace. The temporal interval between sampling points is
4 ns. In this configuration, there are ten samples between two consecutive tones of the
down-converted dual-comb spectrum, which enables the visualization of resolved tones.

Once the acquisition is performed, the retrieved data is subjected to offline digital signal
processing. First, a band-pass filter (between 79.5 MHz and 80.3 MHz) is applied to
the interferogram traces, and the dual-comb spectrum located around the acousto-optic
modulator frequency shift is analyzed. The obtained filtered interferogram is plotted in
Fig. 5.16 (a). After the filtering process, the frequency components of the densified comb
prevail, resulting in the filtered interferogram showing a periodicity that corresponds to
the densified line spacing.
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Figure 5.16: (a) Interferogram trace obtained after applying a band-pass filter to the raw
interferogram showing a periodicity. The main bursts show a periodicity of 25.4 ms and a
peak-to-peak amplitude of ∼500 mV. A zoomed view of a filtered burst can be observed in the
inset. (b) Residual contribution of the interferograms with periodicity δfR in the filtered trace.
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5.3. DENSIFICATION OF GAIN-SWITCHED COMBS

In addition to the main bursts of greater amplitude, replicas of smaller amplitude appear
to the left and right of it. Two of these replicas are indicated in the figure with capital
letters A and B. The origin of these replicas is not clear, it could be attributed to the
presence of additional peaks in the cross-correlation of the optical pulses due to the
correlation of sub-sequences of 0 s and 1 s within the 127-bit MLS. Moreover, there
is a residual contribution of non-densified frequency components (∼100 times smaller
than the densified interferogram bursts after filtering), depicted in Fig. 5.16 (b). All the
information present in the filtered interferogram traces (main bursts and attenuated
0.2-ms bursts) is utilized to obtain the filter response.

Subsequently, the fast Fourier transform of each interferogram trace is calculated, and
the magnitudes of the frequency-domain data are averaged. The power spectral densities
obtained for a single interferogram trace and after averaging five spectra are shown in
Fig. 5.17 for both the (a) reference and (b) sample configurations. The notch of the
Fabry-Pérot etalon can be clearly distinguished in the center of the sample spectrum
(see inset of panel (b)). The averaged RF spectra are analyzed in terms of three figures
of merit: the CNR, the ∆f10dB, and the spectral flatness. The latter is calculated for
three thousand comb lines in a region comprised between 79.7 MHz and 79.81 MHz. The
reference spectrum features a CNR= 16 dB, a ∆f10dB= 4.8 kHz, and a spectral flatness
of 0.93. The down-converted spectral width corresponds to an optical bandwidth before
down-conversion of 48 GHz, which is in agreement with the bandwidth at 10 dB of the
measured optical spectra. Similar values are obtained for the spectrum that includes
the response of the filter (CNR = 17.6 dB, ∆f10dB= 4.8 kHz, spectral flatness of 0.92).
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Figure 5.17: Densified dual-comb spectra obtained from a single interferogram trace (green)
and after frequency averaging five spectra (blue). (a) Reference spectra. (b) Measurement
spectra containing the reflection profile of the Fabry-Pérot filter.

Both down-converted combs exhibit a sufficiently broad bandwidth to measure a single
Fabry-Pérot resonance and to record the baseline: a total of 12000 comb lines are
comprised within the 10-dB bandwidth, and around 90 teeth lie within the nominal
FWHM of the Fabry-Pérot resonance. In fact, the bandwidth could be further reduced
by decreasing the amplitude of the electrical pulses used to switch the lasers, resulting
in a higher power per comb line. Additionally, both combs demonstrate excellent
performance in terms of CNR and flatness, which are essential characteristics for
performing spectroscopic measurements. This technique demonstrates the feasibility of
reducing the line spacing of the combs without compromising the spectral flatness.
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CHAPTER 5. IMPROVING THE RESOLUTION OF GAIN-SWITCHED DUAL-COMB SPECTROMETERS

Characterization of Fabry-Pérot filter reflection profile

The Fabry-Pérot filter is first characterized with the high-resolution optical spectrum
analyzer. The tunable laser of this instrument interrogates and measures the insertion
losses of the device. The filter is measured in transmission and reflection configurations.
The transmission profile is depicted in Fig. 5.18 (a), showing a transmission contrast
factor (defined as the ratio between the maximum and minimum of transmission) of
approximately 36 dB. The reflection profile is included in Fig. 5.18 (b). This profile
shows a lower contrast of 2.4 dB. The measured reflection profile does not show the
expected behavior, as the reflectance does not correspond to the complement of the
transmittance, i.e. RF P ̸= 1 − TF P (in linear units).
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Figure 5.18: (a) Transmission and (b) reflection profiles of the Fabry-Pérot filter used
for the demonstration of the high resolution capability of the proposed densified dual-comb
spectrometer measured through tunable laser absorption spectroscopy using the BOSA.

The discrepancies between the two responses can be attributed to additional losses
when the filter is operated in reflection. Despite the lower reflection contrast, since the
objective of the dual-comb experiment is to test the validity of the system for measuring
samples with absorption profiles with narrow bandwidths, the reflection response of the
filter is still valid for this purpose.

The measured FWHM of the filter is verified to be consistent with the nominal FWHM
specified by the manufacturer. For this purpose, the measured transmittance and
reflectance are normalized to show a contrast between 0 and 1, enabling to compare
them with the nominal response. It is verified that the normalization process does not
modify the linewidth of the profiles. The results from this comparison are presented
in Fig. 5.19. In both graphs, a resonance of the Fabry-Pérot filter computed using the
nominal specifications is depicted with a dotted red line. The obtained FWHM for the
measured transmission profile is 497.8 MHz, which represents a deviation of 37% from
the nominal specification. For the reflection profile, the FWHM is 383.5 MHz, indicating
a deviation of 5.6% from the nominal specification.
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Figure 5.19: Comparison of nominal and measured (a) transmission and (b) reflection profiles
of the Fabry-Pérot filter used in dual-comb spectroscopy experiments.
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Figure 5.20: Evaluation of the
stability of the Fabry-Pérot filter.

The stability of the filter is also evaluated, taking four
consecutive measurements with the optical spectrum
analyzer. The four realizations are collected within
a total time of one minute and thirty seconds. The
result of this test, presented in Fig. 5.20, illustrates
the significant instability of the filter over the mea-
surement time (maximum deviation of ∼1.4 GHz).
This instability, attributed to thermal fluctuations,
can result in the broadening of the measured profile.

Following the initial characterization conducted via tunable laser absorption spectroscopy,
the reflection profile of the Fabry-Pérot etalon is obtained through dual-comb spec-
troscopy. The result is obtained from the spectral averaging of five interferogram traces,
each of them with a temporal length of 250 ms. This constitutes a total integration
time of 1.25 s. The data are processed using a home-built MATLAB script, following
the same procedure to that indicated in the code diagram described in the previous
chapter. Firstly, the intensity of each comb tooth of the two RF spectra (reference and
measurement) is extracted by means of a peak detection routine. Then, the reflection
profile is calculated as the ratio of the line intensities containing the filter information
to the corresponding reference intensities, all expressed in linear units.

The profile retrieved from this process shows fluctuations on the baseline. Consequently,
in addition to applying a baseline correction algorithm, which consists in a fourth order
polynomial fitting of the baseline, the reflection response is low-pass filtered. The
purpose of the applied low-pass filter is to smooth the baseline of the data without
altering the reflection profile. Finally, due to the low reflection contrast of the measured
Fabry-Pérot resonance, the experimental reflection profile expressed in linear units is
normalized. This normalization allows to use the expression of the reflectance described
by Eq. (5.12) to fit the experimental reflection profile.
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The Fabry-Pérot reflection profile obtained after post-processing the measured data
is illustrated in Fig. 5.21 (a), represented by a blue dotted line. The ideal reflectance
of a Fabry-Pérot etalon is fitted to the experimental data by means of a least squares
optimization algorithm using two fitting parameters: the FSR and the finesse. The
fitted profile is represented in the graph by a red solid line. In addition, the residuals
from the fitting (green dotted line) are included in the bottom part of the figure,
having a standard deviation of σres= 0.105. A comparison of the profile retrieved
from dual-comb spectroscopy (blue trace), the profile fitted to it (red line), and the
response obtained from the tunable laser absorption spectroscopy measurements (green
line) using the optical spectrum analyzer (after normalization) is included in Fig. 5.21
(b). This comparison demonstrates the good agreement between the profile fitted to
the experimental dual-comb spectroscopy data and the Fabry-Pérot reflection profile
measured with the BOSA.
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Figure 5.21: (a) Normalized Fabry-Pérot reflection profile obtained from dual-comb spec-
troscopy measurements, presented in linear units. The measured profile is plotted with blue
circles and the fitted profile with a red solid line. The residuals are displayed in the bottom
part of the figure. (b) Reflection profile measured via dual-comb spectroscopy and nominal
profile fitted to it (blue and red, respectively), and normalized reflectance measured through
tunable laser absorption spectroscopy (green).

Although the band-pass filter applied to the experimental response resulted in a reduction
of the ripple of the baseline, this ripple can still be discernible, as illustrated in the figure
above. The ripple occurs at a frequency of 500 MHz, which corresponds to the frequency
of the non-densified comb. This phenomenon is attributed to the instability of the two
EOPMs during the course of the experiments, manifested as fluctuations in the Vπ values
of the two employed modulators over the measurement time. These fluctuations lead to
a variation in the amplitudes of the comb lines across different acquisitions. In order
to minimize fluctuations in the intensity of the comb teeth of sequentially-retrieved
dual frequency combs, the amplitude of the two PRBSs driving the EOPMs was finely
adjusted during the experimental realizations. This fine adjustment, which aimed to
align the amplitudes of the PRBSs with the fluctuating Vπ value of the modulators,
was conducted by visually examining the spectrum corresponding to the interferogram
signal retrieved in real-time on the oscilloscope. Nevertheless, despite the careful tuning
of the two binary sequences, the experimental procedures remained challenging, and the
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ripple observed in the retrieved reflection profile is indicative of the intensity variation
of different dual-comb spectra. This phenomenon results in an increase in the standard
deviation of the residuals. Nevertheless, despite the relatively high standard deviation
of the residuals, the percentage variation of the experimental FSR, finesse, and FWHM,
compared to the nominal characteristics of the filter, is less than 1%. This variation is
lower than that obtained when measuring with the BOSA, since the measurement time
is reduced from seconds (BOSA) to milliseconds (dual-comb spectroscopy). Table 5.1
provides the nominal FSR and finesse of the tested device, along with the experimental
values extracted from the fit, as well as the FWHM resulting from these two parameters.

Nominal Experimental Variation
FSR 272.38 GHz 272.5 GHz 0.04%
Finesse 750 749.3 0.09%
FWHM 363.2 MHz 363.7 MHz 0.14%

Table 5.1: Nominal specifications of the Fabry-Pérot filter used for the experimental demon-
strations and experimental characteristics obtained via high-resolution dual-comb spectroscopy.

5.4 Conclusions
In conclusion, various approaches for generating gain-switched optical frequency combs
with repetition rates in the few MHz range (having the potential to be further reduced
to the sub-MHz range) have been demonstrated. A good balance between optical power
and spectral flatness is achieved by means of the phase modulation of gain-switched
combs, an approach that effectively reduces the comb line spacing by the generation
of additional spectral tones between pairs of comb lines. A dual-comb spectrometer
based on two phase-modulated gain-switched combs is demonstrated. This spectrometer,
validated through the measurement of a narrow Fabry-Pérot resonance with a fine
resolution of around 4 MHz, improves the state-of-the-art resolution of gain-switched
dual-comb spectrometers by a factor of 25.

These demonstrations focus on the suitability of dual-comb architectures involving gain-
switched comb generators for applications requiring high resolution. The significance
of these results lies in the expanded range of achievable resolutions for dual-comb
architectures based on GS combs, now enabling resolutions ranging from tens of GHz
(without external phase modulation) down to values below 1 MHz (with external phase
modulation). The achieved repetition rates allow the measurement of absorption features
with linewidths as low as tens of MHz using a robust arrangement that gathers the
benefits of gain-switched comb sources.
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• Gain-switched combs with repetition rates below 100 MHz

In the first section of this chapter, the generation of low-repetition-rate gain-switched
combs employing pulsed electrical signals has been discussed. The comb source benefited
from simplicity, as it only comprised two commercial semiconductor lasers. The approach
involved a trivial procedure based on decreasing the frequency of the train of pulses
used to gain switch the laser diode. With this approach, frequency combs featuring
repetition rates as low as 2.5 MHz have been demonstrated.

The presence of well-resolved spectral tones has been validated from the characterization
of the optical spectrum via a self-heterodyne approach. To achieve a repetition frequency
of 2.5 MHz, the repetition rate has been progressively reduced, while maintaining fixed
injection conditions and a fixed duration and amplitude of the electrical pulses. Under
these fixed conditions, combs with progressively lower repetition frequencies have been
obtained by reducing the continuous bias current supplied to the lasers. This ensured
that the lasers were switched on and off without exciting the second peak of the relaxation
oscillations of the laser, maintaining the same RF amplitude in all scenarios. The OFC
at the lowest demonstrated repetition rate (i.e. 2.5 MHz) showed a flat envelope and a
10-dB bandwidth of 102 GHz, comprising 410000 spectral lines within this bandwidth.
However, the generated combs exhibited low average optical power and high peak power,
as reducing the repetition rate resulted in a low duty cycle of the optical signal. In
addition, the efficiency of the injection power with respect to the rest of the lines forming
the comb was very low. It was evidenced in the measured optical spectra, in which the
tone corresponding to the injection had a power value of approximately 40 dB higher (a
factor of 104 in linear units) than the rest of comb lines.

• Densification of gain-switched combs

In order to achieve a compromise between average optical power and spectral line
spacing, the densification of GS combs has been explored. This technique is based
on the external phase modulation of GS combs using an MLS as the driving signal
of the phase modulator. This approach, already reported for the densification of a
single electro-optic comb and a single GS comb, has been utilized in this thesis for
the simultaneous densification of the two frequency combs comprising a dual-comb
interferometer. Although the technique results in a higher complexity of the comb
source, which now includes electro-optic phase modulators in the two branches of the
dual-comb interferometer, it permits to decrease the line spacing of the comb lines
without power loss and to maintain a good spectral flatness.

Firstly, an analytical study of the phase modulation of a train of optical pulses by
means of an MLS has been carried out. This study, together with numerical simulations,
demonstrated why the use of an MLS as the signal driving the phase modulator enables
the generation of highly densified and flat combs. Then, a sensing system based on
two-densified GS OFCs with optical injection has been demonstrated. The resolution
of the proposed system was 3.937 MHz, and the dual-comb obtained featured 12000
sampling points in a 10-dB optical bandwidth of 48 GHz. The system has been validated
by retrieving the reflection response of a Fabry-Pérot filter with a nominal linewidth of
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363.2 MHz. The percentage variation of the experimental results with respect to the
nominal data of the filter was demonstrated to be lower than 1%.

