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I have seized the light. I have arrested its flight
— Louis Daguerre
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Abstract

Dual comb interferometry is an optical measurement technique that enables a broad range of
applications, including distance measurement, spectroscopy, and imaging, with high spectral
resolution and accuracy. It relies on multiheterodyne interference between two optical
frequency combs with slightly different repetition rates, which allows optical information
to be converted into the radio-frequency domain. This approach eliminates the need for
moving parts, enabling fast, single-shot measurements to be taken using low-bandwidth
electronics. Since its initial demonstrations, dual-comb interferometry has demonstrated
significant potential in spectroscopy, distance metrology, imaging, and distributed sensing
applications.

In order to deploy dual-comb systems in practical applications, sources that are compact,
stable, and cost-effective are required. Thanks to their efficiency, small footprint, and
compatibility with integrated photonic technologies, semiconductor lasers are ideal candidates.
Monolithically integrating such sources on indium phosphide photonic integrated circuits
using open-access, generic fabrication processes is a key step towards miniaturising and scaling
up dual-comb interferometry systems.

This PhD thesis describes the design, implementation, and characterisation of a dual-comb
interferometer integrated onto a generic indium phosphide photonic platform. The work
investigates optical frequency comb generation using directly modulated and optically in-
jected semiconductor lasers, exploring strategies to enhance coherence, stability, and spectral
characteristics. Furthermore, the development and integration of the key subsystems required
for a fully functional on-chip interferometer are also covered. All designs and experiments
were realised within the framework of European open-access generic integration processes,
providing a benchmark for assessing the maturity of these technologies in advanced photonic
systems.

The results demonstrate the feasibility and potential of indium phosphide based integrated
photonics for compact and scalable dual-comb interferometry, thereby enabling future high-
performance, chip-scale spectroscopic and interferometric sensing applications.
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Resumen

La interferometria de peines duales es una técnica de medicion 6ptica que ofrece un amplio
abanico de aplicaciones, entre las que se incluyen la medida de distancias, la espectroscopia y
la formacion de imagenes, con elevada resolucién espectral y gran exactitud. Se basa en la
interferencia multiheterodina entre dos peines de frecuencias épticas con tasas de repeticion
ligeramente diferentes, lo que permite convertir la informacion del dominio éptico al dominio
de radiofrecuencia a través de un proceso de compresion espectral. De este modo, se eliminan
los componentes moéviles y el tiempo de adquisicion se reduce a una sola medida. Gracias a
ello, los sistemas interferometria de peine dual ofrecen medidas réapidas, precisas y compatibles
con electronica de bajo ancho de banda. Desde sus primeras demostraciones, esta técnica ha
mostrado un enorme potencial en espectroscopia, metrologia de distancias, imagen y sensado
distribuido.

El despliegue de sistemas de peine dual en entornos practicos requiere fuentes compactas,
estables y de bajo coste. En este contexto, los laseres de semiconductor son candidatos idéneos
debido a su eficiencia, reducido tamano y compatibilidad con tecnologias foténicas integradas.
La integracién monolitica de estos generadores en circuitos fotonicos integrados de fosfuro de
indio mediante procesos de fabricacion genéricos es un paso fundamental para conseguir la
miniaturizacién y escalabilidad de los sistemas de interferometria de peine dual.

En esta tesis doctoral se aborda el desarrollo y la caracterizacién de un interferémetro de peine
dual completamente integrado en una plataforma foténica de fosfuro de indio de acceso abierto.
Se estudian en detalle los mecanismos de generacion de peines 6pticos mediante técnicas
de modulaciéon directa e inyeccion 6ptica, asi como estrategias para mejorar su coherencia,
estabilidad y caracteristicas espectrales. Ademads, se desarrollan e integran subsistemas clave
para implementar un interferémetro de peine dual funcional sobre chip. Todo el trabajo se
lleva a cabo en el marco de los procesos de integracién genérica europeos, lo que ademas
permite evaluar el grado de madurez tecnologica de estas plataformas para el desarrollo de
sistemas foténicos avanzados.

Los resultados obtenidos demuestran el potencial de la foténica integrada basada en fosfuro
de indio para la implementacién de sistemas de interferometria de peine dual compactos
y escalables, allanando el camino hacia futuras aplicaciones de sensado espectroscopico e
interferométrico de altas prestaciones completamente integradas en chip.
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Chapter 1

Introduction

1.1 Motivation

Photonics is the branch of science and technology devoted to the generation, control and
detection of light, encompassing its transmission, modulation, amplification and guidance. Its
foundations were established through centuries of exploration, from early studies on refraction
and diffraction to Maxwell’s unification of electromagnetism and the rise of quantum optics.
The laser, the first coherent light source, was demonstrated in 1960. Of particular relevance
to this work, stimulated emission in semiconductors was shown in 1962 [1], leading to the
diode laser which became one of the most significant achievements in applied photonics.
As fabrication techniques advanced, semiconductor heterostructures enabled efficient and
compact laser sources and miniaturised waveguides, preparing the ground for what later
became integrated photonics. The concept of integrated optics was articulated in 1969 [2].
Integrated photonics brings together optical functions such as light generation, modulation,
detection, and routing on a single chip, in much the same way that microelectronics integrates
transistors and circuits. Photonic integrated circuits (PICs) now provide a wide range of
applications, including high-speed communications [3], [4], precision sensing [5], [6], quantum
technologies|7], and biomedical diagnostics [8], [9].

The growing demand for PICs has given rise to a specialised manufacturing ecosystem, with
several foundries now offering services comparable to those in the microelectronics industry.
A key aspect of this work is the use of generic integration platforms through multi-project
wafer (MPW) runs. In such runs, the available area of a semiconductor wafer is shared among
multiple designs from different users, including research groups and companies. Compared
with exclusive manufacturing, sharing a wafer reduces fabrication costs, greatly accelerates
prototyping and provides access to advanced processes without the need for large-scale
investment in in-house facilities.

Generic integration relies on a standardised set of processes through which basic functional
components, known as building blocks (BBs), are realised without modifying the fabrication
process itself. Designers can access these platforms via commercially available Process Design
Kits (PDKs), which offer validated BB libraries, BB simulation models, design-rule checks, and
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the ability to generate PIC layouts. This approach streamlines the design process, enabling
engineers to concentrate on system architecture and interconnection rather than device-level
specifics.

An optical frequency comb (OFC) is a coherent light source whose spectrum comprises a
discrete set of equally spaced lines within a certain optical bandwidth. Comb generation
was first demonstrated in bulk mode-locked lasers, and the importance of the concept was
recognised with the 2005 Nobel Prize in Physics awarded to John L. Hall and Theodor Hansch
[10], [11]. Optical frequency combs support a wide range of applications, including precision
metrology, high-resolution spectroscopy, microwave photonics, coherent communications, and
ranging. Many mechanisms can generate combs and produce multiple discrete frequencies
from a single source. Integrated photonics has enabled on-chip OFC sources. Alongside
monolithic approaches, there are hybrid and heterogeneous schemes that combine PICs from
different material platforms. Semiconductor lasers are especially attractive because they offer
simplicity, compactness, and low cost, and they enable a full monolithic implementation of
comb sources. Although integrated combs can now deliver characteristics comparable to bulk
implementations, combining them with other on-chip components to realise complete systems
remains challenging.

One of the most important applications of OFCs is dual-comb interferometry (DCI). This tech-
nique involves multi-heterodyne beating between two combs with slightly different repetition
rates or line spacings. When these spectral lines are mixed in a photodetector, a new comb is
produced in the radio frequency (RF) domain, whose spacing equals the difference between the
optical repetition frequencies. This process effectively maps the optical spectrum, including
amplitude and phase, into the RF domain, enabling rapid, high-resolution measurements to
be made in a single acquisition without moving parts and with low electronic bandwidth
requirements.

The potential of DCI systems integrated on PICs goes far beyond laboratory demonstrations.
In the context of an intensifying climate crisis and increasingly frequent and intense extreme
weather events such as floods, droughts, and wildfires, the ability to monitor greenhouse
gases and atmospheric pollutants with high sensitivity is of great importance. Dual-comb
spectroscopy (DCS) is a powerful tool for this purpose, enabling the precise, real-time detection
of multiple gas species over wide spectral ranges using compact, cost-effective instruments. In
addition to environmental sensing, integrated DCI systems offer significant opportunities in
areas such as high-precision ranging, coherent imaging, and optical metrology. Their abilities
make them ideal for use in portable, reconfigurable instruments. Monolithic integration of
such systems on a photonic platform enhances their robustness and scalability further, paving
the way for practical devices to be deployed to the market.

This thesis explores the monolithic integration of DCI within PICs fabricated on generic
indium phosphide (InP) platforms available through open-access foundries. The primary
objective is to realise a flexible, reconfigurable DCI architecture that can be fully integrated
onto a single photonic platform. To this end, the first part of this work focuses on on-chip OFC
generation via direct modulation of optically injected semiconductor lasers, encompassing gain
switching (GS) and Q-switching (QS) techniques. The latter is explored as an alternative to
GS to generate broader OFCs which can be beneficial for the DCI applications targeted here.
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Both techniques offer flexible control of comb line spacing and are compatible with low-cost
electronic drivers. Leveraging this implementation with generic integration and standard
PDKs aims to reduce system costs and simplify the implementation process through rapid
prototyping.

This work addresses a key technical challenge arising from the absence of optical isolators
in generic integration platforms, which makes stable operation under optical injection (OI)
particularly difficult. Since on-chip isolators are not typically included in standard PDKs,
alternative approaches are required in OI schemes to prevent perturbations in the system.
This thesis therefore proposes and validates strategies to mitigate feedback effects, enabling
dual-comb implementation based on optically injected gain-switched semiconductor ring lasers
(SRLs) with stable operation.

In addition to the implementation of OFC generation mechanisms and the DCI architecture
in monolithic InP PICs, this work includes the design and experimental realisation of key
DCI subsystems aimed at enhancing overall system performance. In particular, an integrated
frequency shifter has been developed on the same platform. This element plays a crucial role
in achieving the full functionality of the DCI system in the detection of the down-converted
comb, representing an important step towards complete DCI integration. The successful
demonstration of such subsystems paves the way for future work on the realisation of more
complex and advanced monolithic DCI systems on a single PIC.

1.2 Antecedents and context

This thesis was conducted within the Applied Photonics Group at CEMDATIC (Advanced
Materials and Devices for Information and Communication Technologies Centre, from its
Spanish acronym) at the Universidad Politécnica de Madrid (UPM). The group has a
well-established and extensive expertise in both the theoretical and experimental study of
semiconductor lasers. When this work began, the group had extensive experience in generating
OFCs using the GS technique and applying them to the spectroscopy of greenhouse gases and
distance measurement. Furthermore, when this thesis commenced, the group had begun work
on designing and characterising PICs fabricated in open-access foundries based on the generic
integration approach. This thesis is framed within this context and aims to contribute to the
development of integrated solutions to replace the bulky systems in which the group already
specialised.

A direct antecedent of this thesis is the PhD thesis of Clara Quevedo, which focused on
generating OFCs with low repetition rates in laboratory setups to enhance the spectral
resolution of dual-comb interferometers for spectroscopy and ranging applications. Her
research built upon earlier work within the group by Alejandro Rosado, who investigated
OFC generation in optically injected GS lasers. Building on these foundations, Quevedo
implemented and experimentally demonstrated high-resolution dual-comb interferometers
based on GS and discrete component architectures. Subsequently, efforts were made to
reduce system costs by replacing a high-end detection scheme with a low-cost software-defined
radio (SDR) and an RF signal generator with a direct digital synthesiser (DDS) to drive
the gain-switched lasers. In parallel, high-resolution ranging with DCI was developed, and
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comb-densification schemes were proposed to enhance spectral resolution while reducing the
repetition rate to a few kHz. Alongside Quevedo’s PhD thesis, the group demonstrated tunable
DCS across the C and L bands for multi-gas spectroscopy. This enabled the measurement of
pollutants such as ammonia (NHj), carbon monoxide (CO), hydrogen cyanide (HCN) and
carbon dioxide (CO;). Finally, we demonstrated that a single optically injected laser could
be used for dual-comb generation, albeit at the cost of careful optical path design.

With these antecedents, I initially contributed to the study of GS OFC generation in discrete
semiconductor lasers at low repetition rates, focussing on the generation and analysis of
the resulting combs. Building on this experience, the doctoral research was initiated, first
supported by the SINFOTON2-CM consortium and later by the national project PICSAR,
(Photonic Integrated Circuits for Sensing And Ranging). This project extended the previous
work towards the integration of GS OFC sources on InP PICs fabricated through open-access
foundries using generic integration processes, and towards their application in remote gas
sensing. In parallel, research within the project also explored random-number generation on
PICs in collaboration with the Instituto de Fisica de Cantabria (IFCA).

This thesis was inspired by the availability of open-access platforms for integrated photonics
and their potential to incorporate the comb systems that we had been studying. The aim was
to translate our expertise from bulky laboratory implementations to PICs. This approach
offered a way to reduce system costs and explore higher levels of integration for GS combs
in system-level applications. To the best of the author’s knowledge, demonstrations of fully
monolithic dual-comb implementations based on GS OFCs were unavailable at the time of
writing.

1.3 Objectives

The main objective of this thesis is to develop a monolithically integrated dual-comb in-
terferometer. To this end, generic InP platforms have been adopted for integrating such
systems, as this allows lasers to be co-integrated with passive and active photonic components
while accelerating prototyping and reducing costs via MPW runs. The system is designed
to be flexible and reconfigurable while achieving enhanced spectral resolution. The specific
objectives are:

» Review and analyse the state of the art in OFC generation in PICs, with particular
emphasis on GS OFC sources.

o Investigate OFC generation on PICs via the direct modulation of optically injected
semiconductor lasers, employing GS and QS techniques to enable reconfigurability and
high spectral resolution.

« Develop integration strategies for comb sources that require optical injection to overcome
the practical limitations of current platforms regarding the absence of optical isolators.

o Design and demonstrate an integrated dual-comb generator suitable for DCI.
o Design and demonstrate an integrated frequency shifter subsystem compatible with the

dual-comb generator, contributing to the further integration of a complete DCI system.
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o Assess the viability and constraints of open-access foundries for implementing the above.

1.4 Structure of this thesis

The structure of this thesis dissertation is as follows:

o Chapter 2: This chapter introduces the fundamentals of integrated photonics. It begins
with an overview of PICs and their key historical milestones. It then provides an overview of
integration technologies across the main platforms and materials, before concluding with an
overview of the generic InP platforms employed.

o Chapter 3: Optical frequency combs. This chapter introduces the fundamentals of OFCs
and their generation techniques, alongside the fundamentals of DCI. The current state of
integrated OFC sources is reviewed and concludes with an overview of integrated dual-comb
interferometers.

o Chapter 4: Experimental methods for characterising photonic integrated circuits. This
chapter covers the experimental methods developed and employed for the characterisation of
PICs throughout this thesis. Concerning the measurement of the chips, two complementary
approaches were implemented: a probe station for characterising PICs at the die level, and an
electrical packaging solution. In addition, a general description of the measurement procedures
and the automation strategies used in this work is provided.

o Chapter 5: Integrated optical frequency comb generation. This chapter presents the re-
sults obtained regarding OFC generation in PICs. First, QS is introduced as an alternative
to GS for generating broader combs. The results are presented based on a theoretical rate-
equation model, and the implementation of this technique on a PIC is also described. Next, a
system based on integrated GS OFCs is presented. Finally, a design is proposed to overcome
the absence of optical isolators by employing SRLs. All the devices and systems discussed
in this chapter were implemented on InP technology through open-access foundry platforms
within MPW runs.

o Chapter 6: Integrated dual-comb interferometry. This chapter presents the results ob-
tained for the integrated dual comb interferometer and the frequency shifter subsystem, which
were designed, simulated, and experimentally characterised. Both systems were implemented
through open-access InP platforms within MPW runs, encompassing all stages from design to
experimental validation.

e Chapter 7: Conclusions and outlook. This final chapter outlines the main conclusions
drawn from the dissertation. Proposed future lines are also suggested.

Furthermore, an annex provides details of additional PIC designs developed during this
research but ultimately falling outside the scope of the thesis. These include designs for
ranging and gas sensing that do not rely on frequency combs, as well as comb-generation
concepts extending beyond direct modulation of semiconductor lasers.






Chapter 2

Photonic integrated circuits

This chapter introduces integrated photonics, outlining its key historical milestones, current
technological status, and the main integration platforms, with particular emphasis on generic
InP technologies. Since the concept of PICs was first proposed in 1969, the field has developed
to reduce the size, weight, power, and cost (SWaP-C) of optical communication systems. This
evolution has been marked by a series of technological milestones, each of which has enabled
the realisation of new on-chip functionalities. A key milestone has been the emergence of
open-access foundries in the mid-2000s, which have transformed the PIC ecosystem by making
fabrication accessible to a broader research and industrial community.

Integrated photonics is supported by materials that exhibit optical and optoelectronic proper-
ties. The set of technologies based on a specific material offering functional devices is known
as an integration platform. The main integration platforms and technologies are summarised
in Section 2.2, including silicon-on-insulator (SOI), silicon nitride (SiN), lithium niobate (LN),
and indium phosphide (InP), each offering different characteristics. This can be combined in
heterogeneous and hybrid integration, and co-packaging with electronics is a key milestone in
the integrated photonics roadmap.

Finally, Section 2.3 focuses on the generic InP integration platform. This platform enables
the monolithic integration of passive and active devices, such as lasers, modulators, and
photodetectors, on the same chip. This makes it especially suitable for developing compact,
fully integrated OFC sources and dual-comb systems.
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2.1 Introduction and historical perspective

PICs are devices in which multiple optical components are miniaturised and interconnected
at the chip scale on a single substrate. They can generate, manipulate, guide, and detect
light using elements such as lasers, modulators, waveguides, and photodetectors (PDs). PICs
are the optical equivalent to electronic integrated circuits (ICs) and have followed a broadly
similar trajectory, albeit at a slower pace. Table 2.1 illustrates this, summarising the most
significant milestones in integrated electronics and photonics.

Following the demonstration of the semiconductor laser by Robert Hall in 1962 and earlier
proposals of ICs, the concept of integrated photonics was first proposed by Bell Laboratories
scientist Stewart E. Miller in 1969. In his work, Miller proposed the integration of multiple
optical components on a planar substrate using lithographic fabrication, with passive and
active elements interconnected by miniaturised waveguides. The idea of integrating multiple
functions on a single chip attracted a great deal of attention, and efforts were made to
demonstrate the first functional devices.

Table 2.1: Most relevant milestones in the development of electronic and photonic integration
adapted from [12]. CMOS: Complementary Metal-Oxide Semiconductor; MPW: Multi-
project wafer run; SSI: Small Scale Integration; MSI: Medium Scale Integration; LSI:
Large Scale Integration; VLSI: Very Large Scale Integration.

Electronics Photonics
Integration concept proposed 1952 1969
1958 (Hybrid)

First integrated circuit 1960 (Monolithic) 1976
Generic integration technology .
(CMOS / MPWs) 1979 circa 2008
SSI (1-10 components) 1960-mid-1960s mid-1990s
MSTI (100-1,000 components) mid-1960s—early 1970s 2000s
LST (1,000 to 10,000 components) early 1970s—mid-1980s 2010s
VLSI (millions of components) mid-1980s onward Not achieved yet

Silicon, InP, GaAs,

Materials Silicon, Germanium LiNbOs, polymers

Initial research on integrated optics focused primarily on glass materials due to their full
optical compatibility with optical fibers. However, during the 1970s, early devices were
fabricated employing different materials with optical and optoelectronic properties. Notable
examples include low-loss channel waveguides fabricated in LN [13], [14], and compound
ITI-V semiconductors such as Gallium Arsenide (GaAs) [15], [16], Zinc Telluride (ZnTe) [17]
and Gallium Phosphide (GaP) [18] for the visible range, and Aluminium Gallium Arsenide
(AlGaAs) for active and passive components [19], [20], [21]. In his excellent state-of-the-art
review from 1977, Ping King Tien [22] framed the goal of integrated photonics as “the
integration of a large number of optical devices on a small substrate, so forming an optical
circuit reminiscent of the integrated circuit in microelectronics”, and "to apply thin-film
technology to the formation of optical devices and circuits". By that time, one of the first
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examples of an advanced monolithic integrated circuit with full functionality was demonstrated,
comprising six distributed feedback (DFB) lasers connected to six channel waveguides, forming
an integrated wavelength multiplexing light source [23].