The implemented system remarkably surpasses the previously established minimum line
spacing limit by a factor of 25. It is worth mentioning that the employed resolution, as
well as the spectral width, has been specifically designed for measuring the linewidth of
the tested device. Nonetheless, the approach shows flexibility in the achievable spectral
resolution and sub-MHz resolutions can be achieved by simply using longer bit sequences,
with the only limitation being the SNR. Additionally, the proposed system could be
highly beneficial for other comb generation techniques, particularly those in which line
spacing depends on cavity length as in such cases achieving repetition rates in the range
of a few MHz would require cavity lengths of hundreds of meters. Furthermore, although
in terms of spectral resolution the performance of densified GS OFCs is comparable to
that of electro-optic combs, where sub-MHz resolutions have been reported [80], the
comb bandwidth is less constrained in this approach. Finally, although densification
allows to reduce the line spacing of OFCs with no power loss, the effective management
of average power of GS combs still remains a noteworthy challenge, particularly in
specific application contexts.
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Chapter 6

Dual-comb ranging with
gain-switched combs

This chapter presents the experimental implementation of a dual-comb interferometer
based on two gain-switched combs for distance measurements. The distance is determined
by analyzing the spectral phase of the comb lines. This interferometric approach allows
for enhanced precision compared to time-of-flight methods, as the information from
multiple comb lines is used to calculate the distance. Furthermore, the ability to modify
and reduce the repetition frequency of the combs to the MHz range or below through
densification techniques effectively extends the non-ambiguity range of the system. As a
result, a versatile and precise ranging system based on semiconductor lasers is obtained.

First, the system is validated using two gain-switched combs with repetition rates of
100 MHz and 100.01 MHz. Open-path measurements are conducted to determine a
distance of 4 millimeters. The non-ambiguity range of the system of 1.5 meters is
subsequently extended to tens of meters by the electro-optic phase modulation of the
two gain-switched optical frequency combs.
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6.1 Introduction
Light detection and ranging systems, widely known by the acronym LIDAR, are a well-
established technology for measuring distances using laser sources. From their inception,
various LIDAR technologies have been developed, and different books and scientific
articles cover this subject [164], [165]. These systems find a widespread application
range both in scientific and industrial contexts, and depending on the architecture of
the LIDAR, they not only allow to measure distances but also other magnitudes such as
velocity and atmospheric variables (aerosols, gases, etc.).

In general terms, laser ranging is based on the determination of the distance to a target
from the analysis of the light backscattered from the target. This technique typically
relies on measuring the time delay, phase shift, or frequency change of the reflected light
relative to the transmitted laser beam. Time-of-flight LIDARs involve the use of pulsed
laser light. In such systems, the distance is determined from the delay experienced
by the optical pulses after traveling a complete round-trip to a target. They offer
simplicity and allow to attain large ambiguity ranges, which are set by the periodicity
of the optical pulses. However, they impose high demands on the system components,
requiring transmitters and detectors with high bandwidths capable of handling high
peak powers. Alternatively, the implementation of modulation techniques in a CW
laser source permits to relax the bandwidth requirement of ranging systems and to
improve their sensitivity, enabling the use of lasers with low power capabilities such
as laser diodes. Under this category, frequency-modulated continuous-wave (FMCW)
LIDARs have proven to effectively provide distance and velocity measurements with
sub-micrometer precision and non-ambiguity ranges typically on the order of tens of
meters [166]. These systems are based on the frequency modulation of the transmitter
using a periodic RF chirped signal. The light backscattered from the target is beaten
with a local oscillator, whose frequency is also modulated by the same chirped signal.
The beat note generated in a photodetector, located at the frequency difference between
the local oscillator and the backscattered beam, provides the information of the distance.

A novel type of LIDAR systems emerged with the advent of OFCs. These ranging
systems allow to improve the performance of single-wavelength approaches, since many
coherent optical carriers generated by a single laser source simultaneously interrogate the
target [167]. Among these comb-based LIDAR technologies, dual-comb LIDARs stand
out as particularly powerful systems, offering the potential to improve the precision of
conventional interferometric ranging techniques down to the nanometer level while also
enabling the use of low-bandwidth components and electronics [132]. As discussed in
Chapter 3, there is an inherent trade-off between non-ambiguity range and acquisition
speed, and the precision of the measurement improves for broader comb spectra. Many
of the existing ranging demonstrations using dual frequency combs rely on the use of
frequency comb generators with line spacings in the GHz range. While these approaches
allow to measure distances with fast update rates in the microsecond range, the maximum
measurable distance without ambiguity is limited to a few millimeters. Therefore, the
practical use of such solutions requires the use of distance disambiguation techniques.
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Commonly, a technique based on the realization of two measurements swapping the
frequencies of the probe and the local oscillator is carried out. This yields two distances
that differ by an integer multiple of the difference of the ambiguity range obtained in each
scenario, i.e. m ∆dNAR = m(dNAR 2 − dNAR 1), where m is a positive integer and dNAR
denotes the non-ambiguity range. The value of the integer factor m can be determined
from the two measurements, and the non-ambiguity range is now inversely proportional
to the repetition rate difference of the two combs. In practice, a non-ambiguity range of
a few millimeters can be extended to kilometers.

With the motivation of assessing distances in the kilometer range without the use of
disambiguation techniques, a dual-comb ranging system based on low-repetition-rate GS
frequency combs is proposed and experimentally demonstrated in this chapter. First,
the gain-switched dual-comb ranging system is validated using two mutually-coherent
GS OFCs with a repetition rate of 100 MHz. Subsequently, the further extension of
the non-ambiguity range through the densification of the two GS combs is proposed
and demonstrated in the second section of this chapter. The selected repetition rate of
the ranging system results in a non-ambiguity range of 38 meters (in-air setup). An
open-path relative distance of 2 mm is first measured, followed by a proof-of-concept
measurement of a 10-meter-long fiber cord. The proposed densified ranging system
shows promise for measuring maximum non-ambiguity ranges of hundreds of meters to
a few kilometers, with the SNR of the system being the main limitation. Therefore, it
represents a viable intermediate approach between long-range and short-range systems,
allowing the measurement of distances up to a few kilometers with a single acquisition
and with a simple and stable system comprising three semiconductor lasers and two
electro-optic phase modulators.
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6.2 Dual-comb ranging with 100-MHz gain-switched
combs

This section is devoted to the experimental validation of a dual-comb ranging system
based on low-repetition-rate GS combs. The proposed dual-comb generator is based
on two optically-injected discrete-mode lasers operating in gain-switching regime. The
gain-switching signal, which consists in a train of short electrical pulses featuring a
repetition rate of 100 MHz, enables the generation of two stable and spectrally flat
combs.

The system is tested by measuring an open-path relative distance of 4 millimeters. The
influence of the number of interferogram bursts in the analyzed interferometric sequences
on the measured distance is studied. Also, the variability of the retrieved distance based
on analyses of various independent realizations acquired by the system is evaluated
Finally, the impact of averaging on the precision of the system is analyzed, and the Allan
deviation is calculated for interferogram sequences comprised of different interferogram
bursts per sequence.

6.2.1 Experimental setup
The experimental setup is depicted in Fig. 6.1. The comb generation side comprises
three semiconductor lasers arranged in a master-slave configuration: two slave lasers
(SL1 and SL2) and a master laser for optical injection. The two slightly-detuned OFCs
are generated by gain switching the two slave lasers, which are commercial discrete-
mode lasers (Eblana EP1550-0-DM-H19-FM). Both slave lasers share a common phase
reference provided by the ML (Pure Photonics PPCL300). The gain-switching signal of
each laser is provided by a low-noise current source (Arroyo Instruments 4200-DR series
LaserSource), which delivers the DC current, and a pulse pattern generator (Anritsu
MU181020A), delivering an RF pulsed signal. Moreover, although not depicted in the
setup, two temperature controllers are used to stabilize the temperature of the two
slave lasers. In addition, wideband amplifiers (Minicircuits ZVA-183W-S+) boost the
signal at the output of each pulse generator in order to generate broad GS combs. The
driving conditions of the slave lasers and the master laser are detailed in Table 6.1. The
selected frequencies of the trains of pulses result in the generation of two OFCs featuring
repetition rates of fR1= 100 MHz and fR2= 100.01 MHz.

The part of the setup dedicated to the implementation of ranging measurements is config-
ured according to an asymmetric arrangement in which only the probe comb is directed
towards the target. In the detection side, two pairs of balanced photodetectors (Koheron
PD100BAC) are employed in order to simultaneously capture a calibration measurement
(recorded by the reference balanced photodetector) and a measurement containing the
information of the distance (recorded by the measurement photodetector). Once the
combs are generated, first, the local oscillator is frequency-shifted by fshift = 80 MHz
using an acousto-optic modulator. Subsequently, the two comb branches are split with
a 50:50 ratio. One pair of combs is directed to the reference photodetector, and the
remaining halves of the combs are used for distance measurement.
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Figure 6.1: Experimental setup for the implementation of dual-comb ranging using gain-
switched combs. Open-path relative distances are determined using the proposed setup. PPG:
pulse pattern generator, SL: slave laser, ML: master laser, RF Amp: RF amplifier, PC:
polarization controller, AOM: acousto-optic modulator, EDFA: erbium-doped fiber amplifier,
BPD: balanced photodetector, RT-OSC: real-time oscilloscope.

Description Symbol Value
Master laser wavelength λML 1549.28 nm
Master laser power PML -3 dBm
SL1 DC bias current Ibias1 0.8 mA
SL1 AC peak-to-peak voltage VRF 1 8 V
SL1 AC pulse repetition rate fR1 100 MHz
SL2 DC bias current Ibias2 0.7 mA
SL2 AC peak-to-peak voltage VRF 2 7.1 V
SL2 AC pulse repetition rate fR1 100.01 MHz
Width of electrical pulses τpulse 200 ps

Table 6.1: Driving conditions of the lasers for the implementation of dual-comb ranging at a
repetition rate of 100 MHz.

The probe comb used to interrogate the distance is amplified using an EDFA (Thorlabs
EDFA100S) and then sent to the target via an optical circulator. The distance mea-
surement setup is connected to port 2 of the circulator. The optical fiber at port 2 is
mounted on a manual micro-positioner stage (Thorlabs NanoMax 3-axis flexure stage),
which allows to vary the distance to the target. The distance is varied by means of
precision differential micrometers (Thorlabs DRV3), which provide a maximum variation
of 8 mm in steps of 500 µm with a resolution of 0.5 µm. The optical field at this port is
first collimated, and the collimated light is then directed towards a specular retroreflector
prism (Thorlabs PS976M-M01B), which serves as target. The retroreflector is carefully
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aligned to ensure that the reflected light is collected again by the optical fiber at port
2 of the circulator. The reflected probe comb is received at port 3 of the circulator
and combined with the local oscillator. The combined combs are finally detected on
the measurement photodetector. The two interferogram sequences at the output of
each photodetector are digitized with a real-time oscilloscope (Keysight MSOS804A).
Synchronization of the electrical signals is achieved by locking the two pulse pattern
generators and the oscilloscope to a common reference.

To perform relative distance measurements, two measurements are conducted by varying
the in-air distance traveled by the probe comb. This is achieved by manually adjusting
the position of the optical fiber that launches the probe comb to the target (and
subsequently collects the reflected light) between two positions of the micrometer stage
where the fiber is mounted on. In the first acquisition, the distance information d0
is retrieved. Subsequently, the fiber position is changed, resulting in an open-path
distance of d1. In both acquisitions, the signal from the reference photodetector is
stored. The simultaneous acquisition of reference and measurement signals allows for
the compensation of system drifts. Finally, polarization controllers are included in the
setup to align the state of polarization of the probe and local oscillator before coupling
the two fields.

6.2.2 Experimental results
The experimental results are organized as follows. First, the generation of the two
mutually-coherent combs is presented, including an analysis of figures of merit related to
their spectral quality. Subsequently, the detected interferograms and the corresponding
down-converted spectra are analyzed. The post-processing steps employed to extract the
distance information are then detailed. Finally, the results of the distance measurements
and the analysis of the precision of these measurements are provided.

Generation of two optical frequency combs

The first step is the generation of the two mutually-coherent combs. The two laser diodes
employed for the generation of the two OFCs are of the same model and manufacturer,
and possess very similar characteristics. This similarity is evidenced by the generation
of two nearly identical OFCs, achieved under comparable laser driving conditions.

For the generation of the combs, they are initially monitored in absence of optical
injection using an optical spectrum analyzer. Under these conditions, two incoherent
spectra, without resolved spectral tones, are observed. The temperature of each laser is
then slightly adjusted until the two incoherent spectra overlap. Once this is achieved,
the optical injection wavelength is chosen to maximize the spectral flatness of both
combs, and the injection power is adjusted to ensure operation in the locking regime.
This process, with the specified gain-switching parameters, results in the two GS combs
shown in Fig. 6.2, which are measured with a high-resolution optical spectrum analyzer.
Both combs exhibit similar characteristics in terms of spectral width, flatness, and
carrier-to-noise-ratio. In addition, their coherence is proved by the presence of defined
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comb lines (see closer view provided in panel (b)). The OFC generated by SL1 features
a 10-dB bandwidth of ∆f10dB= 116.3 GHz and a carrier-to-noise ratio within this
bandwidth of CNR = 20.74 dB. Analogously, these figures of merit calculated for the
comb generated by SL2 are ∆f10dB= 114.8 GHz and CNR = 21.14.
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Figure 6.2: (a) Optical spectra of the two GS 100-MHz OFCs employed for dual-comb
ranging. The spectra are measured with a high-resolution (10 MHz) optical spectrum analyzer
(BOSA). (b) Zoom of a 0.02 nm region.

When spectroscopic measurements were performed, the spectral width of the combs was
adjusted to match the width of the line being measured. This adjustment ensured that
the bandwidth of the combs was sufficiently broad to accommodate the measurement of
both the absorption feature and the baseline, while avoiding excessive broadening that
would result in the inefficient use of power on unnecessary lines. In contrast, for dual-
comb ranging experiments using an interferometric approach for the determination of the
distance, the bandwidth of the combs needs to be maximized. This maximization allows
to retrieve the distance from a greater number of spectral lines, thereby increasing the
precision of the measurement. It is for this reason that both pulsed electrical excitation
signals have been amplified, as a greater spectral width is achieved through a greater
excursion of the carriers (resulting in a greater dynamic chirp). Therefore, with the
obtained spectral widths and with the line spacing of the combs being 100 MHz, around
1150 spectral tones in a 10-dB bandwidth can simultaneously measure the configured
distance. In addition, taking into account that the measurements are conducted in air
and that the probe comb travels to and from the target, the non-ambiguity range of the
system is 1.5 meters.

Generation of down-converted dual-comb spectrum

The mixing product occurring in the two photodetectors of the system, reference and
measurement photodetectors, gives rise to two interferogram sequences. The reference
or calibration interferogram sequence serves to compensate for drifts experienced by the
system during the realization of the experiments, ensuring the correct determination of
the interrogated distance. This interferogram sequence contains the information of the
optical distance corresponding to the paths traversed by the probe and local oscillator
combs until they reach the reference photodetector, Lref,probe and Lref,LO, respectively.
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On the other hand, the interferogram sequence captured in the measurement photodetec-
tor, in addition to the setup internal distance, includes the information of the distance to
be measured. In a first acquisition, this distance will have a value of d0 and consequently,
the total optical distance traversed by the probe comb amounts to Lmeas,probe + 2d0. In
a subsequent acquisition, this distance will be Lmeas,probe + 2d1. In both acquisitions,
the distance traveled by the local oscillator OFC to the measurement photodetector is
given by Lmeas,LO. As the proposed ranging system is based on the retrieval of relative
distances, the contribution of the optical distances Lref,probe, Lmeas,probe, Lref,LO, Lmeas,LO

is eliminated, and only the relative distance 2d = 2(d1 − d0) remains.

Fig. 6.3 (a) shows a single interferogram burst recorded by the real-time oscilloscope.
The acquisition of the oscilloscope is configured to 200 MSa/s. Therefore, the temporal
duration of a single interferogram of δf−1

R = 100 µs corresponds to 20000 samples. This
duration determines the fastest acquisition speed of the proposed system. The resulting
dual-comb spectrum, obtained by the fast Fourier transform of the temporal signal,
is depicted in Fig. 6.3 (b). The displayed spectrum corresponds to that located in
the first Nyquist zone, with the optical injection tone centered at the acousto-optic
modulator frequency, i.e., 80 MHz. Since only a single period of the interferogram signal
is considered, the dual-comb spectrum does not show the individual down-converted
lines but still contains the distance information, as later demonstrated.
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Figure 6.3: (a) Single interferogram burst digitized with the oscilloscope and (b) correspond-
ing dual-comb spectrum. (c) Digitized time-domain interferogram sequence comprising 40
interferogram bursts and (d) spectrum obtained after Fourier transforming said sequence. The
inset shows the down-converted beat notes, which are evenly spaced by δfR=10 kHz.
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An interferogram sequence containing a total of 40 interferogram bursts and its corre-
sponding spectrum are shown in Fig. 6.3 (c) and (d), respectively. This acquisition,
performed in a total measurement time of 4 ms, results in a down-converted spectrum
that exhibits resolved individual lines due to the periodicity of the Fourier-transformed
temporal signal (see inset of panel (d)). In both scenarios, single burst and 40 bursts, the
same up-converted spectral resolution of 100 MHz is maintained. The second scenario
provides better signal-to-noise performance, at the expense of a slower acquisition speed.

Post-processing of dual-comb ranging data

Digital signal processing of the interferometric data is performed offline, using a home-
built MATLAB code. The determination of the relative distance is achieved through
the analysis of four time-domain interferogram sequences. Two simultaneously acquired
sequences (one at each photodetector) linked to the distance d0, and two simultaneously
acquired traces corresponding to the distance d1.

The digitized interferogram sequences are first conditioned to ensure that all four
sequences contain the same number of interferogram bursts, Ninterf . Additionally,
Ninterf must be an integer; otherwise, errors may be induced.

After this, the dual-comb spectra of the four interferogram signals are obtained. A peak
detection routine is then performed to extract the position of each down-converted comb
line, as it is at these positions that the phase information is to be analyzed. Once the
positions of the comb lines of the four spectra are identified, the spectral phase of each
comb line is extracted. Following this process, the spectral phase at each comb line m for
the reference and measurement interferogram sequences containing the information of
the distances d0 and d1 are obtained, denoted ϕr0,m, ϕm0,m, ϕr1,m and ϕm1,m, respectively.
The expression of these spectral phases, according to the analysis described in Chapter 3
(Eq. (3.34), Eq. (3.35)), is given by

ϕr0,m = ϕr1,m = 2πn(ν01 + mfR)
c

(Lref,LO − Lref,probe) + 2πn(δf0 + mδfR)
c

Lref,LO,

(6.1)

ϕm0,m = 2πn(ν01 + mfR)
c

(Lmeas,LO − Lmeas,probe − 2d0) + 2πn(δf0 + mδfR)
c

Lmeas,LO,

(6.2)

ϕm1,m = 2πn(ν01 + mfR)
c

(Lmeas,LO − Lmeas,probe − 2d1) + 2πn(δf0 + mδfR)
c

Lmeas,LO,

(6.3)

where n is the refractive index of the medium, while the remaining symbols have been
previously defined. In the case of in-air measurements, n=1 is considered.
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Once the phase information at the comb lines of the four digitized sequences is extracted,
the distance can be determined. First, for each distance, the phase values of the reference
comb lines is subtracted to that of the measurement comb lines. This operation gives
rise to two differences of phases at each beat note m, ∆ϕd0,m and ∆ϕd1,m,

∆ϕd0,m = ϕm0,m − ϕr0,m =

= 2πn(ν01 + mfR)
c

(Lmeas,LO − Lmeas,probe − 2d0 − Lref,LO + Lref,probe)+

2πn(δf0 + mδfR)
c

(Lmeas,LO − Lref,LO),

(6.4)

∆ϕd1,m = ϕm1,m − ϕr1,m =

= 2πn(ν01 + mfR)
c

(Lmeas,LO − Lmeas,probe − 2d1 − Lref,LO + Lref,probe)+

2πn(δf0 + mδfR)
c

(Lmeas,LO − Lref,LO).

(6.5)

Finally, from the subtraction of the two differences of phases the information of the
relative distance d can be obtained. The expression of this phase difference, ∆Φ, is
given by

∆Φ = ∆ϕd1,m − ∆ϕd0,m = 2πn(ν01 + mfR)
c

2(d1 − d0). (6.6)

It can be verified that Eq. (6.6) does not depend on other optical distances rather than
the ones to be determined, i.e, d1 and d0.

Finally, the phase information at each comb line given by ∆Φ is unwrapped, and a
straight line is fitted to the unwrapped ∆Φ using the method of least squares. Then,
the distance is obtained from the slope of the fit. The error on the distance, derived
from the error on the slope σslope, is provided as a precision indicator. The results are
analyzed based on varying numbers of interferogram bursts included in each sequence.
Furthermore, the impact of averaging is also studied. When averaging is applied, it is
performed in the final step of the process; specifically, the unwrapped ∆Φ are averaged.

Free-space 4-mm relative distance measurement

A relative distance of 4 mm is measured following the described procedure. First,
sequences containing a single interferogram (Ninterf = 1) are analyzed. The four spectra
associated to the four interferogram bursts lack defined peaks. Consequently, a peak
detection routine is not conducted in this instance; instead, all the information in the
spectrum is collected. This approach is feasible because the down-converted spectrum
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that corresponds to the analysis of a single interferogram is composed of data points
with a frequency spacing of δfR = 10 kHz. The down-converted spectral region between
71.8 MHz and 79.2 MHz is selected for the extraction of the information. In this region,
the dual-comb spectrum is flat, and the injection peak, which introduces instabilities in
the measurement, is avoided. As a result, 740 frequency data points are employed to
determine the relative distance.

The top panels of Fig. 6.4 –panels (a), (b), (c), and (d) –show the four unwrapped
spectral phases obtained from the four analyzed interferogram bursts. The graphs
demonstrate that the spectral phases corresponding to the calibration measurement (ϕr0
and ϕr1) exhibit a linear trend. On the other hand, the unwrapped phases corresponding
to the interferograms obtained when the probe comb is transmitted through the open-
path distance (ϕm0 and ϕm1), deviate from linearity. The evolution of the spectral
phase between successive comb lines is expected to be linear, and the loss of linearity is
attributed to the unwrapping procedure. However, even though ϕm0 and ϕm1 deviate
from being linear when unwrapped, the unwrapped phase differences associated with
the two distances d0 and d1 are indeed linear, as demonstrated in Fig. 6.4 (e) and (f). In
addition, it should be noted that although all the spectral phases in the figure have been
unwrapped to allow for the visualization of their line-by-line evolution, the unwrapped
values are not used when operating with the phases. Only the final phase difference, ∆Φ,
is unwrapped. The unwrapped ∆Φ, from which the distance information is obtained, is
depicted in panel (g).

(a) (b) (c) (d)

(f)(e) (g)

Figure 6.4: Spectral phases obtained from the analysis of a single interferogram in free-space
4-mm dual-comb ranging measurements. (a) Unwrapped calibration phases and (b) unwrapped
measurement phases obtained for an interrogated free-space distance d0. (c) Unwrapped
calibration and (d) measurement phases retrieved from the acquisition corresponding to the
distance d1. (e) Unwrapped phase difference calculated by subtracting the calibration phases
from the measurement phases for the distance d0, and (f) for d1. (g) Unwrapped difference of
phase differences from which the relative distance d is extracted.
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The relative distance obtained from processing a single set (without averaging) of
interferometric sequences containing a single interferogram is shown in Fig. 6.5 (a). The
distance, derived from the slope of the fitted straight line depicted as a solid red line, is
d = 3.9528 mm, with an error of 22.5 µm. This error reflects the accuracy of the fit,
and it is expected to decrease with averaging due to the reduction in the deviation of
the experimental phase difference.

The evolution of the phase difference function with averaging is shown in Fig. 6.5 (b)
and (c). Panel (b) depicts the result obtained after averaging fifteen unwrapped ∆Φ,
yielding a distance of d = 3.9947 mm with an error of 6.6 µm. The phase difference
shown in panel (c) corresponds to an averaging factor of 25, resulting in a measured
distance of 3.9833 mm and a reduced error of 5.4 µm.

(a) (b) (c)

Without averaging 15 averages 25 averages

Figure 6.5: Unwrapped phase values obtained for 740 data points after post-processing
single-interferogram sequences (blue plots) and least-squares fit performed to the experimental
data (red line). Results obtained (a) without averaging, (b) by averaging 15 phase lines, and
(c) by averaging 25 phase lines. The distance, indicated in each panel, is obtained from the
slope of the fit. The error on the distance is obtained from the error on the slope.

Figure 6.6: ∆Φ obtained after
an erroneous unwrapping pro-
cess

The different interferogram bursts are extracted from
the same temporal trace, i.e., a long interferometric se-
quence is acquired with the oscilloscope and then divided
into single interferogram bursts. When analyzing single
interferogram sequences, the unwrapped ∆Φ curves do
not always follow a linear trend due to errors in the
unwrapping process (see Fig. 6.6). When this occurs,
the distance obtained from the spectral phase difference
does not show a reliable value. To avoid these errors,
a threshold that requires the obtained distance to be
between 3.8 mm and 4.2 mm is defined.

Then, the number of interferogram bursts included in a sequence is increased to
Ninterf = 40, and the decrease in the dispersion of the experimental data with av-
eraging is also studied in this scenario. Fig. 6.7 shows the spectral phases obtained from
fifteen interferogram sequences, each sequence containing 40 interferograms. Panels
(a), (b), (c), and (d) depict the evolution of the unwrapped phases obtained in the
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two photodetectors for the two distances d0 and d1 when processing the fifteen inter-
ferometric sequences. As before, the calibration phases maintain a linear trend, while
the measurement phases deviate from linearity. The subtraction of the calibration and
measurement phases at each distance provides the phase differences plotted in panels
(e) and (f). Finally, the unwrapped phase that arises from the subtraction of the two
phase differences ∆ϕd0 and ∆ϕd1 is shown in Fig. 6.7 (g). Fifteen ∆Φ lines are obtained,
which will be subsequently averaged to determine the distance. The offset difference,
noticeable when comparing the fifteen ∆Φ lines, is attributed to phase instabilities of
the master laser between sequential acquisitions.

(a) (b) (c) (d)

(f)(e) (g)

Figure 6.7: Unwrapped spectral phases obtained from the analysis of fifteen sequences
comprised by Ninterf =40 interferogram bursts in free-space 4-mm dual-comb ranging measure-
ments. (a), (b) Calibration and measurement phases obtained for d0. (c), (d) Calibration and
measurement phases obtained for d1. (e), (f) Unwrapped phase differences ∆ϕd1 and ∆ϕd0.
(g) Phase difference ∆ϕd1 − ∆ϕd0

The distance calculated from the slope of ∆Φ obtained from the analysis of sequences
including Ninterf= 40 interferograms is shown in Fig. 6.8. In this case, in contrast to
the previous scenario where sequences with a single interferogram were analyzed, all the
obtained phase lines ∆Φ provide a reliable distance value within the established margins.
The absence of erroneous ∆Φ experimental curves can be attributed to the better CNR
of the down-converted spectra. Furthermore, this scenario results in a reduction in the
variability of the obtained distance, as evidenced in Fig. 6.8 (b) and (c), which represent
the results obtained for 15 and 25 averages, respectively. Both figures yield the same
distance value of d= 3.9306 mm. For 15 averaged phase lines, the residuals from the
fitting process are very low, as reflected by the low error value of 0.9 µm. This error
is reduced to 0.7 µm when the number of averages increases to 25. In these graphs,
the number of averages represents the number of ∆Φ functions averaged. In terms of
the total number of averaged interferogram bursts, these quantities correspond to 600
and 1000 interferograms, respectively. In addition, in terms of averaging times, these
numbers are equivalent to 60 ms and 100 ms.
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(a) (b) (c)

Without averaging 15 averages 25 averages

Figure 6.8: Spectral phases ∆Φ obtained for 740 comb lines from the analysis of interferogram
sequences of Ninterf =40 bursts and extracted distance. Results obtained (a) without averaging,
(b) by averaging 15 phase lines, and (c) by averaging 25 phase lines.

Precision analysis of the system

The variability of the distance values retrieved from different acquisitions is first analyzed.
This analysis indicates the reproducibility of the measurements. Fig. 6.9 (a) shows
the distances obtained from sixty-three sets of interferogram sequences with Ninterf=1
burst per sequence. To obtain this result, 100 sets of interferogram sequences were
analyzed, i.e. 100 independent realizations sequentially captured with the real-time
oscilloscope. The reliability condition (3.8 mm< d< 4.2 mm) was then applied to the
obtained distances resulting in sixty-three distance values falling within the boundaries.
Consequently, 37% of the analyzed sequences led to unreliable results. An average
distance of 3.9663 mm is obtained, with a standard deviation of 9.64%.
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Figure 6.9: Variability of the distance obtained from the analysis of different sequentially-
acquired interferometric realizations. The blue dots joined by a dashed line represent the
experimental distance values and the red solid line represents their average value. (a) Results
obtained from the analysis of traces comprised by one single interferogram and (b) by 40
interferogram bursts.

The variability of the measured distance is reduced by including a higher number of
bursts in the analyzed interferogram sequences, as evidenced in Fig. 6.9 (b), which
corresponds to the analysis of 100 independent realizations, each realization containing
Ninterf= 40 bursts. In this case, all the analyzed sequences yielded distance values
that met the reliability condition. The standard deviation decreases to 2.04%, with the
average distance being 3.9293 mm.
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The impact of averaging on the achievable precision is also studied. This analysis is
performed with sequences comprised of Ninterf = 40 interferogram bursts. As before, the
interferometric sequences used for the analysis correspond to independent and sequential
acquisitions of the oscilloscope in order to avoid biased results. Fig. 6.10 (a) shows
the evolution of the measured distance (blue curve) with averaging. The error bars
indicate the error on the distance. The error on the distance reflects accurate values
when increasing the number of averages, as depicted in the inset of the figure. The
estimated distance obtained for the maximum measurement time of 400 ms, achieved by
averaging one hundred ∆Φ phase lines, is 3.9293 mm. This value is the same as the one
obtained from the average distance derived from one hundred realizations, indicating the
validity of the results. The red line on the graph depicts the evolution of the coefficient
of determination (R-squared coefficient) obtained from the fitting.
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Figure 6.10: (a) (blue) Evolution of the measured distance with averaging. The information
is retrieved from the analysis of interferogram sequences containing 40 interferogram bursts per
sequence. The error bars indicate the error on the distance. (red) Evolution of the R-squared
coefficient of the linear regression with averaging. (b) Allan deviation obtained from the
analysis of interferogram sequences including 20 (green) and 40 (purple) bursts.

Finally, the Allan deviation as a function of the averaging time is computed. It is
calculated as the evolution of the error on the distance (σd) with the averaging time
for three scenarios: Ninterf= 10, Ninterf= 20 and Ninterf= 40. The results are shown in
Fig. 6.10 (b), demonstrating similar outcomes for the three analyzed scenarios. This
graph shows that the achievable precision improves with averaging. The best precision,
obtained for the maximum analyzed averaging time of 400 ms, is 0.5 µm.
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6.3 Extension of the non-ambiguity range using
densified gain-switched combs

This section is devoted to the demonstration of the extension of the non-ambiguity range
of a dual-comb ranging system based on two GS laser diodes. It is achieved through the
densification of the two GS combs by means of two EOPMs driven by maximum length
sequences.

The system is first validated by the measurement of an open-path distance of 2 millimeters.
In addition, the improvement of the precision of the measurement with averaging is
analyzed up to an averaging time of 1.24 seconds. Finally, initial demonstrations on the
measurement of a longer distance of 10 meters are presented.