By the 1980s, the telecommunications industry was leaning towards fiber optics, and the fab-
rication of devices had matured. The early development of integrated photonics was primarily
driven by optical communications. A key milestone came in 1985 with the introduction of
silicon-based PICs, proposed by R. Soref and seeding the field of silicon photonics (SiPh) [24].
SiPh emerged primarily because silicon is transparent within the 1.3 gm to 1.6 um range, a
region that is highly advantageous for optical communications as it coincides with the low-loss
transmission bands of standard silica optical fibers. Its compatibility with well-established
complementary metal-oxide-semiconductor (CMOS) fabrication processes within the elec-
tronics industry further accelerated its development. Shortly afterwards, low-loss waveguides
were demonstrated in silicon-on-insulator (SOI) technology, offering propagation losses of less
than 0.5 dB/cm [25] within the aforementioned wavelength range. SiPh evolved rapidly from
small-scale integration (SSI) to medium-scale integration (MSI) at the turn of the century.

Another key milestone was achieved by the late 1980s with the proposal of the arrayed-
waveguide grating (AWG) by M. Smit [26], which was demonstrated shortly thereafter [27],
[28]. AWGs enabled dense WDM (DWDM) achieving channel spacings below 100 GHz
[29]. Combined with the maturing integration of lasers, modulators, and photodiodes, this
capability propelled the field beyond SSI to MSI, particularly on the InP platform. AWG-
based architectures often achieved the highest on-chip complexities in terms of component
density until now.

Following the emergence of AWGs, the next significant milestone was the scaling of fabrication
and design through generic photonic integration. In this approach, open-access foundries
coordinate MPW runs in which multiple independent designs are fabricated on the same
wafer. The key idea is that these designs use a fixed, standardised set of device structures
from which a wide variety of functional components known as BBs can be realised. By reusing
the same process and BBs, designers assemble circuits without application-specific process
changes, while the wafer cost is shared among participants. This standardisation reduces
production costs, shortens time to prototype, and improves design portability across process
updates, thereby broadening access to complex PICs to research institutes, universities, and
companies.

Generic integration platforms are supported through PDKs, which enable this model by
providing a comprehensive design framework that includes libraries of validated BBs such as
lasers, modulators, detectors, filters, and passive routing elements, together with simulation
models, layout abstractions, and design rule checks (DRC). The PDK encapsulates proprietary
process details, including layer stacks and materials, providing the necessary interfaces for
design, simulation, and layout. Consequently, system design becomes independent of device
fabrication. Circuit design focuses on functionality and architecture, combining basic BBs
into higher-level composite building blocks (CBBs) and complete circuits, while process
optimisation, characterisation, and fabrication learning remain within the foundry. Portability
across process updates is ensured through the continuous update of models within the PDK,
which is typically made available to designers under a non-disclosure agreement (NDA).
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These developments have driven an increase in integration density and functional complexity.
Early demonstrations with tens of elements have given way to large-scale integration (LSI)
in which thousands of components can be integrated within the same chip [30]. Fig. 2.1
illustrates this trajectory for integration platforms based on InP and silicon substrates, which
currently exhibit the most mature levels of integration, together with heterogeneous InP /Si
and GaAs/Si, highlighting the progression from early prototypes with a few components to
application-specific PICs (ASPICs) with increased complexity.

Figure 2.1: Evolution of number of components per PIC over the years for three different platforms:
monolithic InP, monolithic Si, and hetergeneous InP/Si or GaAs/Si. SSI: small-scale
integration; MSI: medium-scale integration; LSI: large-scale integration; VLSI: very
large-scale integration. Source: [31]

Concurrently, the field is evolving beyond single-platform solutions towards hybrid and
heterogeneous integration, aiming to combine the strengths of different material platforms
within a single package or integrated system. In heterogeneous schemes, multiple materials
are integrated at the wafer or die level through techniques such as wafer bonding, die-to-
wafer bonding, or micro-transfer printing [32], [33]. This approach, for instance, enables the
combination of III-V optical gain with low-loss silicon or silicon nitride (SiN) waveguides. In
hybrid approaches, by contrast, separately fabricated chips are co-packaged using high-density
interconnects to form multi-chip assemblies.

Looking ahead, electronic-photonic co-integration, or co-packaged optics (CPO), constitutes
a key direction in the roadmap of integrated photonics. The tight co-packaging of core
communication application-specific integrated circuits (ASICs) with optical components
reduces interconnect parasitics and energy per bit, increases bandwidth density, and enables
enhanced monitoring and control capabilities in data centres [34]. Further integration, ranging
from 2.5D/3D stacking to CMOS-compatible photonics, extends these benefits towards
system-on-package solutions [31], [34].

Despite these advances, both hybrid and heterogeneous integration and, more broadly, elec-
tronic—photonic co-integration still lack standardised and widely adopted manufacturing
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processes. This absence of standardisation limits scalability, increases development and pack-
aging costs, and hinders interoperability across foundries and design ecosystems. Establishing
robust process standards therefore remains a key challenge for the widespread industrial
adoption of integrated photonic technologies, although recent initiatives such as multi-project
packaging runs coordinated by Tyndall and Europractice represent important steps towards
standardisation [35].

Applications for PICs are vast and continually expanding. Telecommunications utilise PICs
in order to implement high-capacity optical transceivers [3]. Energy-efficient interconnects
for use in data centres are supported by PICs, which alleviate bandwidth bottlenecks in
electronics [4]. PICs are used in sensing [5], for compact and precise systems in optical phased
array beam scanners for LIDAR systems [36], biomedical diagnostics [8][9], as well as in
environmental monitoring [6]. Photonic integration is equally essential in next-generation
quantum technologies, in which stable and scalable platforms for entangling as well as
manipulating photons are provided [7]. In addition, it plays an important role in subwavelength
optics and metamaterials [37], [38], [39]. PICs are further at the foundation for developments
in microwave photonics [40] for microwave generation and THz communications [41], [42],
[43], spectroscopy [44], as well as metrology and optical frequency comb generation [45], [46],
whereby functionalities not possible with conventional electronics or bulk optical assemblies
are made available. Lastly, a new paradigm for integrated photonics has emerged, known
as programmable photonics, where the aim is to develop PICs whose functionality can be
reconfigured at runtime rather than being hard-wired for a single application [47].

2.2 Integration technologies

Fundamental material characteristics

Photonic integration platforms comprise the materials and fabrication technologies that enable
the design and large-scale manufacturing of PICs, from the development of fundamental
BBs to their implementation. Table 2.2 summarises the principal characteristics of the
main photonic integration platforms, comparing their material properties, available BBs, and
overall capabilities. The table lists the main advantages and disadvantages of each technology,
providing an overview of their respective strengths and limitations.

A key distinction between integration platforms lies in whether they are active or passive.
Active platforms, such as III-V materials (InP and GaAs), possess a direct bandgap that
enables native light generation, amplification, and detection, supporting the realisation of
integrated lasers, semiconductor optical amplifiers (SOAs), and photodetectors (PDs) alongside
standard passive components. In contrast, passive platforms, including SOI, SiN, and LN on
insulator (LNOI), lack native optical gain and need heterogeneous and hybrid integration to
incorporate detectors and other active devices. For example, germanium can be integrated on
silicon (GeSi) to enable photodetection, while additional functionalities such as I1I-V-on-Si
lasers or LN modulators on Si/SiN can be implemented to extend the capabilities of the
platform.
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The transparency window of a photonic integration platform defines the spectral range over
which light can propagate with low loss. This range is set by the bandgap of the material at
short wavelengths and by infrared (IR) absorption at long wavelengths, and it determines
the suitability of a platform for operation in specific International Telecommunication Union
(ITU) bands in the near-IR (O, C, and L bands), as well as in the visible or mid-IR regions.
Within this transparency window, the total propagation loss in integrated waveguides arises
from several mechanisms that depend on both the material and the device geometry. Intrinsic
absorption, free-carrier absorption, and nonlinear processes such as two-photon absorption
can contribute significantly to losses in semiconductor platforms, particularly in high-index
materials like silicon or InP under strong optical confinement. In contrast, in dielectric
platforms such as SiN or LNOI, propagation losses are typically dominated by scattering
from sidewall roughness and radiation at bends or tapers. The relative contribution of these
mechanisms and their wavelength dependence determine the attainable propagation losses
and, ultimately, the performance of the PIC. Typically, InP exhibits higher propagation losses
than passive platforms such as SiN or Si, mainly due to stronger intrinsic absorption and
surface recombination effects associated with its direct bandgap.

These loss mechanisms are strongly influenced by the degree of optical confinement. Light
confinement in a given platform is determined by the refractive index contrast between the core
and the surrounding materials, namely the upper cladding and the substrate. For illustration,
and without loss of generality, this can be described using a ridge-waveguide geometry, as
shown in Fig. 2.2, where a high-index core is embedded between lower-index layers so that the
optical mode is guided with an effective refractive index (neg) that lies between the core and
the surrounding media. A higher index contrast provides stronger confinement and allows
tighter bend radii, enabling more compact circuits and a reduced footprint. However, while
stronger confinement mitigates radiation losses at bends, it also increases the overlap of the
optical mode with the waveguide sidewalls, enhancing its sensitivity to surface roughness and
fabrication imperfections, which can lead to higher scattering losses.

Neore = Nsubstrate Ncladding

Cladding

Figure 2.2: Basic schematic of a ridge waveguide. The high refractive index of the core provides
lateral and vertical optical confinement, enabling the mode to propagate with an effec-
tive refractive index neg. For guidance to occur, this effective index must remain higher
than that of the substrate and the cladding. The waveguide geometry, together with
the material indices, determines the value of n.g and the resulting modal confinement.
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Electro-optic (EO) effects are fundamental mechanisms that determine the modulation
performance and nonlinear functionality of each photonic integration platform. They originate
from the response of a material to an applied electric or optical field, which modifies its optical
properties, either absorption or refractive index. Electroabsorption, which is characteristic
of direct-bandgap III-V semiconductors, relies on field-induced changes in absorption via
mechanisms such as the Franz-Keldysh effect and the quantum-confined Stark effect (QCSE),
enabling high-speed intensity modulation.

The linear EO effect (Pockels effect, x?)) occurs in non-centrosymmetric materials such
as LNOI, InP, and aluminium nitride (AIN), allowing low-V, linear phase modulation.
The quadratic EO effect (Kerr effect, x©®)) is present in all materials but dominates in
centrosymmetric systems such as silicon and SiN, where y(?) = 0. At sufficiently high optical
intensities, the optical field itself can induce refractive index changes through the Kerr effect,
giving rise to nonlinear optical phenomena such as self-phase modulation and four-wave
mixing (FWM), which can be exploited for OFC generation [48].