6.3.1 Experimental setup

The setup employed for the realization of the experiments is shown in Fig. 6.11. The
OFC generation side, delineated by a gray block, comprises two densified GS comb
generators. The same configuration and driving parameters as those detailed in the
previous chapter for dual-comb spectroscopy with densified GS OFCs (Section 5.3.2)
are employed. As a result, two phase-locked densified GS combs with frequencies of
fdens1= 3.9369685 MHz and fdens2= 3.9370079 MHz (δfdens= 39.37 Hz) are generated
at the output of each EOPM. The reduction of the repetition rate to a few MHz
allows to increase the non-ambiguity range of the system. In the case of an open-path
approach, where the optical signal travels to the target and back, the non-ambiguity
range corresponding to the densified repetition rate is approximately 38 meters. When
considering an in-fiber distance in a transmission configuration, the non-ambiguity range
is approximately 52 meters.

To assess the validity of the ranging system, first, an open-air distance of 2 mm is
measured. The same setup and strategy as those indicated for dual-comb ranging with
non-densified GS combs is followed, although in this experiment the target is an optical
mirror. In a subsequent experiment, aiming to test the extended non-ambiguity range
of the system, a single-mode fiber cord with a length of 10 meters is interrogated. An
optical switch allows for the selection between a reference path, in which the two ports
of the switch are interconnected, and a measurement path, in which the probe comb
traverses the fiber cord.

Finally, in the two experiments, the two beating signals produced by the two balanced
photodetectors are digitized using a real-time oscilloscope. Again, the clock of the
oscilloscope is synchronized to the 10-MHz reference signal of the RF generators, which
include the arbitrary waveform generator and pulse pattern generators.
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Figure 6.11: Block diagram of the experimental setup implemented to perform dual-comb
ranging with an increased non-ambiguity range. Two distances are evaluated to validate the
results: an open-path distance of 2 mm, device under test (DUT) 1, and an in-fiber distance of 10
m, DUT 2. AWG: arbitrary waveform generator, PPG: pulse pattern generator, SL: slave laser,
ML: master laser, PC: polarization controller, EOPM: electro-optic phase modulator, AOM:
acousto-optic modulator, EDFA: erbium-doped fiber amplifier, BPD: balanced photodetector,
RT-OSC: real-time oscilloscope, SMF: single-mode fiber.

6.3.2 Experimental results
The experimental results begin with the illustration and characterization of the retrieved
interferogram sequences and the resulting down-converted densified spectra. The optical
spectra are not included here, as the same densified combs showed in ultra-high resolution
spectroscopic experiments are utilized (refer to Section 5.3.5). Following this, the
determination of the open-path 2-mm distance is presented, and the precision of the
measurement is analyzed. The experimental results conclude with a proof-of-concept
demonstration of an in-fiber distance measurement of 10 meters.

Generation of down-converted spectrum

The interferograms generated at the output of the two balanced photodetectors included
in the setup, when considering the free-space configuration with an open-path relative
distance of 2 mm, are represented in Fig. 6.12. The oscilloscope is configured with
a digitization rate of 250 MSa/s, and long traces comprised by 62.5·106 samples are
acquired.
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Fig. 6.12 (a) displays a segment of the interferogram sequences produced by each pho-
todetector (calibration and measurement) for an interrogated distance d0. The left panel
presents the raw sequences digitized by the oscilloscope, consisting of interferogram
bursts with a periodicity δf−1

R of 0.2 ms. The right panel corresponds to the interferogram
sequences obtained after applying a band-pass filter to the raw data. This filter retains
the information from the first Nyquist zone, and the configured band-pass bandwidth
encompasses the range from 79.6 MHz to 80.6 MHz. The resulting interferogram repro-
duces with the periodicity of the densified repetition rate difference, i.e. δf−1

dens= 25.4 ms,
as discussed in the previous chapter. Consequently, given the acquisition settings, the
total measurement time per interferogram sequence is 250 ms, which includes 1250
non-filtered bursts with a periodicity of 0.2 ms or, equivalently, approximately 10 filtered
bursts at 25.4 ms. Portions of the raw interferogram sequences obtained by adjusting
the position of the launching fiber to d1 are provided in Fig. 6.12 (b).
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Figure 6.12: (a) (left) Dual-comb raw interferograms and (right) band-pass filtered interfero-
grams provided by the calibration (blue) and measurement (yellow) balanced photodetectors
for an open-air distance d0. (b) Raw interferograms (green: calibration photodetector, red:
measurement photodetector) acquired for an open-path distance d1.

The dual-comb spectra obtained from the Fourier transform of the band-pass filtered
calibration and measurement interferogram traces corresponding to the distance d0 are
shown in Fig. 6.13. The close-up view in the right panel verifies the presence of well-
defined beat notes. The information of the distance is determined from the analysis of the
beat notes located between 80.05 MHz and 80.25 MHz. The number of down-converted
tones in that 200-kHz span amounts to 5080 tones. The down-converted tones exhibit
a frequency spacing of 39.37 Hz. The selected spectral region is characterized by high
spectral flatness. The spectral flatness calculated within this region is approximately
0.9 for the four RF spectra (reference d0 spectrum 0.9, reference d1 spectrum 0.92,
measurement d0 spectrum 0.92, measurement d1 spectrum 0.94).
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Figure 6.13: (left) Modulus of the fast Fourier transform applied to the filtered calibration
(blue) and measurement (yellow) interferogram sequences. (right) Zoom of a 200-kHz span of
the two RF spectra.

Free-space 2-mm relative distance measurement

The interferogram sequences are post-processed offline following the procedure described
for the non-densified experiments. The acquired traces are truncated to ensure they
contain an integer number of interferogram bursts and they are subsequently band-pass
filtered. The conditioned interferogram sequences contain 1240 non-densified bursts and
10 densified bursts.

The four unwrapped spectral phases, obtained from the phase of the Fourier transform
of the four filtered interferogram sequences at the locations of the beat notes, are shown
in Fig. 6.14. As it was observed in the non-densified ranging measurements, the spectral
phase of each comb line exhibits a slight deviation from linearity in its evolution.

(a) (b) (c) (d)

Figure 6.14: Unwrapped spectral phases calculated from the phase of the fast Fourier
transform applied to the four interferogram sequences: (a) calibration d0, (b) measurement
d0, (c) calibration d1, and (d) measurement d1. Only the phase values at the locations
corresponding to the down-converted comb lines are considered.

The unwrapped spectral phase difference obtained for each configured distance, ∆ϕd0
and ∆ϕd1, are shown in Fig. 6.15 (b) and (c), respectively. The function obtained when
unwrapping the subtraction of the two spectral phase differences, which contains the
information of the relative distance on its slope, is depicted in panel (c). This graph
reflects the result obtained without averaging ∆Φ functions.
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(a) (b) (c)

Figure 6.15: (a) Unwrapped phase difference obtained by subtracting the calibration spectral
phase d0 from the measurement spectral phase d0. (b) Unwrapped phase difference obtained
by subtracting the calibration spectral phase d1 from the measurement spectral phase d1. (c)
Unwrapped phase difference obtained by subtracting ∆ϕd0 from ∆ϕd1.

A reduction in the dispersion of the data points is observed when averaging different
∆Φ lines, resulting in an improvement in the precision when determining the distance.
The evolution of ∆Φ with averaging is illustrated in Fig. 6.16. Panel (a) corresponds
to the result obtained without averaging. Panel (b) is obtained after averaging five
unwrapped ∆Φ curves. The distance is obtained from the slope of the fitted straight
line, depicted in red in both graphs. The error on the distance decreases from 7.5 µm,
obtained without averaging, to 4.6 µm, obtained with averaging. Therefore, as expected,
averaging results in a better accuracy of the least-squares fit and in an enhanced precision
of the measurement.

m m

Without averaging 5 averages

(a) (b)

Figure 6.16: Unwrapped spectral phase difference ∆Φ versus beat note index analyzed for
5080 RF tones (a) without averaging and (b) averaging five ∆Φ functions. The blue dots
represent the experimental points, and the red line corresponds to the linear fit applied to
these points.
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Precision analysis of the system

The precision of the system, as demonstrated in the non-densified experiments, improves
when averaging several spectral phase difference functions. However, in the densification
scenario, the acquisition of very long traces or the acquisition of several traces implies the
use of digitizing and post-processing systems exhibiting demanding memory requirements.
This is due to the fact that, in the densified dual-comb interferometry experiments, the
acquisition speed is slower than in the non-densified case, since the minimum acquisition
time corresponds to the duration of a densified interferogram. This time, compared to
the non-densified case, is relatively high, as the decrease of the repetition frequency of
the OFCs (and the subsequent reduction of the spectral separation between the replicas
in the down-converted Fourier domain) forces to increase the compression factor or,
equivalently, to decrease the repetition rate difference of the two combs.

In the context of this experiment, the minimum acquisition speed is 25.4 ms. Acquiring
an interferometric trace consisting of ten 25.4 ms bursts at the specified digitization rate
entails the acquisition of 62.5 million samples. Acquiring traces with a higher number
of bursts, or a greater number of traces, to average a relatively high number of spectral
phases depends on the capacity of the oscilloscope and the system used to post-process
the data. For these measurements, the oscilloscope capacity was not set to its maximum
(205 million samples). Nonetheless, the memory requirements were demanding, as each
acquisition stored 62.5 million samples from the calibration signal and 62.5 million
samples from the measurement signal for the two distances d0 and d1. Additionally, five
sequential acquisitions were performed and later post-processed. Although additional
sets could have been acquired to enhance the statistical reliability of the results, the
validation of the system can be evaluated based on the attained result.

The distances obtained from the slope of five unwrapped ∆Φ functions, extracted from
the analysis of independent realizations, are provided in Fig. 6.17 (a). An average
distance of 2.1325 mm is estimated, with a standard deviation of 6.24%. Finally, the
precision of the free-space densified ranging system considering an interrogated relative
distance of 2 mm, obtained from the Allan deviation, is shown in Fig. 6.17 (b).
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Figure 6.17: (a) Variability of the distance retrieved from post-processing five independent
realizations (blue dots joined by dashed line) and average distance value (red solid line). (b)
Evolution of the Allan deviation when averaging up to five unwrapped ∆Φ functions derived
from the analysis of interferogram sequences with 10 densified bursts per sequence.
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The Allan deviation is calculated for traces of 10 densified interferograms per sequence.
In this scenario, the achieved precision is lower than that obtained in the non-densified
experiments when analyzing sequences with the same number of bursts per sequence.
Therefore, this approach allows for an extension of the non-ambiguity range at the
expense of lower performance in terms of precision. The best precision, obtained for an
averaging time of 1.24 seconds, is 4.65 µm.

In-fiber 10-meter ranging measurement

Finally, a proof-of-concept demonstration to test the extended measurement range that
can be determined with the densified dual-comb ranging system is carried out. The
device under test used for this purpose is a standard single-mode fiber with a length of
∼10 meters, which is measured in transmission configuration.

The driving conditions of the densified dual-comb generator remain the same for these
experiments. A single realization (with and without interrogating the fiber cord) of
125 million points is acquired with the real-time oscilloscope. With a sampling rate of
250 MSa/s, the measurement time per interferogram sequence amounts to 500 ms. The
number of non-densified and densified bursts in that measurement time corresponds to
2500 and approximately 20, respectively. The interferogram sequences are conveniently
processed to include 18 densified bursts (2400 non-densified interferograms).

Figure 6.18: Unwrapped differ-
ence of spectral phases versus comb
line index for an in-fiber distance
measurement of ∼10 meters.

In accordance with the aforementioned procedure,
the distance information is extracted from the slope
of the spectral phase difference ∆Φ, defined by 5080
comb lines. Fig. 6.18 shows the obtained result. The
experimental data points are depicted by blue dots
in the figure. The distance is extracted from the
straight line fitted to the measured ∆Φ points, which
is represented by a solid red line in the graph. A
distance of 9.9616 meters is estimated, with a pre-
cision of 900 µm. This precision, which is obtained
without averaging, is expected to improve if several
∆Φ functions were averaged. The accuracy of the
system could be evaluated by comparing the mea-
sured distance with the measurement of an optical
frequency domain reflectometer.

6.4 Conclusions
In this chapter, a ranging system based on two optically-injected GS OFCs has been
demonstrated. The use of low-repetition-rate GS frequency combs has been proposed as
a solution to increase the non-ambiguity range of these systems. Without implementing
techniques to break the non-ambiguity range, the ranging system based on two densified
GS OFCs with the repetition frequencies demonstrated in this chapter would enable
the measurement of free-space distances of up to 38 meters (considering a round trip of
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the optical signal to the target). This measurement range makes the system useful for
realistic applications. The proposed system could find applicability in medium-distance
ranging fields, including unmanned autonomous vehicles (enabling obstacle detection at
medium distances), environmental monitoring and agriculture (for measuring the height
of different species and vegetative density), and mapping, among others.

Dual-comb ranging systems based on GS combs offer a balance between precision and
non-ambiguity range when compared to systems based on other comb sources. They
provide measurement ranges comparable to those obtained with mode-locked combs
based on fiber cavities, but with the possibility of being integrated on a chip. Although
the attainable bandwidths are considerably lower than those typically observed in
mode-locked fiber lasers, good precision values can be achieved through averaging.
The stability of GS dual-comb architectures and the excellent mutual coherence of the
combs, due to both comb generators being seeded by a common master laser, permits
averaging times above 1 second, as demonstrated in this chapter in the densified GS
dual-comb ranging system. Furthermore, in addition to the balance between precision
and measurement range, GS dual-comb ranging systems exhibit other key features, such
as the frequency agility of the comb generators. This frequency agility allows the easy
modification of the comb repetition rate, thereby enabling the convenient adjustment of
the non-ambiguity range.

Finally, the main limitation of the system is the low average power of the generated
combs, which represents a substantial challenge, particularly for long open-path distances.
For the proposed distance range (up to a few kilometers), losses could be mitigated
through amplification. Nonetheless, further studies and expanded results for such
free-space distances are necessary to fully validate this statement.

• Dual-comb ranging with 100-MHz gain-switched combs

In the first section of this chapter, open-path ranging measurements have been demon-
strated with a GS dual-comb interferometer exhibiting a non-ambiguity range of
1.5 meters. Two GS OFCs featuring a repetition rate of 100 MHz have been generated
for this purpose, comprising 1150 spectral tones in a 10-dB bandwidth of 115 GHz to
simultaneously measure the desired distance. The two combs showed well-resolved tones
with a carrier-to-noise ratio of around 21 dB.

The system has been validated by measuring a relative distance of 4 millimeters in
an open-path configuration, in which only the probe comb was used to interrogate
said distance. Ranging measurements have been performed using an interferometric
approach based on the analysis of the spectral phase of the generated combs. Distance
measurements with a measurement time as fast as 100 µs have been demonstrated.
Additionally, the influence of the length of the analyzed interferogram sequences and the
impact of spectral averaging on the precision of the measurements has been evaluated.
It has been demonstrated that the precision of the system improves from 22.5 µm
to 3.2 µm as the number of analyzed interferogram bursts increases from one to 40
bursts. Then, the precision has been further improved by averaging the spectral phase
difference lines obtained from the analysis of multiple sets of interferogram sequences,
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each containing 40 bursts per sequence. The Allan deviation of the measurement for
this scenario demonstrated a precision of 0.5 µm for a maximum analyzed averaging
time of 400 ms. A lower precision is expected to be obtained for higher averaging times,
since the Allan deviation at the maximum analyzed averaging time does not show a
trend towards saturation. In addition, the variability of the measured distance has
been studied. Calculated from the analysis of independent realizations, this variability
decreased as the number of bursts included in the interferogram sequence increased,
which is equivalent to performing temporal averaging and thereby enhances the precision
of the measurement. Finally, the reproducibility of the measured distance has been
demonstrated. The distance obtained by averaging 100 distance values from the analysis
of 100 independent realizations (without spectral phase averaging) has been found to be
the same as the distance obtained from the analysis of 100 averaged sequences. This
indicates the consistency and reliability of the results.