Each integration platform provides a specific set of BBs that define its functionality and level
of maturity. These include passive components such as splitters, couplers, and filters, as well
as active devices such as modulators, PDs, lasers, and SOAs. The type and performance of
these BBs determine not only the achievable circuit complexity but also the suitability of the
platform for particular applications.

Table 2.2: Summary of the key characteristics of the main photonic integration platforms.

In addition to the availability of integrated BBs, optical and electrical interfaces are essential
for enabling interaction between the PIC and external systems. Optical input and output (I/0)
coupling is typically realised either through edge couplers or grating couplers. Edge couplers
provide efficient, broadband, and polarisation-insensitive in-plane coupling but require precise
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alignment and die-level assembly, which can limit scalability. Grating couplers, in contrast,
enable out-of-plane coupling that facilitates wafer-level testing and assembly, though at the
expense of higher insertion losses, narrower bandwidth, and stronger polarisation dependence.

Electrical interfaces provide access to active devices such as modulators, lasers, and PDs.
These connections can be optimised for high-speed operation using RF transmission lines
matched to 50 € such coplanar waveguides (CPW). In high-speed modulators, travelling-wave
electrodes (TWE) are commonly employed connected to these transmission lines. For DC
biasing, metal interconnects are typically used. In packaged systems, electrical connections
can be implemented through wire bonding, which is widely used for prototyping and device
characterisation, or through advanced approaches such as flip-chip, 2.5D, or 3D integration,
which allow high-density electrical interconnects and high bandwidth operation for complex
photonic-electronic circuits.

Material platforms

The SOI platform comprises a thin, high-index monocrystalline silicon device layer separated
from the bulk silicon substrate by an insulating film, typically a buried silicon dioxide
(BOX) layer [49]. Early demonstrations of the concept were achieved with silicon-on-sapphire
structures. The large refractive-index contrast between silicon and the insulator enables
strong optical confinement and compact waveguide routing. Circuit layers commonly employ
single-mode strip or rib waveguides. In addition to its optical benefits, SOI provides electrical
isolation between circuit elements and enhanced resistance to latch-up, advantageous for
co-integration with electronic components. The device-layer and BOX thicknesses can be
tuned to realise both thin- and thick-film SOI variants, each offering distinct confinement-loss
trade-offs and compatibility with different CMOS manufacturing processes [31], [50].

Thin-film SOI offers strong optical confinement and compact devices, with propagation losses
lower than 1 dB/cm in the telecommunication band. In contrast, thick-film SOI can achieve
lower propagation losses at the expense of increased footprint. The SOI platform supports
several modulation mechanisms. Thermo-optic phase shifters and doped waveguides are
simple and readily available in commercial foundries, although they are relatively slow (1-10
s response time) and power-hungry [51], [52]. Carrier-dispersion modulators, realised through
p/n doping in either depletion or injection configurations, enable high-speed operation but
introduce additional optical loss. In commercially available platforms, EO bandwidths of up to
60 GHz have been demonstrated using travelling-wave Mach-Zehnder modulators (TWMZMs)
[53], with trade-offs between insertion loss and bandwidth well documented [54], [55].

Silicon is an indirect-bandgap material with no native optical gain. Therefore, laser integration
relies on hybrid or heterogeneous approaches [56]. Photodetection in the C and L bands is
typically implemented using germanium-on-silicon (Ge-on-Si) integration, which is supported
by most commercial foundries. This integration has also enabled demonstrations of electro-
absorption modulators (EAMs) based either on the Franz—Keldysh effect in bulk Ge for the
C/L bands, with limited optical bandwidth, or on the QCSE in Ge/SiGe quantum-well (QW)
structures, which offer wider tunability at the cost of increased insertion loss [57]. For optical
I/0, both grating and edge couplers with spot-size converters (SSCs) are commonly employed.
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Electrical access to the PICs must account for travelling-wave electrodes (TWESs) in high-
speed components. Thanks to its large transparent window and advanced CMOS-compatible
ecosystem, the SOI platform is particularly well-suited to photonic integrated circuits in the
telecommunications band.

The SiN platform consists of a SiN core clad by silica or air, typically supported on a silicon
substrate. Compared with SOI, its lower refractive index contrast results in larger bend radii.
However, the wide bandgap of SiN enables ultra-low propagation losses, down to about 0.1
dBcem™! in optimised structures, together with high optical power handling and broad spectral
transparency from the visible to the mid-infrared [58], [59], [60]. These references provide
an excellent overview of the state of the art. Single-mode strip waveguides are commonly
employed, although thicker and more strongly confined geometries support tighter routing
and high-Q resonators at the expense of greater sensitivity to dimensional tolerances. Due
to its lower thermo-optic coefficient relative to silicon, SiN offers improved passive thermal
stability. Nevertheless, thermo-optic phase shifters generally require higher heater power for
a given phase shift. In addition, the intrinsic tensile stress of SiN films, together with the
thermal-expansion mismatch with the underlying oxide, requires careful stress management
during the growth and fabrication of thicker layers.

Because SiN is centrosymmetric, it does not exhibit the Pockels effect. However, its Kerr
nonlinearity, combined with low propagation losses and the possibility of dispersion engineering,
makes the platform particularly suitable for FWM and microcomb generation [61]. The
material provides no native optical gain or photodetection, so active functions are added
through heterogeneous or hybrid integration [62]. Demonstrations include InP/SiN lasers
with sub-kHz linewidths [63] and high-speed modulators based on LNOI/SiN integration [64].
In contrast, the passive BB library is mature [65] and enables high functionality, including
low-loss waveguides and adiabatic tapers, directional and multimode interference couplers,
high quality factor (Q) ring resonators, AWGs and Bragg gratings, among others. Optical
I/O are typically realised through edge coupling with SSCs and through grating couplers. In
terms of manufacturing, the platform is CMOS-compatible and fabricated using low-pressure
chemical vapour deposition (LPCVD). Furthermore, commercial variants of SiN, such as
amorphous SiN, silicon oxynitride (SiION) and silicon-rich nitride (SRN), offer different optical
and mechanical characteristics. SRN provides higher refractive index and stronger optical
nonlinearity at the cost of increased absorption. SION enables flexible refractive index control
and improved film stress management, while amorphous SiN offers smoother surfaces but
a slightly narrower transparency window. The SiN integration platform is widely used in
nonlinear optics, sensing and optical communications.

Thick-film LN platforms rely on bulk materials that support a wide variety of designs but
involve complex fabrication processes and large device footprints. In contrast, thin-film
LN platforms (TFLN) consist of a thin film of LN bonded to an insulator, typically silicon
oxide (SiOs), on a carrier substrate. LNOI refers to LN supported by an SiO, insulator,
whereas TFLN highlights its use in integrated photonics [66]. TFLN platforms exhibit a lower
refractive-index contrast than SOI, which results in weaker optical confinement and, therefore,
larger device footprints, although they remain more compact than several other material
platforms [67]. Because LN possesses a strong intrinsic Pockels EO effect, TFLN enables
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phase modulation with low V. - L and high linearity [68]. It also shows low linear propagation
losses, negligible two-photon and free-carrier absorption in the telecommunications bands, and
a broad transparency window from the visible to the mid-infrared [69]. Additional beneficial
properties include a strong acousto-optic effect, while a moderate thermo-optic coefficient
improves passive thermal stability compared with SOI but makes thermo-optic phase shifters
less power efficient. In contrast, the intrinsic birefringence of LN is typically regarded as a
drawback, as it leads to polarisation-dependent behaviour that must be carefully managed in
device design. As with other passive platforms, LNOI does not provide native optical gain or
photodetection.

The most relevant BBs on TFLN platforms are high-speed TWMZMs and phase modulators,
with reported operation beyond 100 Gb/s and V, = 1.25 V [68]. The practical bandwidth is
limited mainly by RF parasitic capacitances, so careful design of microwave electrodes with
impedance and velocity matching through TWEs is required. Additional BBs include low-loss
waveguides [70] and tapers, directional and multimode interference (MMI) couplers, high-Q
resonators [71], edge and grating couplers, acousto-optic elements [72] and other passive
components. Hybrid integration of LNOI-on-Si or LNOI-on-SiN has produced compact
modulators [73]. Laser integration has been demonstrated through heterogeneous bonding
with III-V materials [74][75]. The platform continues to mature, and recent work focuses on
the development of standardised PDKs [76], [77]. For comprehensive reviews of LNOI PICs
and their applications, see [66], [67], [69], [76].

ITI-V platforms for photonic integration are dominated by InP and its quaternary alloys, such
as InGaAsP, which form direct-bandgap heterostructures on InP substrates. The refractive
index contrast in III-V platforms is generally higher than that of silica or SiN but lower than
that of SOI. However, the exact contrast in InP/InGaAsP waveguides depends strongly on
the specific heterostructure and alloy composition employed, so the resulting device footprints
can vary accordingly. The key advantage of the InP platform is its native optical gain and
photodetection across the 1.3 to 1.6 um bands, with variants extending operation towards
approximately 2 pym. Ridge and deep-etched waveguides are standard. Passive propagation
losses are generally the highest among the platforms considered (around 3 dBcm™!), although
they remain acceptable for on-chip routing. InP offers high overall performance for active
photonic integration. However, it is mechanically more delicate than the others and processed
on smaller wafers of about 50 to 100 mm. Moreover, its processing differs from standard
CMOS processes.

The III-V BB library on InP is highly developed and includes lasers such as DFB and
distributed Bragg reflectors (DBR), widely tunable DBRs and sampled-grating DBRs (SG-
DBRs), and external-cavity lasers [78], [79], [80], as well as SOAs and high-responsivity
PDs. It also features compact and high-speed EAMs based on QCSE and MZMs that offer
high linearity at the expense of large footprint and high drive voltage. Standard passive
components include waveguides, SSCs, MMI couplers, AWGs, and Bragg gratings. Edge
coupling with SSCs is the most common approach for optical I/O. Integration strategies range
from monolithic InP PICs to heterogeneous bonding of III-V materials onto Si or SiN, which
combines active gain with compact or ultra-low-loss passive platforms, and to membrane
InP-on-Si technologies.
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Platforms based on polymers include fluorinated polymers such as perfluorinated PFCB
and CYTOP, acrylates and epoxies such as SU-8 and Ormocers, silicones such as PDMS,
and hybrid organic—inorganic formulations. These materials typically form low to moderate
index cores or claddings on glass or silicon carriers, with silica or air cladding, which leads
to larger footprints than those in SOI. However, high-index multilayer stacks are used in
certain biophotonic applications [81]. Their main advantages are low cost, large-area and
low-temperature processing, mechanical flexibility, and broad transparency from the visible
to the near-infrared. The device properties include low linear losses, large thermo-optic
coefficients that enable low-power thermo-optic devices, electrical insulation, and mechanical
flexibility. Due to their compatibility with other photonic platforms, polymers are widely used
for CPO in data centres [82] and for hybrid integration in PICs. The main limitations are
thermal stability, ageing, sensitivity to moisture and ultraviolet radiation, and stress-induced
birefringence. Mature passive BBs include waveguides, tapers, splitters and couplers, MMIs,
AWGs, Bragg gratings, microlenses, and fiber 1/O optimised for ribbon arrays. UV-imprint
and mould-transfer processes have enabled the fabrication of rings, AWGs and other devices
with low insertion loss and wafer-scale replication [83]. For board-level links and CPO, flexible
polymer waveguides achieve sub-dB cm ™ losses, support cm-scale bends, and allow relaxed
alignment tolerances to fiber arrays [84]. Active functions are typically realised through hybrid
or heterogeneous integration with III-V sources or GeSi photodetectors. When EO polymers
are combined with SiPh, silicon-organic hybrid (SOH) and SiN-organic hybrid modulators
can achieve sub-volt V, with high GHz bandwidths, while plasmonic-organic hybrid devices
can reach even higher speeds at the expense of increased optical loss [85].

Beyond the platforms discussed above, several emerging platforms merit brief mention. These
include aluminium oxide (Al;O3), barium titanate (BaTiOj), and silicon carbide (SiC). AlyO3
is broadly transparent from about 250 nm to beyond 5 um [86]. Its wide bandgap enables
low-loss UV operation, and its moderate refractive index contrast with SiO, allows compact
devices. It can be deposited by atomic layer deposition (ALD), achieving losses as low as
1.8 dBem™! at 405 nm, or by reactive sputtering, with approximately 2 dBcm™! [86]. When
doped with rare-earth elements, Al,O3 supports on-chip amplifiers and lasers [87], making it
attractive for integration in hybrid stacks with SiN or SOL.

BaTiOg3 exhibits a strong intrinsic Pockels effect. Thin films integrated through CMOS-
compatible bonding enable efficient, high-speed and low-power phase modulation with high
linearity, and there is a roadmap towards 200 mm wafer-scale hybrid and monolithic integration

88).

SiC combines a wide bandgap, high refractive index and transparency from about 0.4 to 6
pm with useful ¥ and x® nonlinearities that enable second-harmonic generation (SHG)
and parametric down-conversion [89)].
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2.3 Overview of generic indium phosphide platforms

The origins of generic InP photonic integration platforms date back to the early 2000s, when the
COBRA Research Institute at Eindhoven University of Technology pioneered a standardised
fabrication process for PICs under the ePIXnet framework [12]. COBRA introduced a MPW
model based on a shared epitaxial layer structure and a fixed process flow comprising almost
243 individual steps [90]. These can be grouped into four main stages. The first is epitaxy,
typically involving butt-joint regrowth to define active and passive regions. This is followed
by waveguide etching, then planarisation and passivation, in which benzocyclobutene (BCB)
or polyimide smooths the surface topography, passivates sidewalls, and defines via heights for
subsequent metallisation. The final stage involves metallisation and interconnection, generally
implemented through lift-off contacts.

The generic InP epitaxial stack consisted of an n-InP lower cladding and a p-InP upper
cladding surrounding a quaternary InGaAsP core, optimised for operation around 1.55 pm.
This platform enabled the realisation of diverse BBs, including passive ridge waveguides,
AWGs, SOAs, and PDs. The successful demonstration of the first MPW runs in the mid-
2000s validated the concept of a unified PDK and laid the foundation for the subsequent
development and the establishment of European open-access foundries. Early demonstrations
included a pulse shaper [91], a multifunctional current-controlled delay interferometer [92],
and microwave PICs for millimetre-wave wireless communication [42].

Building on this approach, the Joint European Platform for Photonic Integration of Compo-
nents and Circuits (JePPIX) was established to coordinate access to shared InP fabrication
processes across Europe. JePPIX provides a framework that connects researchers, design
houses, and commercial users to open-access foundries through a single entry point offering
the necessary tools for PIC development through standardised PDKs and regular MPW
runs. Through this initiative, several European foundries adopted the generic InP model.
JePPIX brings together InP foundries such as SMART Photonics in the Netherlands and
Fraunhofer HHI in Germany, alongside SiN foundries such as LioniX International in the
Netherlands and Ligentec in Switzerland. In addition, JePPIX promotes training, standardis-
ation, and roadmap activities that define long-term targets for performance, scalability, and
manufacturing maturity.

According to the JePPIX 2021-2025 roadmap, the next generation of the generic InP process
focusses on achieving higher-speed active devices, targeting modulators and lasers operating at
56 GBaud and beyond, and transitioning towards 193 nm deep ultraviolet (DUV) lithography
and larger diameter wafers. The roadmap also emphasises reducing on-chip propagation loss,
and fibre-to-chip coupling loss to below 1 dB per interface, improving process reproducibility,
and deploying pilot-line services that bridge MPW prototyping with low-volume industrial
production [93]. In parallel, efforts are directed towards heterogeneous integration between
InP, SiN, and electronic platforms, as well as the standardisation of packaging and test
frameworks [94], [95].

Among the foundries participating in the JePPIX ecosystem, two have been employed for the
PIC development in this thesis: SMART Photonics and Fraunhofer HHI. SMART Photonics
operates as a pure-play foundry dedicated exclusively to InP manufacturing, providing wafer-
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scale production capabilities and placing a strong emphasis on reproducibility and industrial
scalability [96]. In contrast, Fraunhofer HHI combines foundry services with extensive in-house
research and development, focussing on high-speed and high-performance devices for advanced
telecom and datacom applications [97].

Both the SMART and HHI InP generic platforms are based on semi-insulating substrates that
enable the integration of active and passive components on a common wafer while minimising
parasitic electrical effects and improving the performance of the components in terms of
electrical bandwidth. In the HHI process, Fe-doped InP is used as the semi-insulating layer. In
the SMART Photonics process, similar isolation is achieved through the use of semi-insulating
buffer layers. However, the inclusion of semi-insulating substrates in SMART Photonics was
introduced only recently, and in some of the PICs developed in this work (see Section 6.2)
the platform was still based on a common backside n-contact shared by all components.

The SMART and HHI platforms employ a similar overall layer structure, consisting of two
main stacks: a passive-stack for photonic routing elements and an active-stack for gain
and modulation. The structures are shown in Fig. 2.3, together with a scanning electron
microscope (SEM) image reproduced from [98]. Epitaxial layer growth is typically performed
using metal-organic vapour phase epitaxy (MOVPE). The passive stack typically consists of a
quaternary InGaAsP core layer (commonly denoted as Q1.25, indicating an alloy composition
with a bandgap wavelength of approximately 1.25 um) grown on an n-type InP lower cladding
and the semi-insulating InP substrate, with either a p-InP upper cladding or air cladding
depending on the waveguide geometry [98], [99].

Passive layerstack

A Active layerstack
' N\

p-InP

InGaAsP

n-InP

Substrate

Figure 2.3: Illustration of the passive and active layer stacks employed in InP photonic integration
platforms, together with a SEM image reproduced from [98].
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The passive stack typically consists of a quaternary InGaAsP core layer (Q1.25, bandgap
wavelength &~ 1.25 um) grown on an n-type InP lower cladding and the semi-insulating InP
substrate, with either a p-InP upper cladding or an air cladding depending on the waveguide
geometry [98], [99]. Waveguides are based on either shallow or deep ridge etching, as illustrated
schematically in Fig. 2.3. Deeply etched waveguides provide stronger optical confinement and
tighter bending radii, resulting in more compact routing, whereas shallowly etched waveguides
exhibit lower propagation losses and larger mode sizes.

In the HHI process, Fe-doped InP is used to form the passive waveguide layers, minimising
losses associated with free-carrier absorption [99]. In addition, the I/O waveguides are
implemented as thick diluted waveguide structures terminated with vertically tapered SSCs,
achieving coupling efficiencies to standard single-mode fibres below 2 dB [99].

For active devices, the layer stack is modified by incorporating an active region within the
waveguide core, typically consisting of a multi-quantum-well (MQW) structure based on
InGaAsP or InAlGaAs, designed to provide optical gain or controlled absorption in the C band
to part of the L band (~ 1500 nm to 1580nm). This configuration enables the fabrication
of lasers, SOAs, EAMs, and PDs alongside passive components. Active and passive regions
are integrated on the same wafer using butt-joint regrowth, a technique in which different
epitaxial stacks are grown in separate steps and joined laterally after selective etching to
form an abrupt, low-loss interface between them. Coupling-loss optimisation typically ensures
interface losses below 1 dB [99].

With these layer structures, it is possible to realise a set of standard basic BBs which are
summarised in Fig. 2.4(a). These BBs are proprietary to the foundry, and the detailed
structural information is not made available to the designer. Instead, their performance
specifications and the necessary information for layout and use are provided through a design
manual, which is accessed in conjunction with the PDK. Representative BBs include passive
elements such as distributed Bragg reflector (DBR) gratings, waveguides with various cross-
sections, and MMI couplers, as well as active elements such as electro-optic phase modulators
(EOPMs), EAMs, SOAs, PDs, and several laser types.

Basic Building Blocks Composite Building Blocks

Passives Actives MZM DBR laser
| — == = — U=l
| L J L I J
I DBR grating SOA EAM DFB laser Ring laser M = - M
[

e =
I - )

(@ (b)

Figure 2.4: (a) Basic BBs include both passive and active elements such as waveguides, MMIs,
SOAs, EOPMs, EAMs, DBR gratings and PDs, implemented within either the passive
or active layer stacks.(b) Composite BBs are formed by combining these elements to
realise higher functionality, including DBR and SG-DBR lasers, MZMs, ring filters and
semiconductor ring lasers. Active and passive sections are integrated on a common
substrate.
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These BBs can be combined to form the CBBs illustrated in Fig. 2.4(b), enabling higher
functional complexity. SOAs can be placed between two reflectors to form lasers, and the
inclusion of tuning sections allows for the implementation of tunable configurations such as
four-section DBR lasers or SG-DBR lasers [100]. EOPMs can be arranged to create MZMs,
and passive components such as waveguides and couplers can be combined to realise ring filters
or semiconductor ring lasers (SRLs). The figure also shows a three-dimensional simulation
model of a ring filter performed using Tidy3D finite-domain time-difference (FDTD) software.