• Extension of non-ambiguity range enabled by densified gain-switched combs

In the second section of the chapter, the non-ambiguity range of the system has been
extended by densifying the two GS combs using two EOPMs that externally modulate
the optical phase of such combs. The repetition rates used resulted in a non-ambiguity
range of 38 meters, considering a free-space arrangement. The approach successfully
demonstrated the possibility of extending the maximum measurable distance in a simple
manner, without the need of performing additional measurements for disambiguation.
The spectral phase analysis has been conducted within a down-converted spectral range
of 200 kHz, including 5080 beat notes evenly spaced by 39.37 Hz. The interferometric
analysis has been conducted with sequences including various bursts per sequence, since
this approach yields a better precision.

First, an open-path distance of 2 millimeters has been successfully measured. Sets of
interferometric sequences comprising 10 densified bursts have been analyzed, resulting
in a minimum acquisition time of 254 ms, which is larger than that of the non-densified
scenario due to the reduced repetition rate of this approach. The 2-mm distance has
been measured with a precision of 4.6 µm for an averaging time of 1.24 s. Despite the
relatively long measurement time, the ability to perform measurements over periods
exceeding 1 second highlights the good stability of the proposed system. Finally, a proof-
of-concept measurement of a longer distance has been conducted to test the capability
of the system for retrieving distances near its non-ambiguity range. A 10-meter fiber
cord has been measured, resulting in the determination of the distance with a precision
of 900 µm.
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Chapter 7

Exploring other dual-comb
interferometers

This chapter constitutes the final experimental chapter of this dissertation. In it, the
results obtained during an international research stay at Chalmers Ultrafast Photonics
group are presented. The experiments, conducted in collaboration with Israel Rebolledo-
Salgado, represent the first demonstration of dual-comb interferometry with two mutually-
coherent microcombs operating in the normal dispersion regime. This achievement was
made possible during the three-month stay, thanks to the expertise of the group in the
generation, control, and stabilization of the microcombs. The results, included in the
fourth publication of this thesis, demonstrate the successful measurement of the phase
response of a device under test showing excellent agreement between the measured and
programmed phase profiles. These experiments validate the potential of systems based
on normal-dispersion dual microcombs in terms of stability and coherence.

First, the generation of the two microcombs acting as probe and local oscillator is
detailed. Then, the line spacing of one of the microcombs is measured via electro-optic
down-conversion. Finally, the down-conversion of the two microcombs, which results in
the generation of a dual-comb spectrum, is detailed, and the retrieval of the programmed
phase profile is demonstrated.
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7.1 Introduction

Dissipative Kerr solitons in microresonators enable the generation of on-chip coherent
OFCs. These mode-locked states arise in high-quality-factor cavities fabricated from
materials exhibiting third-order nonlinearity, when the cavity is appropriately pumped
by a CW laser. The formation of these localized structures is easily achieved when
the microresonator exhibits anomalous group velocity dispersion. For this reason,
microcombs generated in anomalous-dispersion cavities were first reported and their
dynamics have been thoroughly studied over the past years [88]. However, many
nonlinear materials exhibit normal dispersion from the visible to the mid-infrared range
[96]. As a consequence, it is necessary to engineer the dispersion of the devices in order
to generate microcombs in the anomalous dispersion regime. Dispersion engineering
involves specific dimensions of the waveguides that may be challenging to fabricate.

At present, silicon nitride stands out as the most extensively studied and mature platform
for microcomb generation. This material exhibits low optical losses, is compatible with
CMOS fabrication processes, and has a wide transparency window (from the visible
to the near-infrared), which expands the application range of such combs to various
areas, including biophotonics, sensing, and optical communications. Yet, at these
wavelengths, silicon nitride exhibits normal dispersion. Although the formation of
microcombs in normal-dispersion cavities is challenging due to the lack of modulation
instability, different strategies such as the use of coupled cavities have proven to enable
microcomb generation [99]. As a result, the possibility of generating microcombs in
devices featuring normal dispersion alleviates the requirements for dispersion engineering
and allows standard and mature processes to be used for the fabrication of the waveguides.
Furthermore, normal-dispersion microcombs offer higher conversion efficiency compared
to those generated in the anomalous dispersion regime [98].

In the work developed in this chapter, two microcombs generated in microresonators
exhibiting normal dispersion are used to perform dual-comb interferometry. Each
microcomb is generated in a coupled-cavity system consisting of two linearly-coupled
cavities, in which the interaction between mode families of the two cavities at specific
wavelengths enables to achieve local anomalous dispersion and hence trigger the formation
of an OFC. The two cavities feature different sizes, inspired by the system reported by
Ó. Helgason et al. [100]. This arrangement results in the longitudinal modes of the
two cavities showing a large Vernier frequency, promoting mode interactions at targeted
wavelengths while minimizing disruptions across other wavelengths. Furthermore, the
integration of microheaters on top of the cavities enables precise control over the
wavelengths where mode interactions occur. This configuration facilitates the generation
of the two microcombs using a single laser to simultaneously pump both systems, thereby
ensuring mutual coherence between the generated combs.

The use of the proposed system for dual-comb interferometry is validated by phase-
sensitive measurements, and the quadratic phase profile of a programmed optical filter
is successfully retrieved. The two combs operate at a repetition rate of 49.98 GHz with
a repetition rate difference of 830 kHz, allowing to map the information of an optical
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spectrum spanning 5.8 THz in a single acquisition at measurement times as fast as
a few microseconds. These results are part of the fourth publication included in this
thesis [168]. This publication represents, to the best knowledge of the authors, the
first demonstration of dual-comb interferometry with two microcombs operating in the
normal dispersion regime.

7.2 Dual-comb interferometry with normal
dispersion microcombs

Two normal-dispersion microcombs are generated to perform dual-comb interferometry.
Each microcomb is generated in a Si3N4 chip fabricated at Myfab Chalmers. Each
chip contains a coupled-cavity system based on two linearly-coupled cavities, main and
auxiliary, with dissimilar radii. This coupled-cavity system is referred to in the literature
as a photonic molecule [169]. A microscope image of the photonic molecule used is
shown in Fig. 7.1 (a). The main cavity has a radius of 455.6 µm, resulting in an FSR of
the longitudinal modes of 49.97 GHz. The auxiliary cavity has a smaller radius of 47.4
µm, resulting in an FSR of 480.4 GHz. As illustrated in the sketch of Fig. 7.1 (b), there
is a resonance of the auxiliary cavity every 10 resonances of the main cavity.

480 GHz
Pumped 

resonance

Longitudinal mode distribution

50 GHz

Aux modes
Main modes(a) (b)

Figure 7.1: (a) Microscope image of the photonic molecule used for the realization of
dual-comb interferometry with microcombs exhibiting normal group velocity dispersion. (b)
Diagram illustrating an approximate distribution of the longitudinal modes of the main and
auxiliary cavities. (a) and (b) taken from [168].

The waveguides forming the cavities, consisting of a Si3N4 core and a silica cladding,
have dimensions of 1.6 µm width × 600 nm height. The quality factor of the cavity is
Q=12.8·106. The fundamental transverse mode of the main cavity operates in the normal
dispersion regime (β2 > 0). Due to the coupled-cavity architecture, there exists coupling
between transverse modes of both cavities. This interaction between modes induces a
local change in the dispersion, allowing to assess anomalous dispersion at the wavelengths
where these mode crossings occur. Provided that the photonic molecule is conveniently
pumped with a CW laser emitting at a wavelength close to the wavelength of a mode
crossing, modulation instability can be easily triggered, leading to the initialization of
the microcomb.

185



CHAPTER 7. EXPLORING OTHER DUAL-COMB INTERFEROMETERS

The design includes two microheaters, each one positioned on top of a microcavity
–one on the main cavity and the other on the auxiliary cavity. The inclusion of these
two microheaters is crucial for generating two mutually coherent microcombs using
a single pump laser. This is necessary because, although the two chips where the
combs are generated are nominally identical, non-idealities in the fabrication pro-
cess lead to practical differences between them. These differences can cause the
two photonic molecules to have different FSRs, resulting in mode crossings occur-
ring at slightly different wavelengths in each chip, which complicates the initializa-
tion of both combs with the same pump wavelength. In contrast, the two micro-
heaters allow independent shifting of the resonances in each cavity via thermo-optic
effect, providing control over the wavelengths at which the mode crossings occur.

Fiber in

DC probes

Fiber out

Figure 7.2: Photograph of the
probe station utilized for the gen-
eration of one of the microcombs.

Therefore, the ability to modify the position of the res-
onances by applying voltage to the microheaters makes
the formation of the two mutually-coherent combs con-
trollable and deterministic.

The two chips are mounted on two probe stations, and
the global temperature of each chip is controlled and
stabilized by means of a Peltier cell and a temperature
controller. Light is fed into and extracted from the chip
through two lensed fibers, whose position is controlled
using motorized micro-positioning stages. In addition,
three DC probes (two for signal, one for ground) deliver
the electrical signal to the microheaters. A photograph
of the probing station is provided in Fig. 7.2.

7.2.1 Experimental setup
The experimental setup built to realize dual-comb interferometry with two normal-
dispersion microcombs is depicted in Fig. 7.3. A tunable CW laser (Toptica CTL) is
used to pump both chips. The pump wavelength is set to 1555.63 nm, which corresponds
to the location of a mode crossing in both systems at the experimental conditions. The
pump is optically amplified using an EDFA (Amonics AEDFA-33-B-FA), and band-pass
filtered (Koshin Kogaku filter) to eliminate the amplified spontaneous emission noise
outside the comb band. Then, the optical signal is divided in two paths for the generation
of the two OFCs.

The optical signal in one of the two branches, corresponding to the local oscillator comb,
is frequency-shifted using an acousto-optic modulator (Brimrose AMF-25-4-1550-2FP),
which introduces an fshift of 24.3 MHz. Before injecting the light into the two photonic
molecules, two polarization controllers ensure the alignment of the polarization state of
the injected light with that of the fundamental mode propagating within the chip.
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Figure 7.3: Experimental setup for performing phase-sensitive dual-comb interferometry
with normal-dispersion microcombs. Four subsections, each serving a specific purpose detailed
in the main text, are highlighted with gray blocks: thermal stabilization of the microcombs,
measurement of converted and transmitted power, dual-comb interferometry, and measurement
of the repetition rate of the microcombs. EDFA: erbium-doped fiber amplifier, BPF: band-pass
filter, AOM: acousto-optic modulator, VOA: variable optical attenuator, PC: polarization
controller, WS: wave-shaper, BPD: balanced photodetector, RF amp: RF amplifier, IM:
intensity modulator, PD: photodetector, FBG: fiber Bragg grating, LPF: low-pass filter, ESA:
electrical spectrum analyzer, RT-OSC: real-time oscilloscope.
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Additionally, variable optical attenuators are used to ensure that the same power is
injected into both chips. As a result, an optical power of 15.5 dBm is measured at the
input of each chip (∼35.5 mW) by means of two power meters (Pin1, Pin2)1. The optical
power measured at the output of each chip measured by the power meters Pout1 and
Pout2 is 12 dBm (∼15.85 mW), and the coupling losses per chip facet are estimated to
be around 1.75 dB.

The setup is divided into sections, each marked by gray rectangles, with each section
serving a specific purpose that will be later explained in detail. The thermal stabilization
section prevents the chips from experiencing thermal drifts over time, which can cause
the cavity resonances to shift and can lead to the extinction of the combs. The
section dedicated to monitoring the transmitted and converted powers is involved in the
generation process of the two microcombs, as discussed later. Additionally, a portion of
the OFCs will be used to measure the repetition rate of the combs, and another portion
will be dedicated to perform dual-comb interferometry.

7.2.2 Experimental results
The experimental results first detail the generation of the two mutually-coherent micro-
combs with slightly different repetition rates. Then, a down-conversion technique to
measure the line spacing of the combs is discussed. Subsequently, the efficient down-
conversion to the electrical domain achieved by dual-comb interferometry is presented,
and the dual-comb interferograms and the obtained RF spectra are shown. Finally, the
extraction of the quadratic phase profile of the device under test is demonstrated.

Generation of two 50-GHz normal-dispersion microcombs

The comb generation process in the normal-dispersion photonic molecule starts with
the search for resonances corresponding to the main and auxiliary cavities. For this
purpose, a frequency scan is performed with the pump laser. The visualization of the
transmitted power on an oscilloscope after opto-electronic conversion allows to identify
the main and auxiliary resonances as the frequency scan is performed. The transmitted
power corresponds to the power of the pump wavelength, therefore, a power drop is
measured when the pump is tuned into a resonance. The simultaneous measurement
of the converted power, which corresponds to the power of the comb lines without the
contribution of the pump, allows to determine whether comb lines have been created.

To measure the transmitted and converted power, the two combs are band-pass filtered
in order to separate the contribution of the pump (transmitted) from the rest of the comb
lines (converted). Band-pass filters based on Bragg gratings (Advanced Optics Solutions
tunable FBG) are used for this purpose. The reflected wavelength (Bragg wavelength)

1To measure the optical power delivered to the chips, the optical signal is divided into two paths
using an optical coupler with a 99:1 splitting ratio. The two power meters are placed at the coupler
output corresponding to 1% of the input power, and the power delivered to the chip of 15.5 dBm is
calculated for ideal conditions without considering excess losses. The same reasoning is followed for the
optical power at the output of the chips.
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corresponds to the wavelength of the pump, while the transmitted band corresponds
to a portion of the comb lines. Then, the optical power in the two branches of the
interferometer, corresponding to this process applied to the probe and local oscillator
OFCs (Convprobe, Transprobe, ConvLO, TransLO), are detected in four photodetectors
(Thorlabs DET08CFC) and measured in a real-time oscilloscope (R&S RTA4004, denoted
in the setup as RT-OSC 1).

After this analysis, an operating point where an auxiliary resonance is close to a resonance
of the main cavity is chosen. In addition, a finer tuning assessed by the microheater
corresponding to the auxiliary cavity allows bringing the auxiliary resonance closer
to the main resonance. As a result of the proximity of the two resonances, a mode
crossing is induced causing the main resonance to red-shift. This process allows for the
generation of a dissipative Kerr soliton in the photonic molecule [99].

The most challenging aspect of generating the two microcombs is the identification of a
suitable operating point that corresponds to a common pump wavelength. Once this
point is found, and following the described procedure for the two photonic molecules,
the two microcombs shown in Fig. 7.4 are obtained. The resulting spectra correspond
to the formation of a dark-soliton in the coupled-cavity system, with the spectral tones
evenly spaced by an FSR of the main cavity.
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Figure 7.4: Optical spectra of the two normal-dispersion microcombs generated to perform
dual-comb interferometry, measured with an optical spectrum analyzer.

The two combs exhibit a total spectral width of ∼5.8 THz. In addition, a high
conversion efficiency of 51% is achieved, calculated as the ratio of the comb power
(without considering the pump) and the pump power. Moreover, the combs remain
stable over time owing to an implemented thermal control loop. Without temperature-
control mechanisms, temperature drifts cause the resonances of the photonic molecule
to shift. These shifts alter the comb state and, in the worst-case scenario, can cause the
combs to extinguish when the resonances deviate far from the established operating point.
Due to the alteration of the comb state, changes in the repetition rate of the combs are
observed [168]. Conversely, implementing a temperature control loop maintains a fixed
comb state with reduced fluctuations in the repetition rate of the generated combs. As a
result of these reduced fluctuations, the beat notes of the resulting dual-comb spectrum
exhibit reduced linewidths.
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The thermal stabilization control is based on a feedback loop programmed in an FPGA
(Red Pitaya STEMlab 125-14)2. The objective is to maintain a fixed comb state,
characterized by a specific repetition frequency and power. To achieve this, the power
of the comb lines (excluding the contribution of the pump), i.e., the converted power, is
monitored and kept constant. The converted power is fed into the FPGA and configured
as a reference point. When variations in the converted power are detected, indicating a
change in the comb state caused by a deviation in the cavity resonances, a correction
signal is generated. This signal acts on the voltage applied to the microheater of the
main cavity. The correction signal, which is an electrical signal of a specific voltage, is
added to the voltage provided by the DC source powering the microheater, allowing to
correct the drifts experienced by the resonances of the main cavity.