The performance of the BBs available in the standard PDK of SMART and HHI platforms is
summarised in Table 2.3. The detailed performance data from the foundry design manuals is
accessed through a non-disclosure agreement. The values presented here are based on data
reported in the literature. For SMART Photonics, indicative figures are taken from the work
of Smit et al. [98], while for HHI, data are taken from Grote et al. [99]. Although the results
in [98] refer to an earlier version of the COBRA platform, the process developed by SMART
Photonics builds directly upon it. The values provided here offer a representative overview of
the typical performance that can be expected from both platforms.

Table 2.3: Comparison of representative BB performance in the SMART Photonics and Fraunhofer
HHI generic InP platforms. Values are indicative and based on the available data in
[98] for SMART Photonics and [99] for HHI.

Building Block Parameter SMART Photonics Fraunhofer HHI
Straight waveguide Propagation loss 2-3 dB/cm 0.5-2 dB/cm
SOA Gain 20 dB @ 120 mA, 800 pym length 3—4 dB per 100 pym
EAM 3-dB bandwidth > 30 GHz 40 GHz
Extinction ratio > 10 dB -
VL product 15 Vmm -
EOPM Bandwidth 20 GHz -
Output  power Design dependent DFB: > 5 mW
Laser
(CW)
Modulation band- Design dependent DFB: 20 GHz
width
. Responsivity 0.6-0.9 A/W 0.9-1.0 A/W
Photodiode (PIN) 5 1B pandwidth - > 30 GHz

The SMART and HHI platforms offer waveguides with different degrees of optical confinement,
defined by the etch depth of the ridge. In the SMART process, shallow-etched waveguides
and deep-etched waveguides are available, where the latter is etched down to a depth of over
150 nm below the core layer. The HHI platform features three ridge geometries with different
etch depths corresponding to weakly, moderately, and strongly guiding structures.

The propagation losses of the available waveguides are typically around 2 dB/cm for shallow-
etched structures and dB/cm for deep-etched ones in the SMART platform [98]. In the
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HHI platform, losses range from approximately 0.5 dB/cm for the shallowest to about 2
dB/cm for the deepest waveguides, with TE-polarised modes generally exhibiting lower losses
than TM-polarised ones [99]. The dominant loss mechanisms are free-carrier absorption and
sidewall scattering due to surface roughness.

The level of optical confinement also determines the minimum bend radius that can be achieved
without significant radiation loss, typically ranging from about 50 pum for deep-etched to 500
pm for shallow-etched waveguides. Standard single-mode waveguide widths lie between 1.5
pm and 2 pm. Transitions between different waveguide geometries are provided as dedicated
BBs with low insertion loss. In addition, the SMART Photonics PDK includes linear tapers
that facilitate mode conversion between waveguides with different cross-sections.

Regarding optical couplers, HHI provides both MMI and directional couplers in 1 x 2 and
2 x 2 configurations, with typical 50:50 splitting ratios, low insertion losses, and negligible
imbalance. SMART Photonics also offers 1 x 2 and 2 x 2 MMI couplers with comparable
performance. Devices for polarisation management are available on both platforms.

Active devices in both SMART and HHI platforms are designed primarily for operation with
TE polarisation, as the MQW active region provides stronger optical confinement for TE than
for TM modes. Consequently, when coupling external light into the PIC or using on-chip
booster amplifiers, TE-polarised input light is preferred. In the SMART process, the SOA
structure is based on an MQW stack embedded within a 500 nm Q1.25 InGaAsP confinement
layer. The ridge width is typically 2 um, and the devices are defined using a shallow etch
to prevent penetration into the active region and to minimise surface recombination. A
SOA section of 800 pum length provides a gain of around 20 dB at a driving current of
approximately 120 mA [98]. The HHI platform employs an eight-quantum-well active region,
and the amplifier length can be specified by the designer, typically ranging from 100 pgm up
to several mm. These devices exhibit a modal gain of roughly 3-4 dB per 100 ym and a 3 dB
optical bandwidth of about 40 nm centred near 1550 nm [99].

EAMs in both SMART and HHI platforms exploit the QCSE to modulate the optical
absorption near the material band edge. In the SMART process, the EAM section is derived
from the same MQW stack used in the gain blocks. The bandgap of this region is engineered
to be slightly detuned from the operating wavelength. The structure is implemented within
the standard active layer stack using a PIN configuration. Recent process refinements in
the SMART platform have demonstrated significant performance improvements, with static
extinction ratios around 18 dB at bias voltages below 1 V and optimised bandwidths higher
than 30 GHz [101]. In the HHI platform, the EAMs are also based on InGaAsP MQW layers
designed for operation around 1.55 ym and an operating bandwidth of up to 40 GHz [99].

Phase modulators in InP platforms operate by varying the refractive index of the waveguide
through the EO effect, thereby inducing a controlled phase shift in the propagating optical
signal. Both SMART and HHI provide these devices in DC and high-frequency versions,
the latter incorporating travelling-wave electrodes (TWEs) to support high speed operation.
MZMs implemented on both platforms achieve electrical bandwidths higher than 25 GHz
[102]. In the SMART process, MZMs typically exhibit a V. below 7.5 V for a device length
of 2 mm. HHI modulators integrate on-chip 50 2 terminations for impedance matching,
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whereas SMART Photonics devices rely on external off-chip terminations. Dual-drive MZMs
are available in both foundries (for SMART Photonics in the form of co-planar stripline
modulators [102]), enabling push-pull operation. Thermo-optic phase shifters are available as
well.

In the HHI platform, DFB lasers are available with a fixed cavity length of 200 um, designed
to deliver modulation bandwidths up to 20 GHz, supporting operation at data rates of
around 25 Gb/s [99]. Transmission at 56 Gb/s using 4-level PAM at 28 Gbaud has also been
demonstrated [103]. The emission wavelength can be selected across the C-band and part
of the L-band. Typical threshold currents are 8-10 mA, and on-chip output powers reach
about 5 mW at 100 mA. In the SMART platform, lasers are not predefined BBs but can be
realised by combining standard active and passive elements. Widely tunable lasers based on
multi-section DBR and SG-DBR [100] and narrow linewidth external cavity lasers (ECLs)
[104] have been reported on the SMART Photonics platform.

For optical detection, both platforms employ waveguide-integrated PIN photodiodes optimised
for DC and high-frequency operation. In the HHI platform, high-speed photodiodes achieve
3-dB bandwidths exceeding 30 GHz, with typical dark currents around 1 nA at -2 V bias, and
balanced photodiodes (BPDs) are also available [99]. In the SMART platform, photodetectors
are implemented using reverse-biassed, deep-etched SOA structures with a width of 10 pm,
providing efficient coupling from adjacent waveguides. A 50 pm-long bulk detector absorbs
more than 95% of the incident light, with operation speeds beyond 10 Gb/s and dark currents
below 1 nA pm~! of device length [98].

Additional BBs available in the PDKs include on-chip RF transmission lines, coplanar
waveguide (CPW) structures for high-speed, and metal pads for electrical interfacing. Both
foundries permit metal deposition over optical waveguides. SMART Photonics allows metal
crossings anywhere on the chip, while HHI provides a dedicated BB to minimise associated
optical losses. The SMART platform also includes electrical isolators, implemented as high-
resistance sections created by removing the p-doped layer between adjacent active devices
to prevent crosstalk and enable independent biasing [98]. Both foundries offer low-loss 90°
optical crossings and shallow-etched waveguides for optical 1/O, whose mode profiles match
standard single-mode fibers. The output facets can be angled and anti-reflection (AR)-coated
to reduce back reflections, and HHI further provides SSCs for efficient fiber coupling. Typical
chip sizes are below 10 x 10 mm, depending on design complexity and price.

Design and simulation tools for photonic integrated circuits

Following the general overview of the two InP foundries, this section presents the design
and simulation tools employed throughout the work for the development of the PICs within
these foundries. The selection of software environments was guided by the need to accurately
model the optical behaviour of the foundry material platforms and to ensure consistency
between simulation and fabrication, both of which were supported by the PDKs provided by
the foundries.
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For the design of several passive components (see Chapter A) and for simulations at the
device level, commercial Finite-Difference Time-Domain (FDTD) solvers were employed,
namely Ansys Lumerical FDTD and Flexcompute Tidy3D. Both tools numerically solve
Maxwell’s equations in the time domain, providing a rigorous description of light propagation,
interference, and confinement within complex photonic geometries. Lumerical FDTD provides
a mature and comprehensive environment for the design and optimisation of integrated
photonic devices, with advanced capabilities for mesh refinement, mode expansion, and
broadband material modelling. Tidy3D offers comparable functionality through a modern
cloud-based platform, which allows large and complex simulations to be performed without the
need for local computational resources, significantly reducing simulation time and improving
workflow scalability.

All FDTD simulations were carried out using the layer stack definitions and material parame-
ters provided by the foundries in their respective PDKs. This ensured that the numerical
analyses reflected the actual optical behaviour of the fabricated devices, taking into account
realistic refractive indices, layer thicknesses, and material losses. Where appropriate, tolerance
analysis can also be employed to account for differences between MPW runs.

To simulate and evaluate the performance of complete PIC systems, the VPIphotonics Design
Suite (VPI) was employed. This comprehensive system-level simulation environment supports
both time- and frequency-domain analysis, enabling the study of transient and steady-state
circuit responses under realistic operating conditions. It allows the construction of complete
circuit schematics from interconnected components and includes extensive libraries of optical
and optoelectronic models such as modulators, photodetectors, and passive devices.

A key advantage of VPI lies in its capability to incorporate realistic component models
derived directly from the PDK data provided by the foundries. These models include
experimentally validated characteristics such as wavelength-dependent transmission, gain,
group index, insertion loss, and phase response. This approach ensures that simulations
accurately reproduce the behaviour of fabricated devices, enabling reliable prediction of overall
circuit performance prior to fabrication and facilitating optimisation.

Finally, all circuit layouts were implemented using Nazca Design, an open-source, Python-
based photonic layout environment. Nazca enables hierarchical and parameterised design
through scripting, ensuring reproducibility and flexibility throughout the design process. The
PDK library can be used in this environment, allowing seamless integration of standard
and custom components. In addition, Nazca includes powerful tools for DRC, automated
routing, and waveguide connectivity management, which greatly simplify the development
of complex circuits. The software allows generating the final GDSII layout files required for
fabrication, ensuring full compliance with the PDK specifications and an efficient transition
from schematic design to tape-out.
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Optical Frequency Combs

Since their initial demonstrations in the 1980s, OFCs have become powerful tools in a variety
of photonic applications, including optical communications, spectroscopy, and precision
metrology. Extensive research has been conducted to develop OFC technology and explore
novel applications that exploit their unique properties. Current efforts aim to reduce the cost,
size, weight, and power consumption of comb sources while enhancing their scalability for mass
production and portability for field deployment. These goals have driven the development
of integrated comb sources, or OFCs implemented on PIC platforms, with the objective of
realising compact, chip-scale comb systems as practical alternatives to bulky laboratory-based
setups.

Section 3.1 introduces the fundamentals of OFCs and the main generation mechanisms in
bulk lasers, including mode-locked, electro-optic, Kerr, and, most relevant to this thesis, gain-
switched OFCs, the latter being detailed in Section 3.2. Section 3.3 outlines the principles
of dual-comb interferometry (DCI), one of the key applications of OFCs widely used for
spectroscopy, ranging, and imaging.

Section 3.4 reviews integration strategies for OFCs, highlighting how performance depends
on the generation technique. While microcombs and integrated mode-locked lasers offer
wide bandwidths, GS and electro-optic OFCs provide flexibility and reconfigurability. Mono-
lithic integration offers simplicity and process maturity, whereas heterogeneous and hybrid
approaches enhance performance at the cost of higher complexity and reduced scalability.

Finally, Section 3.5 presents applications of integrated OFCs with an emphasis on the state
of the art in dual-comb interferometry.
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3.1 Fundamentals and generation

Optical frequency combs (OFCs) are coherent light sources whose optical spectrum consists
of a set of discrete, evenly spaced modes or teeth (Fig. 3.1). The spacing between these tones,
namely the repetition rate f,, is determined by the mechanism used to generate the comb.
The tooth frequencies follow [105]

vp = fceo +nfy (3.1)

where fcpo is known as the carrier-envelope offset (CEO) frequency and n is an integer. The
origin of the term fcgo comes from mode-locked lasers (MLLs) but it remains general for all
types of OFCs. In the time domain, usually OFCs correspond to a periodic train of short
optical pulses at f,.. In this thesis, it is more convenient to reference the comb lines to a
reference optical mode 1 defined as the lowest frequency mode with sufficient power:

Up=Vp+n-f; (3.2)

Therefore, considering an ideal comb with delta-like teeth, the complex amplitude of its
optical field can be described by

N—-1
E(t) =Y A,e@mvntten) (3.3)
n=0

where A, v, and ®,, are the amplitude, frequency, and phase of the nt* line, respectively. N
represents the total number of lines.

There are three common figures of merit that are useful throughout this thesis to analyse the
characteristics of the generated combs. First, the spectral width at 10 dB (A fioap) is defined
as the frequency span of the comb within 10 dB. Second, the carrier-to-noise ratio (CNR),
defined as the average ratio of the intensities of the tones within the 10 dB bandwidth to
the noise level [106]. Last, the spectral flatness, defined using a definition from audio signals
[107] and obtained by calculating the ratio between the geometric and arithmetic mean of the
intensity of all the comb tones within 10 dB
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This value ranges from 0 to 1, with 1 representing the greatest degree of flatness.
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Figure 3.1: Representation of an OFC with selected figures of merit indicated. The comb spectrum
consists of equally spaced lines at optical frequencies v,, separated by the repetition
rate f,. The spectral width at 10 dB, denoted as A f1pqp, defines the span of the comb
within 10 dB of the maximum power level. The CNR represents the ratio between the
average power of the comb lines and the noise power level within the 10 dB bandwidth.

An OFC is fully specified by two radio frequencies: f, and focgo. Once these are known, every
tooth frequency follows Eq. (3.2), thus each comb line is uniquely addressed. In practice, the
integer mode index n is fixed by referencing one tooth to a known optical transition [105].
This one-to-one mapping between the optical frequencies and the RF pair (f, and fogo)
makes OFCs exceptionally precise optical frequency rulers. They provide state-of-the-art
atomic clocks and feature prominently in roadmaps for a future redefinition of the SI second
unit in 2030 [108].

The first laser sources exhibiting comb-like spectra were demonstrated in 1978, enabled by
advances in laser stabilisation, ultrafast lasers, and nonlinear optics [109]. Theodor Hansch’s
group at Stanford generated a comb from a picosecond mode-locked dye laser to probe the
sodium 3s—4d transition [10], but the limited spectral span prevented the determination of
the carrier—envelope offset fcgo and thus absolute optical frequencies. Progress accelerated
with the advent of commercial femtosecond Ti:sapphire lasers in the early 1990s and, later,
with nonlinear spectral broadening in microstructured (photonic-crystal) fibers [110], which
enabled shorter pulses and much broader spectra. Héansch subsequently proposed f-2f
self-referencing, whereby an octave-spanning comb is employed to determine fcgo by beating
the frequency-doubled tooth at index m with the tooth at 2m (2v,, — va,, = fcro). Building
on these ideas, the groups led by John L. Hall and Hénsch demonstrated octave-spanning,
self-referenced OFCs using microstructured fibers [111], [112]. These advances transformed
OFCs into practical tools for measuring absolute optical frequencies, substituting complex
chains of frequency synthesizers with a single MLL [113]. In parallel, equal mode spacing
was experimentally verified [114] and precision spectroscopy with femtosecond lasers was
demonstrated [11].

Since their first demonstrations, OFCs have advanced rapidly and have become fundamental
to a broad range of applications, including absolute optical-frequency metrology, broadband
and dual-comb spectroscopy (DCS), astronomical spectrograph calibration, low-noise mi-
crowave generation, optical ranging and LiDAR, and coherent optical communications [113].
Commercial systems developed by Menlo Systems and TOPTICA Photonics have helped to
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expand the OFC technology.

The range of generation techniques has expanded to encompass MLLs, electro-optic (EO)
modulation of a continuous-wave (CW) laser, Kerr combs, and techniques that generate
combs directly from semiconductor lasers, such as gain-switching (GS). Each comb source
exhibits distinct characteristics, and the specific application dictates which is most suitable.
In many platforms, there exists a trade-off between the repetition rate, f,, and the achievable
optical span. For a given comb bandwidth, reducing the repetition frequency distributes the
optical power among a larger number of comb lines, thereby lowering the power per line.
Low repetition rates (< 1 GHz) yield densely spaced combs but with reduced power per
tooth, whereas high repetition rates provide coarser spectral resolution yet higher power per
line. Their broader spectra, however, demand careful dispersion management and the use of
broadband optical components.

High-repetition-rate broadband combs are particularly attractive for wavelength-division
multiplexing (WDM) transmitters, astronomical spectrograph calibration, and photonic mi-
crowave synthesis. Conversely, low-repetition-rate combs, typically exhibiting narrower spans,
are advantageous for ultra-high-resolution molecular spectroscopy, dual-comb interferometry
(DCI) at low digitiser rates, and precision ranging.

Mode-locked lasers

Mode-locking generates an OFC by enforcing a fixed phase relationship among the longitudinal
modes of a laser cavity, resulting in an intracavity field that forms a periodic train of short
pulses [115]. The pulse period equals the cavity round-trip time, 7., leading to a repetition
rate of f, = 1/T, ~ ¢/(2n,L), where L is the cavity length and n, the group refractive index.

There are three principal mode-locking mechanisms: passive, active, and hybrid. Passive mode-
locking relies on a saturable-absorption mechanism within the cavity, typically implemented
using a saturable absorber (SA) or a semiconductor saturable absorber mirror (SESAM).
When the SESAM saturates, the cavity losses briefly decrease, enabling the formation of
short, high-peak-power pulses [116], [117]. As the pulse builds up, the SA bleaches for a short
fraction of 7)., sustaining the pulse train without any external RF drive. Compared with
active schemes, passive mode-locking generally produces shorter pulses and broader optical
bandwidths for a given cavity length, albeit with some intrinsic timing jitter.

Active mode-locking, in contrast, modulates either the gain or the intracavity losses using
an intracavity modulator driven by an external RF signal at the cavity repetition rate, f,.
Dispersion and nonlinearity determine the steady-state pulse regime (e.g., soliton, stretched-
pulse, or dissipative-soliton operation), while the gain bandwidth determines the minimum
achievable pulse duration through the Fourier-transform limit. Because the carrier phase does
not propagate at the group velocity, successive pulses experience a carrier—envelope phase
slip, A®cgo, giving rise to the carrier—envelope offset frequency, fego [111]. This mechanism
historically defines the physical origin of the carrier—envelope offset described in Eq. (3.1).

Hybrid mode-locking combines both approaches by modulating the SA of a passively MLL
with an RF signal at the cavity repetition rate. This technique benefits from the short pulse
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durations achieved by passive mode-locking and the reduced timing jitter characteristic of
active schemes.

OFCs generated from MLLs exhibit fixed, typically high repetition rates ranging from a
few GHz to several hundred GHz, primarily determined by the cavity length. The optical
bandwidth (comb span) is Fourier-limited by the pulse duration and constrained by the
available gain bandwidth. In semiconductor devices, passive or hybrid MLLs commonly
deliver pulses of approximately 300 fs duration, while active MLLs typically produce pulses
in the 1-10 ps range, leading to relatively broad spectra. OFCs based on MLLs have been
demonstrated across multiple spectral regions, from the visible to the mid-IR [46].

These combs are used in a wide range of applications. In precision metrology, their broad span
allows for f —2f self-referencing and optical frequency synthesis [118]. Their wide bandwidths
also make them valuable for broadband molecular spectroscopy, enabling the simultaneous
interrogation of numerous molecular absorption features. Moreover, their typical repetition
rates align well with specified I'TU grids for communications, making them attractive for
high-capacity WDM systems [119], [120].

Electro-optic frequency combs

EO combs are generated by externally modulating a CW laser using one or several EO
modulators driven by a RF signal [121]. When a phase modulator is driven at an RF
frequency frr, the resulting optical field can be expressed as

E(t) = Ejyel WottBsin(2mfrrt)) (3.5)

where the modulation index = 7V,,/V,, with V,, the modulating amplitude and V; is the
switching voltage of the phase modulator. The output optical field expands into discrete lines
at wo + 27 f,t with weights given by the Bessel functions J,, (). The corresponding optical
frequencies follow v, = vow + nf,., where n is an integer and f, = frp is the comb spacing.
Since all comb teeth are phase-locked to the CW source, EO combs exhibit no independent
CEO frequency.