Comb repetition rate measurement

Considering the dimensions of the main cavity, the estimated repetition rate of the
microcombs is 49.97 GHz. To accurately measure this repetition rate, each comb can be
detected using a photodetector. The spectrum of the resulting signal will correspond
to frequency notes evenly spaced by the comb repetition rate. However, this approach
requires photodetectors and an oscilloscope or an electrical spectrum analyzer with a
bandwidth of at least 50 GHz.

To measure the repetition rate using more readily available components and instruments,
a down-conversion approach based on the electro-optic modulation of the microcombs
is employed. For this purpose, the microcombs are externally modulated using an
electro-optic intensity modulator driven by a highly stable oscillator operating at
fmod= 25.1 GHz. Using this procedure every comb line is modulated, resulting in the
generation of additional sidebands spaced by fmod on both sides of the original comb
lines. The repetition rate of the comb can then be inferred from the beat note generated
by two neighboring sidebands corresponding to two consecutive comb lines, as illustrated
in Fig. 7.5 (a). In this particular scenario, only two sidebands, each resulting from the
modulation of contiguous comb lines, fall within two original comb lines. The beat
note of the two newly generated tones corresponds to fbeat = 219.838 MHz, which can
be easily measured using regular equipment. Fig. 7.5 (b) shows the down-converted
repetition rate of one of the two microcombs. The comb repetition rate can be calculated
as fR = 2fmod ± fbeat. Given the previous knowledge of the FSR of the main cavity, the
repetition rate is determined to be fR= 49.98 GHz.

2The thermal stabilization system was already developed in Chalmers group, and its development is
not a contribution from this dissertation.
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Figure 7.5: (a) Down-conversion of the comb repetition rate via the electro-optic modulation
of the microcomb. For a comb repetition rate of 49.98 GHz and an electro-optic modulation
frequency of 25.1 GHz, two sidebands arising from the intensity modulation of the microcomb
fall within two original comb lines. The repetition rate of the microcomb can be obtained from
fbeat. (b) Down-converted beat note obtained from the intensity-modulation of one of the two
microcombs, measured with an electrical spectrum analyzer.

Generation of down-converted dual-comb spectrum

The capabilities in terms of coherence and frequency stability of the two generated
microcombs are demonstrated by conducting dual-comb interferometry. The changes
induced in the comb state depending on the position of the resonances of both cavities,
which affect its repetition rate [168], are beneficial for dual-comb interferometry. Since
the two combs need to exhibit slightly different repetition frequencies, having some
control over the repetition rate difference constitutes a major advantage of the proposed
system. By controlling the voltage applied to the microheater positioned over the main
cavity in one of the two photonic molecules, the difference in repetition frequencies is
finely tuned to ensure the effective compression of the comb.

The repetition rate difference is measured by mixing the beat notes obtained from
the down-conversion process of the repetition rate of both combs. After detecting
the two intensity-modulated combs, the DC component of the electrical signals is
eliminated and the filtered signals are amplified (Minicircuits ZFL-500HLN+, Wenteq
Microwave ABL0015-0012317) and mixed in an RF mixer (Mini-circuits ZFM-4). The
beat note obtained from the mixer, with a frequency of δfR, is monitored during
the measurements using a real-time oscilloscope (Tektronix DSA71604, denoted RT-
OSC 2 in the setup). The acquisition of this signal, together with the interferograms,
allows capturing the possible drifts that the repetition rate may experience during the
experiments. Considering a repetition rate difference of around 830 kHz estimated from
the δfR signal visualized during the experiments, the compression factor from the optical
to the electrical domain of approximately 6·104 allows to compress the comb optical
bandwidth of 5.8 THz to an electrical bandwidth of around 100 MHz. In this experiment,
where the repetition frequency is very high, the spectral replicas in the down-converted
frequency spectrum are centered at multiples of 49.98 GHz. Therefore, the requirement
for the compression factor to avoid spectral overlap is relaxed to factors on the order
of 100. The compression factor achieved here exceeds the minimum necessary by more
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than a factor of 100, enabling ultrafast measurements where interferometric information
can be acquired at microsecond speeds using photodetectors and sampling modules with
low bandwidths.

The information to be retrieved by dual-comb interferometry consists in a phase profile
encoded in one of the two microcombs. For this purpose, an optical filter featuring a
quadratic phase profile is programmed in a waveshaper (Finisar waveshaper). When the
probe comb passes through the waveshaper, its amplitude is not changed, but a quadratic
phase is encoded in some of its comb lines. The width of the filter is programmed to
be 25 nm (3.12 THz), which corresponds to approximately 62 comb lines. The local
oscillator comb and the probe comb are combined in a 50:50 optical coupler and then
interfere in a balanced photodetector (Thorlabs PDB425C). The resulting interferogram
signal is amplified before being digitized (JDS H301-1210). Then, this signal and the
sinusoidal signal containing the information of δfR are digitized using two channels of
the real-time oscilloscope operating at a sampling rate of 312 MSa/s.

Three interferogram signals are sequentially acquired with the oscilloscope: a reference
signal in which the programmed filter does not introduce any phase or amplitude
changes in the probe comb, and two signals in which the filter induces a quadratic
phase in the probe comb with positive and negative signs, respectively. A portion of the
interferogram signals obtained in the three scenarios, together with the corresponding
signal for monitoring the repetition rate difference, are included in the top panels of
Fig. 7.6: (a) reference acquisition, (b) positive-sign quadratic phase profile convolved
with the probe comb, and (c) negative-sign quadratic phase profile imprinted on the
probe comb.

The digitized temporal traces have a duration of 2.1 ms. This duration, considering a
repetition rate difference of around 830 kHz, corresponds to 1750 interferogram bursts
per sequence. The three interferogram sequences are first divided into sub-sequences
comprised by 25 interferograms each. The extraction of the sub-sequences is performed
using the zero-crossing points of the corresponding sinusoidal signal acquired to monitor
the repetition rate difference. The duration of each sub-sequence leads to a resolution
bandwidth in the frequency domain of 33.2 kHz, which allows to spectrally resolve the
down-converted beat notes. A total of seventy sub-sequences of 25 bursts are extracted
from each acquired interferogram signal. Each sub-sequence is Fourier transformed and
the seventy Fourier spectra are then frequency averaged to reduce the variance of the
noise power. The lower panels of Fig. 7.6 show the averaged spectra obtained for the
three described scenarios. The repetition rate difference of the three down-converted dual
combs show deviations between acquisitions, especially when comparing the reference
dual-comb spectrum with the two measurement spectra. Despite the variations in the
frequency spacing of the RF combs, a good SNR is obtained in all three cases, and it
can be observed that the three spectra maintain the same spectral shape. Since the
programmed phase information is obtained by comparing each tone of the measurement
comb with each tone of the reference comb, and there is a complete correspondence
between the tones despite the deviations in the repetition rate difference, the phase
extraction can be correctly performed.
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DUT1

= 831.2 kHz = 856.9 kHz = 859.5 kHz

(a) (b) (c)

DUT2

Figure 7.6: (Top) Portion of the digitized dual-comb time-domain interferograms. Each
interferogram sequence is plotted together with a synchronization signal (depicted in orange),
whose frequency corresponds to δfR. The three panels correspond to three sequential acquisi-
tions: (a) reference trace, where the device under test (DUT) information is not imprinted
on the probe comb; (b) measurement trace, with a quadratic phase profile of positive sign
imprinted on the probe comb; and (c) second measurement trace, with a quadratic phase
profile of negative sign configured as the DUT. (Bottom) Down-converted RF spectra obtained
from the fast Fourier transform of the interferogram traces acquired in the three mentioned
scenarios. Seventy spectra are averaged in frequency. The down-converted repetition rate is
specified in each case, and the beat notes where the DUT information is extracted are marked
in orange.

Measurement of the phase profile of the device under test

The objective is to extract the spectral phase of the comb lines of the reference and
measurement down-converted combs, ϕr,m and ϕm,m, respectively, with m denoting the
indices of the comb lines. Then, the programmed phase profile can be obtained by
subtracting both spectral phases. Fig. 7.7 (a) depicts one of the programmed phase
profiles overlapped to the optical spectrum of one of the two generated microcombs.

First, the positions of the down-converted beat notes, from which the phase information
is to be extracted, are identified using a peak detection routine applied to the averaged
Fourier spectra. Thirty-six spectral lines around the pump are considered in this analysis.
Then, for each of the seventy sub-sequences of interferograms, the phase of the fast
Fourier transform is computed. The spectral phase values corresponding to the locations
of the down-converted comb lines are obtained. This procedure, applied to both the
reference and one of the measurement signals, results in the seventy spectral phases
shown in Fig. 7.7 (b). The upper panel depicts the unwrapped spectral phases obtained
from post-processing the reference signal, while the lower panel corresponds to one of
the two measurement signals (the one corresponding to a negative quadratic profile).
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Figure 7.7: (a) Optical spectrum of one of the generated microcombs (blue trace) together
with the phase profile of one of the programmed optical filters operating as DUT (red
trace). (b) Evolution of the spectral phase of 37 comb lines obtained from the analysis of
seventy interferogram sequences of the reference signal (top) and one of the measurement
signals (bottom). (c) Measured phase profiles through dual-comb interferometry (red) versus
programmed phase profiles (blue).

For each of the seventy spectral phases obtained, the spectral phase value of each comb
line of the reference RF spectrum is subtracted from that of the measurement RF
spectrum. Therefore, seventy spectral phase difference functions, ∆ϕm = ϕm,m − ϕr,m,
are obtained. Finally, the phase profile of the device under test, ϕDUT , is obtained by
averaging the ∆ϕm functions. Fig. 7.7 (c) shows the two phase profiles retrieved. The
experimental values, depicted with a solid red line and dot markers indicating the data
points, show excellent agreement with the programmed phase profile. Thus, the precise
alignment between the programmed phase and the recovered phase, with no visible
deviations, demonstrates the measurement accuracy of the dual-comb interferometer.

7.3 Conclusions
In this chapter, a dual-comb interferometry system based on OFCs with significantly
different spectral characteristics in terms of bandwidth and repetition rate from those
previously shown in this thesis has been explored. The significance of the results here
presented lies in the demonstration of dual-comb interferometry using microcombs
operating in the normal dispersion regime, which had not been previously reported in
the literature. As most materials used for the fabrication of nonlinear microresonators
exhibit normal dispersion in spectral regions such as the visible and near-infrared, the
ability to generate normal-dispersion microcombs with good characteristics in terms of
stability, carrier-to-noise ratio, or coherence, enhances the potential for implementing
microcomb-based systems in applications beyond the laboratory environment. The
absence of a necessity for careful dispersion engineering of the waveguides constituting
the cavities, together with the capacity of using standard CMOS-compatible fabrication
processes, permits the large-scale fabrication of these devices using mature processes.
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Two microcombs exhibiting a high repetition rate of 49.98 GHz and a repetition rate
difference of 830 kHz have been generated. Each microcomb has been generated using a
system formed by two linearly-coupled cavities with different radii, fabricated in silicon
nitride. The combs exhibited a line spacing corresponding to the FSR of the main
cavity (49.98 GHz). The smaller auxiliary cavity (FSR of approximately 480 GHz)
provided a distinct family of resonances, inducing mode coupling between modes of
the two cavities. This mode coupling, which locally influenced the dispersion of the
system, enabled access to anomalous dispersion at the points where coupling occurred.
A dark soliton has been generated when the pump was appropriately tuned into one of
these points, as evidenced by the generation of normal-dispersion microcombs with line
spacing corresponding to the FSR of the main cavity. Furthermore, the integration of
microheaters into the coupled-cavity system enabled the shifting of resonance positions,
thereby providing control over the wavelengths at which mode coupling occurred. This
approach facilitated the generation of two microcombs using a single pump laser under
controlled conditions. Additionally, the thermal stabilization mechanism included in
the system allowed to prevent thermal drifts affecting the position of the resonances,
maintaining a fixed comb state.

Moreover, the repetition rate of the generated combs has been measured using equipment
with non-demanding bandwidth. The technique used, based on the intensity modulation
of the microcombs after their generation, enabled the down-conversion of the comb
repetition rate. By mixing the down-converted repetition rates of each comb, a signal
corresponding to the difference in their repetition rates has been obtained. This signal,
which enabled monitoring of the repetition rate difference between the two combs, proved
to be very useful in the post-processing of the interferogram traces.

Finally, phase-sensitive dual-comb interferometry using the two generated microcombs
has been proven. The measurement of two quadratic phase profiles using the spectral
phase information of 36 beat notes around the pump has been demonstrated. The
measured phase profiles closely matched the programmed profiles. The interferometric
information has been obtained from the analysis of 70 interferogram traces, each
comprised by 25 interferogram bursts. This resulted in a total acquisition time of 2.1 ms.
The Fourier spectrum of each 25-interferogram sequence has been measured with a
resolution bandwidth of 33.2 kHz, which allowed to resolve the RF beat notes and to
unequivocally detect the locations of the beat notes where the phase information was
extracted from. Moreover, faster measurement rates could be obtained from the analysis
of a single sequence of 25 interferograms, resulting in a decrease of the acquisition time
from 2.1 ms to 30 µs.

In conclusion, the controlled and deterministic generation of two normal-dispersion
microcombs locked to the same pump laser has been demonstrated. The stability of the
combs during the measurement time and their mutual coherence have been evidenced
by the successful recovery of the phase profile of a device under test via dual-comb
interferometry. These results represent a significant contribution to the applicability
and potential of on-chip normal-dispersion combs and paves the way towards the
implementation of systems based on these microcombs in environments out of the lab.
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Chapter 8

Conclusions and outlook

This chapter presents the conclusions drawn from the work carried out in this dissertation.
Future research lines to be pursued as a continuation of this doctoral thesis are also
proposed. Although detailed conclusions have been provided in each experimental
chapter, here the most relevant achievements are highlighted.

8.1 Conclusions
This thesis focuses on the development of gas sensing and ranging systems utilizing
dual-comb architectures based on OFCs generated by gain switching of semiconductor
lasers.

• In the field of gas sensing, the novelty of this thesis lies in the enhancement of the
spectral resolution of GS dual-comb systems. Although GS dual-comb spectrometers
cannot compete in spectral coverage with systems based on other comb generators, they
can outperform in spectral resolution. Moreover, this spectral resolution is tunable due
to the frequency agility of GS comb sources. Prior to this work, the spectral resolution of
GS dual-comb spectrometers was limited to approximately 500 MHz, which constrained
the potential of such systems since the minimum spectral width that could be measured
was on the order of a few GHz. Through the advancements presented in this thesis, this
resolution limit has been significantly extended, enabling the measurement of spectral
features with linewidths as fine as 360 MHz with a spectral resolution of approximately
4 MHz. This improvement greatly enhances the utility and application of GS dual-comb
systems in high-resolution sensing. The improvement in spectral resolution has been
achieved through the generation of OFCs with low repetition frequencies. First,
using trains of electrical pulses as gain-switching signals, along with external optical
injection, the generation of GS combs with line spacings from 100 MHz to 2.5 MHz was
demonstrated. Then, through the electro-optic densification of the GS combs, which
potentially allows to decrease the repetition rate below the megahertz range.
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In the pursuit of implementing a high-spectral-resolution gain-switched dual-comb
spectrometer, a design guide for obtaining low-repetition-rate GS combs using pulsed
electrical excitation and external optical injection with specific spectral characteristics
tailored for dual-comb spectroscopy applications has been provided. This guide
is based on an analysis of the influence of the amplitude of the gain-switching signal
and the optical injection detuning on the spectral properties of the resulting combs. By
controlling the pulse amplitude, it has been shown that the spectral width of the combs
can be accommodated to the width of the measured sample, up to maximum comb
bandwidths of around 100 GHz. By adjusting the optical injection detuning, the
spectral flatness of the GS OFC can be optimized. Specifically, injecting the GS combs
at the bandwidth end showing less optical power compensates for their asymmetry and
improves their flatness.

The measurement of an HCN absorption line exhibiting a spectral width of 2 GHz
has been demonstrated using two optically-injected GS combs with repetition frequencies
of 100 MHz generated by pulsed excitation. The improvement of the SNR through
spectral averaging has been proven. Additionally, it has been shown that the mutual
coherence of the two frequency combs can be maintained for integration times of up
to 80 seconds without the need for phase or frequency stabilization methods or
post-correction techniques. The exceptional stability and coherence of the system
are inherent to the comb generation technique, as both OFCs are injected by the same
master laser.

The OFCs obtained by means of pulsed gain switching at repetition rates of a few
megahertz featured good characteristics in terms of flatness and spectral width; however,
their average optical power has been shown to be compromised due to the low duty
cycle of the gain-switching signals, and optical amplification is usually required for the
combs to exhibit an acceptable CNR. To overcome this limitation, the densification
of the two GS combs comprising the spectrometer has been proposed to achieve GS
combs with repetition rates in the megahertz range without compromising the
average optical power of the system. The external densification of the two combs
using two EOPMs driven by maximum length sequences has been proven to be an
effective method for further increasing the spectral resolution while maintaining the
flatness and CNR of the combs. Then, the experimental implementation of a densified
GS dual-comb spectrometer has been demonstrated. Two externally-injected GS
combs with repetition rates of 500 MHz have been densified by a factor of 127, resulting
in a new comb spacing of around 4 MHz. This approach, based on the phase modulation
of the GS optical pulses, involved no power loss. The densified spectrometer has been
validated by the measurement of a Fabry-Pérot resonance featuring a linewidth of
around 360 MHz, interrogated with 90 comb lines within said linewidth. An optical
bandwidth of 48 GHz was compressed to an electrical bandwidth of 4.8 kHz, and the
optical information was extracted using a balanced photodetector with a bandwidth of
only 100 MHz. The down-converted dual frequency comb that contained the information
of the Fabry-Pérot resonance exhibited a CNR of 17.6 dB and an excellent spectral
flatness of 0.92, which was achieved by configuring the amplitude of the signals driving
the EOPMs to the half-wave voltage of the devices. The great performance in terms of
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flatness of the RF dual-comb spectrum allowed to perfectly identify the footprint of the
filter on the spectrum. Moreover, the spectral resolution of 4 MHz, which was specifically
designed for measuring the Fabry-Pérot resonance with good resolution, could be further
reduced to the sub-MHz range by increasing the length of the maximum length sequences
that drive the EOPMs.

Additionally, motivated by the development of compact and inexpensive dual-comb
spectrometers, and building on the demonstrated viability of dual-comb spectrometers
based on low-repetition-rate GS combs, an affordable digitizer to be included in such
systems has been proposed. The effective compression of the optical information to
a bandwidth in the megahertz range allowed the use of a low-cost software-defined
radio platform to digitize the gas absorption information. This approach not
only significantly reduces the cost of the dual-comb spectrometer but also minimizes
the footprint of the spectroscopy system while maintaining the measurement accuracy.
Remarkably, even without locking the software-defined radio to a system reference signal,
mutual coherence has been demonstrated up to an integration time of 1 second.

In summary, the demonstrations reported in this thesis represent a significant advance-
ment for GS dual-comb spectroscopy systems, since now it is possible to attain
spectral resolutions ranging from a few GHz down to values below 1 MHz, achiev-
able with densification. This broader spectral resolution range expands the versatility of
dual-comb spectrometers based on GS OFCs.

• In the field of ranging, the capability to generate low-repetition-rate gain-switched
combs has been leveraged for dual-comb ranging measurements. By decreasing the
repetition rate of the combs, it is possible to achieve longer non-ambiguity ranges, as
the non-ambiguity range is inversely proportional to the repetition rate of the combs. In
this context, an asymmetric dual-comb architecture, where only the probe comb is used
to interrogate the distance to be measured, has been employed to measure distances using
an interferometric procedure. This interferometric approach offers greater precision
compared to time-of-flight-based techniques, with the precision improving for broader
comb bandwidths. However, a challenge arises in balancing precision and non-ambiguity
range, as frequency combs with broader bandwidths typically feature higher repetition
frequencies. To address this, low-repetition-rate GS combs present a promising solution
by offering a balance between precision and measurement range while maintaining
system simplicity and integrability. GS OFCs with bandwidths around 100 GHz and
repetition rates below the megahertz range can be achieved using a system composed of
three semiconductor lasers in a master-slave configuration and two electro-optic phase
modulators. In contrast, similar bandwidths in electro-optic frequency comb systems
often require multiple cascaded modulators, adding complexity to the setup.

A dual-comb ranging system based on two optically-injected GS laser diodes
has been proposed and validated by measuring relative distances, i.e., the displacement
of a target between two positions. Although the setup enables the measurement of
absolute distances, this would require the precise determination of the optical lengths
traveled by the two combs until they reach the photodetector. First, dual-comb ranging
measurements utilizing two GS OFCs generated by pulsed gain switching two optically-
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injected discrete-mode lasers have been demonstrated. The selected repetition rate
of 100 MHz enabled to resolve free-space distances of up to 1.5 meters without
ambiguity, with a minimum measurement time of 100 µs. The system has been
validated by measuring an open-path relative distance of 4 mm. The precision of
the measurements has been evaluated using the Allan deviation, which quantifies the
evolution of the error on the distance in relation to the measurement time. By post-
processing sequences containing 40 interferogram bursts per sequence, the precision
improved from 3.2 µm, measured over a 4-ms period without averaging, to 0.5 µm,
after averaging one hundred phase difference functions over 400 ms. The analysis
of sequences comprising ten interferograms per sequence yielded comparable precision
while facilitating acquisition speeds fourfold faster. Furthermore, greater precision is
anticipated for longer measurement times, as the Allan deviation did not reach saturation
within the maximum analyzed time frame.

Following the successful demonstration of the feasibility of the system using pulsed
excitation, a ranging system based on two densified GS combs has been presented.
The phase of the optical pulses from two GS combs, generated through pulsed gain
switching, have been modulated using a pseudo-random phase pattern. This resulted
in two densified combs with a comb repetition rate of 4 MHz and a repetition rate
difference of approximately 40 Hz. Although this setup introduces additional complexity
due to the need for two EOPMs, it enabled the extension of the non-ambiguity range
without compromising the average optical power. With this system, a maximum range
of 38 meters can be measured without ambiguity and in a single acquisition. However,
increasing the non-ambiguity range comes at the cost of reduced acquisition speed. Under
the experimental conditions demonstrated in this thesis, the minimum acquisition
time was 25.4 ms, corresponding to the duration of a single interferogram burst. Then,
a relative distance measurement of 2 mm to a target has been demonstrated using the
densified setup, with propagation in air and the probe comb traveling a round-trip to
the target.

In non-densified dual-comb ranging experiments, analyzing sequences with multiple in-
terferogram periods improved the precision, attributed to temporal averaging. Therefore,
in the densified dual-comb ranging experiment, the post-processing analysis has been
conducted using sequences comprising 10 bursts of densified interferograms. In this
scenario, the minimum acquisition time was 254 ms. A maximum acquisition time of
1.24 s was analyzed, corresponding to the averaging of five unwrapped spectral phase
differences. Under these conditions, the 2-mm distance was measured with a precision
of 4.6 µm. This precision is lower than that obtained in the non-densified experiment,
since fewer averages have been implemented in the densified scenario (five averages in
the densified experiment versus one hundred averages in the non-densified experiment).
To compare both results, the acquisition time would need to be increased to 25.4 seconds.
Under the digitization conditions used in the experiment, this would correspond to
acquiring 100 temporal traces of 62.5 million points, requiring significant processing
capabilities. Finally, an initial demonstration showing the viability of the system for
measuring ranges of tens of meters has been presented through a proof-of-concept
experiment using a 10-meter fiber cord.
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In summary, low-repetition-rate GS combs have been also proved beneficial for the exten-
sion of the non-ambiguity range in dual-comb ranging measurements. By means of the
external densification of the two GS combs, the maximum range to be measured without
ambiguity can be significantly enhanced from around 1 meter (without densification)
up to a few kilometers (attainable with comb repetition rates of hundreds of kilohertz).
Then, the proposed system represents a promising medium-range solution.

• Finally, the realization of dual-comb interferometry with microcombs has been
also explored during the international research stay developed within the Ultrafast
Photonics Group in Chalmers University. Phase-sensitive ultrafast dual-comb inter-
ferometry has been demonstrated using two microcombs exhibiting global normal
GVD.

The devices used to generate each microcomb consisted of two cavities made of silicon
nitride waveguides, which were linearly coupled and featured significantly different radii
(being the radius of the main cavity 455.6 µm and the radius of the auxiliary cavity
47.4 µm). The coupled-cavity configuration enabled to achieve local anomalous
GVD at specific wavelengths where coupling between transverse modes of the two cavities
occurred. This resulted in the effective generation of a dissipative Kerr soliton propagating
in the main cavity, which gave rise to an OFC with a line spacing corresponding to the
round-trip time of the main cavity. In contrast to the experiments developed in the
rest of the doctoral thesis, focused on the generation and application of combs with low
repetition rates, the employed microcombs exhibited high repetition frequencies of
49.98 GHz, and a broad spectral bandwidth of 5.8 THz. The compression of the
optical spectrum by means of the configuration of a repetition frequency difference of
around 830 kHz enabled to recover the spectral information in microsecond timescales.
Moreover, the inclusion of thermal microheaters in the cavities provided control in the
generation of the two microcombs and facilitated the use of a single laser to pump both
microcombs, essential to provide them with mutual coherence. Finally, the generated
combs showed a long-term stability thanks to a thermal stabilization control developed
by the Chalmers group.

In summary, the potential of normal-dispersion microcombs for dual-comb interferometry
applications has been demonstrated. This represents a significant advancement in
the field, as prior to the publication of the work that included the results from the
experiment developed during the international research stay, dual-comb interferometry
had only been demonstrated using microcombs operating in the anomalous dispersion
regime. The ability to use combs with normal dispersion alleviates the need for
dispersion engineering required to achieve anomalous dispersion in third-order nonlinear
materials such as silicon nitride. Consequently, these results enhance the practicability
and applicability of microcomb-based dual-comb interferometry systems for real-world
applications.
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8.2 Outlook
The work conducted during this doctoral thesis can be further extended to address
unresolved issues and opens up different lines of research with scientific interest to be
explored. Below, some of these potential research directions are summarized.

In the field of spectroscopy:

• Implementation of a remote gas sensing system. In-fiber absorption spectroscopy
measurements have been conducted during this thesis. However, the evaluation of a gain-
switched dual-comb spectrometer for the detection of absorbing species in an open-path
environment remains undone. Therefore, the study of the sensitivity and the performance
in terms of SNR of the system should be realized, focusing on its deployment outside the
laboratory environment under non-ideal conditions. Optical amplification stages would
need to be included in the setup and the affection of amplified spontaneous emission
noise on the results would need to be examined. Similarly, the inclusion of electrical
amplification stages to amplify the obtained interferograms could be studied. Moreover,
the implementation of an asymmetric configuration to extract the absorption information
from the analysis of the phase (related to the dispersion profile of the gas) could be also
beneficial for low SNR scenarios.

• Development of a compact and portable gain-switched dual-comb spectrom-
eter. A natural step following the evaluation of the spectrometer in a real and harsh
environment would be the development of a compact, portable prototype capable of
performing real-time absorption measurements. Based on the system proposed in this
dissertation, the primary focus should be on the development of the electronics of the
system. To implement a cost-effective instrument, the electronics should leverage devices
such as step-recovery diodes, software-defined radio platforms, and FPGAs for signal
generation and real-time digital processing.

• Integration of the dual-comb system in a photonic chip. The compactness and
overall footprint of the dual-comb spectrometer can be further improved by integrating
the three lasers (master and slave lasers) involved in the setup in an indium phosphide
photonic circuit. Moreover, although the generation of two GS OFCs on indium phosphide
chips has been demonstrated, key steps such as beating the two on-chip generated combs
on a photodetector and generating time-domain interferograms and a down-converted
dual-comb spectrum have yet to be demonstrated. Additionally, the application of
on-chip GS dual-comb interferometers remains unexplored.

• Use of a coherent IQ receiver. The evaluation of the performance of the dual-comb
spectrometer using a coherent receiver could be also explored. The detection of IQ
information of the interferogram signals could eliminate the need for a frequency shifter
or optical injection filtering to unambiguously resolve the down-converted spectrum.
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• Extension of the GS dual-comb spectrometer to mid-infrared wavelengths.
The mid-infrared range exhibits stronger molecular signatures than the near-infrared,
making it of greater interest for spectroscopic applications. Techniques such as difference
frequency generation or the use of optical parametric oscillators have demonstrated
the translation of frequency combs from the near-infrared to the mid-infrared. While
dual-comb spectroscopy has already been demonstrated in the mid-infrared range for
several comb generators, such as electro-optic combs and microcombs, it has only been
reported for GS combs around 2 µm. Translating GS combs to the mid-infrared would
allow for the measurement of gas absorption for substances like methane, carbon dioxide,
and hydrogen sulfide. Specifically, the translation of densified GS combs would enable the
measurement of absorption features of gases with Doppler-limited bandwidths, leveraging
the ultra-high resolution capabilities of the densified approach.

In the field of ranging:

• Further evaluation of the densified GS dual-comb ranging system. The
completion of the results on dual-comb ranging using a pair of densified GS OFCs
represents a natural evolution of the work presented in this thesis. The results presented
herein demonstrated the viability of the system for measuring open-path distances well
below the non-ambiguity range. Furthermore, a proof-of-concept in-fiber measurement
was conducted to evaluate a distance on the order of the non-ambiguity range. To further
this research, additional in-fiber measurements would be necessary to comprehensively
analyze the precision of the system. Additionally, it would be valuable to conduct
open-path measurements to test the measurement range near the maximum range of
the system. However, this measurement could not be performed during the thesis as
the measured relative distance was controlled by a micro-positioner with a maximum
displacement capability of only a few millimeters.

• Evaluation of the accuracy of the dual-comb ranging system. The precision of
the system was evaluated by analyzing the error on the slope of the linear regression
fitted to the experimental phase values. However, the accuracy of the measurement still
needs to be assessed. This could be done by integrating an additional interferometer in
the system to evaluate the same distance as the probe comb.

• Exploration of related applications. In the dual-comb ranging system presented,
the influence of the different path lengths of the interferometer branches led to the
necessity of measuring relative distances instead of absolute distances, in order to
eliminate the contribution of the unequal lengths of the two arms in the setup. This
system can be particularly beneficial for measuring the thickness of a sample, as in
optical coherence tomography, where the measurement inherently involves extracting the
relative distance between two surfaces. Dual-comb-based optical coherence tomography
has already been demonstrated at 1.55 µm [170] and 1.3 µm [143]. However, examining
biological tissues requires shorter wavelengths that can penetrate these tissues effectively.
The ability to perform gain switching at different wavelengths, provided suitable laser
diodes are available, would enable the development of a dual-comb optical coherence
tomography system for biomedical applications.
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• Exploration of dual-comb ranging with normal-dispersion microcombs. With
regard to the last chapter of this dissertation, the use of two normal-dispersion micro-
combs for ranging would enable to perform ultrafast measurements. Additionally, the
combination of normal-dispersion microcombs with gain-switched lasers to enhance the
properties of any of these two comb generators can be a potential research direction.
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Appendix A

Gain-switched combs based on
multi-pulsed electrical excitation

The generation of GS combs using pulsed gain-switching signals consisting of more than
one pulse per period is discussed in this Appendix. This approach aims to increase the
average optical power of the combs, which has been proved highly compromised when
utilizing low-frequency gain-switching signals with a single pulse per period (Chapter 5).

The basic idea involves adding additional pulses to a classical train of pulses that originally
consists of only one pulse per period. This technique was first tested experimentally, using
various approaches to generate multi-pulsed gain-switching signals. All of these multi-
pulsed signals were designed so that the newly added electrical pulses are positioned in
a way that avoids introducing a new periodicity into the signal or altering the repetition
frequency of the comb. Moreover, a condition to ensure that all optical pulses were equal
was imposed. For this condition to be met, the carriers and photons in the laser cavity
must reach steady state before the subsequent electrical pulse starts. Therefore, in order
to know the time needed for the carriers and photons to reach steady state, optical
simulations of a GS OFC using single-pulsed excitation are conducted. The simulations
are based on the rate equation model described in Chapter 2. A discrete-mode laser,
characterized by the parameters detailed in said chapter, is used as slave and master laser.
In the simulation scenario, the frequency of the excitation signal is fR= 100 MHz and the
electrical pulses have low and high current values of Ioff= 4.3 mA and Ion= 44.3 mA,
respectively, and a temporal duration of τpulse= 200 ps. Optical injection power is
Pinj= 0.5 mW and the detuning between the ML and the SL emission is ∼33 GHz. The
results from the optical simulation are shown in Fig. A.1. Panels (a), (b), and (c) show
the profile of the injected current and the calculated evolution of the carrier density,
the optical power emitted by the slave laser together with the frequency chirp, and the
resulting optical spectrum, respectively. These results depict the typical behavior of a
laser diode operating in gain-switching regime. In the simulation conditions, the carrier
density reaches steady state after approximately 300 ps. Considering the time required
for the carrier density to reach steady state, there exists a limitation on the maximum
number of pulses in the multi-pulsed signal and hence the maximum duty cycle.
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Figure A.1: Numerical simulations of single-pulsed GS OFCs featuring a repetition rate
of fR= 100 MHz. (a) Single-pulsed excitation current and evolution of the carrier density
normalized to the transparency carrier density. (b) Resulting optical pulses and frequency
chirp. (c) Normalized optical spectrum.

Subsequently, a numerical simulation with the previously described conditions but using
a multi-pulsed gain-switching signal with two pulses per period is conducted. The two
electrical pulses are separated by a delay of 800 ps, as depicted in Fig. A.2 (a).
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Figure A.2: Numerical simulations of 100-MHz multi-pulsed GS OFCs, with 2 pulses per
period. (a) Multi-pulsed gain-switching signal and carrier density. (b) Optical pulses and
frequency chirp of the multi-pulsed scenario. (c) Normalized optical spectrum.

It can be seen that the carrier density reaches its steady-state value before the onset of
the next build-up of the carriers. Consequently, the shape and chirp of the two optical
pulses within the period are quite similar, as depicted in panel (b). The optical spectrum
from this simulation is included in Fig. A.2 (c). Since two pulses are emitted per period,
the duty cycle is increased from 2% to 4%. However, as it is evidenced in the zoomed
view of panel (c), a ripple in the optical spectra appears. This ripple, which in this
particular case has a frequency of 1.3 GHz, appeared with all the multi-pulsed signals
experimentally tested, compromising the flatness of the resulting combs.

To understand the origin of the amplitude modulation observed in the optical spectrum of
the multi-pulsed GS combs, the multi-pulsed approach is analyzed analytically. Fig. A.3
illustrates a generic multi-pulsed excitation current Imulti(t), which consists of a series of
N pulses having the same temporal width τpulse. The sequence of N pulses is periodic
with period TR=1/fR. The starting time of a pulse i within the period is defined as
ti−1. The excitation current switches between Ioff and Ion. When these values are
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properly selected for gain switching the laser diode, a sequence of optical pulses with
approximately the same intervals as the excitation electrical pulses will be generated.

Imulti(t)

tt=0

Ioff

Ion

t=

t1
t2

tN-1

Figure A.3: Illustration of the multi-pulsed excitation current Imulti(t) proposed for gain
switching a laser diode. The number of pulses introduced in the sequence is defined by the
integer N .

The electric field of a periodic train of pulses with period TR and a single pulse per
period can be described as a Fourier series

E1(t) =
∞∑

k=−∞
Ake

jk2πt
TR , (A.1)

where Ak are the spectral or Fourier coefficients of E1(t) and k is an integer denoting
the harmonic index. They indicate the portion of E1(t) in each harmonic. The spectral
coefficients can be written as

Ak = 1
TR

∫ TR

0
E1(t)e− jk2πt

TR dt. (A.2)

The addition of several pulses per period provides a complex function, whose phase
depends on the delay between pulses. The multi-pulsed signal can be formulated as the
sum of the described periodic signal E1(t) plus delayed versions of this signal, considering
the delays ti described before. For N= 2 pulses, the resulting multi-pulsed signal can
be expressed as

Emulti(t)|N=2 = E1(t) + E1(t − t1) =
∞∑

k=−∞
Cke

jk2πt
TR , (A.3)

where Ck are the spectral coefficients of the multi-pulsed signal containing N=2 pulses.
The spectral coefficients follow the expression below

Ck|N=2 = Ak(1 + e
− jk2πt1

TR ). (A.4)
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The power spectral density of the harmonics can be obtained from the squared magnitude
of the spectral coefficients of the multi-pulsed signal. For N=2 pulses it can be written
as

|Ck|N=2|2 = 2|Ak|2
[
1 + cos

(2πkt1

TR

)]
, (A.5)

following a cosine dependence with the corresponding maxima and minima. Eq. (A.5) can
be understood as the frequency-domain equivalent of classical interference patterns, with
a maximum at zero frequency and other maxima at frequencies given by fmax = ±m/t1,
and m being an integer. In addition, it should be noted that the maxima and minima
of Eq. (A.5) may or may not correspond to the frequency of the harmonics, depending
on the ratio defined by TR/t1.

The extension for N pulses of the expression of the spectral coefficients (Eq. (A.4)) is
given by

Ck|N = Ak

[
1 +

N−1∑
i=1

e
− jk2πti

TR

]
, (A.6)

and the power spectral density of the spectral coefficients in this case can be expressed
as

|Ck|N |2 = 2|Ak|2
[
1 +

N−1∑
i=1

cos
(2πkti

TR

)]
. (A.7)

This analysis, which is performed for the electrical excitation current, can be translated
into the optical domain provided that all optical pulses are equal. Fig. A.4 (a) shows the
power spectral density of the previously described multi-pulsed electrical sequence with
N= 2 pulses per period with a first pulse starting in t=0 and the second pulse starting
in t1= 800 ps. Panel (b) depicts the optical spectrum obtained in a numerical simulation
when an optically-injected laser diode is gain switched with such multi-pulsed sequence.
It is verified that both spectra convey the same information in terms of spectral shape.
The simulation confirms that when all optical pulses are identical, the expression for
the spectral coefficients derived for the multi-pulsed electrical signal (Eq. (A.4)) is valid
for analyzing the amplitude of the spectral coefficients corresponding to the optical
pulse train. In the simulations, both spectra consist of harmonics showing a line spacing
of fR= 100 MHz. The ripple observed in the comb lines with a frequency of 1.3 GHz
corresponds to 1/t1.

Given the equivalence in shape between the spectrum of the gain-switching electrical
signal and the spectrum of the resulting optical comb, the search for frequency combs with
flat spectra can be performed using the electrical spectra, enabling faster computation.
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Figure A.4: (a) Electrical power spectrum of a multi-pulsed excitation signal with N= 2
pulses having a temporal separation of t1= 800 ps. (b) Optical power spectrum obtained when
an optically-injected laser diode is modulated by the described multi-pulsed signal.

Spectral optimization of multi-pulsed gain-switched combs

The introduction of additional pulses in the pulsed gain-switching signal leads to optical
spectra with significant power variation in their comb lines. The objective is to generate
OFCs with maximum flatness using multi-pulsed signals, allowing for an increase in the
average optical power of low-repetition-rate GS combs without significantly degrading
their spectral properties. An optimization algorithm can then be developed to design
multi-pulsed sequences that maximize the flatness of the comb harmonics.

The figure of merit used to evaluate the flatness of the resulting comb spectra is the
spectral flatness, previously described in Eq. (2.16) of Chapter 2. The optimization is
conducted using a home-built iterative algorithm running on MATLAB. The program
generates a user-defined number of multi-pulsed sequences, each with N pulses per
period. All the generated electrical sequences satisfy the condition that imposes a
minimum temporal distance of 300 ps between consecutive pulses, corresponding to the
time needed for the carriers to reach steady state. For each electrical sequence, the
power of each harmonic is extracted. Finally, the standard deviation of the spectral
coefficients is computed, and the multi-pulsed signal that results in a comb spectrum
with the lowest standard deviation is selected as the optimum sequence. The number of
harmonics analyzed corresponds to an electrical bandwidth of 10 GHz.

Electrical simulations are performed for two repetition rates of fR= 50 MHz and
fR= 1 MHz, with 500 iterations of the algorithm. For a line spacing of 50 MHz, the
spectral flatness values obtained for different numbers of pulses included in the gain-
switching signal, ranging from 1 to 20, are analyzed. For a repetition rate of 1 MHz,
the maximum number of pulses included is 100. The results of the spectra showing
the optimum and worst spectral flatness values for the two specified repetition rates
are included in Fig. A.5. For the multi-pulsed excitation signal with fR= 50 MHz and
N= 20 pulses, the best and worst spectral flatness values obtained are 0.621 and 0.075,
respectively. For fR= 1 MHz and N= 100 pulses, the best and worst spectral flatness
values are 0.576 and 0.535, respectively.
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Figure A.5: (a) Electrical spectra of 50-MHz multi-pulsed sequences with 20 pulses per
period showing the best (black) and worst (red) spectral flatness characteristics. (b) Analogous
results obtained for multi-pulsed sequences featuring a repetition rate of 1 MHz and 100 pulses
per period.

The evolution of the optimum spectral flatness when varying the number of pulses per
period is shown in Fig. A.6, for the two repetition rates of (a) 50 MHz and (b) 1 MHz.
The spectral flatness experiences an exponential decay as the number of pulses increases,
showing a saturation trend around N= 10 pulses for the two repetition rates. In both
cases the spectral flatness saturates at a value around 0.55.
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Figure A.6: Optimum spectral flatness values obtained for multi-pulsed sequences having
different number of pulses per period. The results are obtained for two repetition rates of (a)
50 MHz and (b) 1 MHz.
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Finally, as a proof-of-concept demonstration, a GS OFC obtained with a multi-pulsed
gain-switching signal of 50 MHz containing N= 5 pulses per period is experimentally
generated. The obtained spectrum is compared to the optical spectrum of a GS comb
generated by gain switching the optically-injected discrete-mode laser using a train of
electrical pulses with a single pulse per period. The experimental setup used is the
one described in Fig. 5.1 of Chapter 5. The gain-switching signal has a DC value of
Ibias= 0.2 mA, and a peak-to-peak amplitude of VRF = 8 V. Both trains of pulses, single
and multi-pulsed, are generated by a pulse pattern generator, and the pulse width of the
electrical pulses is configured to a value of τpulse= 200 ps. The OFC is provided with
coherence by means of optical injection at λinj= 1549.57 nm with an injection power of
Pinj= 70.8 µW (-11.5 dBm), measured at the output of the master laser. Moreover, an
EDFA is placed at the input of the optical spectrum analyzer, and the current of the
amplifier is maintained at the same value for both experiments.

Fig. A.7 (a) shows the optical spectrum of the single-pulsed GS comb, measured with the
high-resolution optical spectrum analyzer. The optical frequency comb obtained under
the described operation conditions exhibits a bandwidth at 10 dB of ∆f10dB= 86.4 GHz
and an average optical power after amplification, calculated considering the tones
comprised within ∆f10dB, of -38.60 dBm (∼138 µW).
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Figure A.7: (a) Experimental 50-MHz GS OFC obtained under single-pulsed electrical
excitation measured with a 10-MHz resolution optical spectrum analyzer. (b) Experimental
50-MHz GS OFC obtained under multi-pulsed electrical excitation with a sequence containing
5 pulses per period. (c) Optical simulation of a 50-MHz GS OFC obtained by using the same
gain-switching multi-pulsed electrical signal.

The optical spectrum obtained when employing multi-pulsed excitation is shown in
Fig. A.7 (b). The excitation signal is selected from the previously described spectral
flatness optimization algorithm. The OFC features a ∆f10dB of 85 GHz and an average
optical power (after amplification in the same conditions) within this spectral width
of -36.62 dBm (∼219 µW). Nevertheless, despite the selected gain-switching signal is
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the one that yields the optimum spectral flatness (considering 500 iterations of the
optimization algorithm), a ripple in the comb envelope can be clearly distinguished
(see zoomed view in panel (b), bottom). This ripple negatively impacts the calculation
of average optical power, leading to a much smaller increase in power than expected
(approximately 1.6 times the single-pulsed value).

Additionally, an optical simulation has been carried out using the same multi-pulsed
signal. The gain-switching signal switches the discrete-mode laser from below to above
threshold, between Ioff= 4.6 mA and Ioff= 44.6 mA. As in the experiments, the
electrical pulses have a duration of 200 ps. Regarding optical injection, it is performed
at the blue side of the frequency spectrum using a detuning value of 35 GHz. The
injected power is 0.5 mW. The optical spectrum obtained from the simulation is included
in Fig. A.7 (c). Although less defined than in the experimental realization, a ripple
showing the same periodicity as in the experiments modulates the comb envelope.

Finally, other types of gain-switching signals, such as maximum length sequences, were
also investigated during this thesis. Fig. A.8 presents two experimental GS combs
generated by gain-switching a commercial discrete-mode laser using an MLS. Panel (a)
shows the result obtained for a binary sequence with a binary rate of 10 Gb/s and a
length of 31 bits (25-1), yielding a comb repetition rate of approximately 322.6 MHz.
Panel (b) shows the result obtained for an MLS with the same data rate of 10 Gb/s but
with a length of 127 bits (27-1), resulting in a comb repetition rate of ∼78.74 MHz.
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Figure A.8: Experimental results of OFCs generated under pulsed gain switching of a
discrete-mode laser using MLSs. (a) GS comb obtained with a repetition rate of ∼322.6 MHz.
(b) GS comb featuring a repetition rate of ∼78.74 MHz.

In summary, the combs resulting from these approaches did not exhibit the desired
spectral quality, particularly in terms of spectral flatness. However, while they may not
be suitable for absorption spectroscopy, they could be useful for applications that do
not require flat combs, such as dual-comb applications where the information can be
retrieved from the spectral phase of the comb lines. The continuation of this research
line, involving gain switching with advanced modulation signals, could therefore be
of interest for developing low-repetition-rate combs suitable for these applications. In
the case of pseudo-random modulation, a more in-depth analysis should be conducted,
including both optical and electrical simulations.
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