Because the comb-line amplitudes follow the Bessel distribution, several modulation architec-
tures have been proposed to improve spectral flatness. Examples include the use of dual-drive
MZMs [122] or cascaded phase and intensity modulators [123], which can generate flat-topped
combs [124]. In such schemes, the temporal pulse shape is mapped onto the spectral envelope
[125], enabling user-defined comb-shape engineering.

EO combs are valued for their deterministic line spacing, high coherence inherited from the
CW laser, and low timing jitter. Typical repetition rates range from a few to several tens of
GHz, limited mainly by the bandwidth of the modulators. The achievable spectral span is
usually narrower than that of mode-locked combs and depends approximately linearly on the
modulation index § [121] and on the specific modulation scheme. Low-V, modulators enable
operation at larger 3, thereby extending the comb span. Another approach involves cascading
multiple phase modulators, at the cost of increased insertion losses and added complexity in
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the RF drive chain [121]. EO combs can also be spectrally broadened using nonlinear optical
processes [126].

Due to their tunability of line spacing, EO combs have been proven useful for a wide range of
applications, such as spectroscopy [127], sensing [128], ranging [129], optical communications,
and microwave signal generation [130].

Kerr microcombs

Kerr microcombs, often simply referred to as microcombs, are generated in high-() optical
resonators fabricated from materials exhibiting Kerr nonlinearity [131]. When a CW laser
pumps a high-() microresonator, OFCs are produced through the process of parametric
FWM, whereby pump photons are converted into equally spaced sidebands [48], [132]. The
resonator length determines the free spectral range (FSR), so the comb spacing follows
fr = FSR = ¢/(nyL), where L is the round-trip length and n, the group refractive index
[132]. Above a threshold set by the cavity @Q-factor, the interplay between dispersion and
nonlinearity causes the initial sidebands to seed a cascade that can evolve into phase-locked
states under suitable detuning and dispersion conditions [133].

In the anomalous group-velocity dispersion regime, dissipative Kerr solitons (DKSs) can
form [134], which are femtosecond pulses circulating within the resonator and described by
the Lugiato—Lefever equation [135]. These states exhibit low phase noise but typically low
conversion efficiencies from the pump to the comb output (below 10%) [136]. Under normal
dispersion, dark-pulse solitons can emerge, achieving higher efficiencies (up to 40%) [137].
The tooth frequencies follow v, = Vpump + m fr-, with the CW pump defining the offset [132].

Microcombs feature very high repetition rates, typically between 100 and 1,000 GHz, deter-
mined by the resonator geometry. Common material platforms include CMOS-compatible
SiN, silica, AlGaAs, and LNOI, each offering distinct trade-offs in spectral span, nonlinear
threshold, and integrability [48], [61], [138], [139]. Octave-spanning spectra enable f-2f
and 2f-3f self-referencing [133]. Recent developments include the integration of thermal
tuning elements for fine detuning control, on-chip or co-packaged pump lasers [140], and even
battery-operated systems [141]. Typical per-tooth optical powers are sufficient for direct
detection or use as multi-wavelength carriers, while phase noise closely follows that of the
pump laser and can be further reduced with ultra-narrow-linewidth sources.

In coherent communications, microcombs provide wavelength carriers aligned with the I'TU
grids for dense WDM transmitters and transceivers [142], [143]. Direct photodetection of high-
fr soliton combs enables low-phase-noise microwave and millimetre-wave signal generation
for microwave photonics [144]. In precision metrology, octave-spanning microcombs allow
compact, self-referenced optical frequency synthesizers [145]. Their broad spectral coverage
also supports DCS [44], [146]. Additional emerging applications include photonic hardware
accelerators [147], coherent LiDAR and ranging systems [148], and photonic microwave
generation [149].
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3.2 Gain-switched semiconductor lasers

GS of semiconductor lasers is a well-established technique that was first demonstrated in the
1980s [150], [151] [151] for generating short optical pulses with typical widths in the picosecond
range. Due to this capability, GS can be employed as a method for OFC generation [152],
[153], [154]. This technique can be implemented using monolithically integrated semiconductor
lasers. In GS, the gain of the laser is directly modulated by driving the injection current below
and above the threshold at a chosen repetition rate (f,.). This repetition rate determines the
comb line spacing, allowing for flexible configuration.

Optical pulse generation under GS modulation is illustrated in Fig. 3.2. The figure was
obtained by numerically solving a set of rate equations described in [115], [155], following
[156]. The rate-equation model describes the dynamic response of a semiconductor laser by
relating the temporal evolution of carrier density, photon density, and optical phase within
the cavity to the injected current and device parameters. A detailed description of the model
and the laser parameters used is presented in Section 5.1.
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Figure 3.2: (a) Numerical simulation of the turn-on dynamics of a semiconductor laser driven by
an ideal current step. The upper trace shows the injected current, while the lower trace
plots the normalised carrier density (relative to Ny, red) and the optical power (blue).
(b) Numerical simulation of the carrier and photon density response to a rectangular
current pulse. (c) Emission of a gain-switched optical pulse as the pulse duration is
reduced. More details about the simulation model can be found in Section 5.1.

In the first case (Fig. 3.2(a)), an idealised current step with an infinitesimal rise time (black
line) is applied to the laser diode. This causes the carrier density (red trace) to increase until
it reaches the carrier concentration at which the gain of the material equals the losses of the
cavity, i.e., the carrier threshold value (N,). In this case, this occurs at two or three times the
transparency carrier density (/Vy.). At this point, lasing begins, and the photon density starts
to increase. It can be noted that there is a turn-on delay (ton, &~ 300 ps) due to the finite
response of the carriers to electrical excitation. As the photon density increases, both the
carrier and photon densities exhibit damped oscillations arising from the mismatch in their
dynamic response: the increase in photon density depletes the carriers through stimulated
recombination, reducing them below threshold and temporarily lowering photon density. Since
the injected current is kept constant, the depleted carriers are recovered, causing the photon
density to increase again. These oscillations, arising from the interaction between carrier and
photon densities, are known as relaxation oscillations. Eventually, the steady state is reached
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where there is a balance between carrier depletion due to recombination and photon emission.

In Fig. 3.2 (b), the electrical excitation pulse is shortened but remains long enough for
relaxation oscillations to occur. In Fig. 3.2(c), the pulse duration is sufficiently short (370 ps)
to suppress the second relaxation oscillation, leading to the emission of a single optical pulse.
GS consists of modulating the laser in such a way that only the first spike of the relaxation
oscillations is emitted, using a periodic signal. If the laser is driven periodically, with the
switch-on period being short enough to emit a single pulse, then a train of pulses with the
repetition rate of the modulating signal is obtained.

An important feature of GS OFC generation is the frequency chirp that arises from changes in
the refractive index induced by the carrier (see Section 5.1). The refractive index is altered by
rapid modulation of the carrier density via the linewidth enhancement factor («), producing
an instantaneous frequency shift that broadens the optical spectrum. The magnitude of this
chirp, and therefore the comb span, increases with the modulation depth and the rate at
which the carrier varies. Therefore, the overall span of a GS OFC is primarily set by this chirp
rather than by the Fourier-transform limit of the pulse duration. Consequently, the spectral
bandwidth of GS OFCs is usually moderate compared to that of MLL or Kerr microcombs,
in the range of several tens of GHz up to a few hundreds of GHz. Nevertheless, several
techniques for expanding the spectral breadth of the GS OFCs have been demonstrated, based
on different approaches [153], [157], [158], [159].

The repetition frequency of GS OFCs lies in the range of a few hundred MHz to below 10 GHz.
A common criterion for classifying the repetition frequency as either high or low is to compare
it with the relaxation oscillations of the laser. These oscillations are typically between 5 GHz
and 10 GHz (~ 6.8 GHz in the example of Fig. 3.2). Therefore, if the repetition frequency is
well below the relaxation oscillation frequency, typically below 1 GHz, it is considered low.
Conversely, repetition frequencies around or above the relaxation oscillations frequency are
generally regarded as high. Typical GS repetition frequencies range from a few MHz to 8
GHz, depending on the device and drive conditions. Moreover, by employing densification
techniques, GS OFCs using discrete components have achieved repetition frequencies down to
a few kHz [160].

At low repetition rates, pulses generated by GS typically lack a fixed phase relationship,
since the laser is switched off between periods and each pulse originates from spontaneous
emission. However, mutual coherence between pulses is essential for OFC formation. To
achieve this, an additional mechanism is required to preserve coherence from pulse to pulse.
One effective approach is to inject light from a secondary laser, often referred to as the master
laser (ML), into the GS laser at a wavelength close enough to the emission wavelength of
the slave laser (SL). This technique, known as OI locking, maintains coherence during long
switch-off periods because the injected light seeds the GS laser, providing a coherent field from
which the next pulse can build up through stimulated emission [161]. As a result, OI enables
the generation of low-repetition-rate OFCs, which are highly desirable for ultra-high-resolution
spectroscopy, where lower repetition frequencies translate into finer spectral resolution. While
sinusoidal GS excitation tends to limit the comb bandwidth at low repetition rates, later
studies demonstrated that combining OI locking with pulsed GS excitation allows repetition
rates as low as 5 MHz without compromising the comb bandwidth [106], [162], [163]. This
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implementation is referred to as pulsed GS throughout this thesis.

Beyond ensuring coherence, OI locking offers several additional benefits. It reduces timing
jitter, which refers to small temporal fluctuations that affect the periodicity arising from
random fluctuations in the turn-on delays of subsequent pulses [164], [165]. Furthermore, it
mitigates frequency chirp, improves the side mode suppression ratio (SMSR) [166], enhances
the modulation response, and reduces the phase noise [167]. Importantly, the injecting laser
transfers its optical properties, such as the linewidth [153]. This allows the use of a narrow
linewidth laser to improve the linewidth of the optical lines of the comb.

OI also allows precise control over the emission wavelength, since the emission of the injected
laser is pulled towards the injection frequency. This property is particularly valuable for
applications that require or may benefit from tunability [159]. A tunability exceeding 40
nm in GS OFCs generation using discrete components has been demonstrated for multi-gas
spectroscopy across different spectral regions by injecting at different longitudinal modes of a
Fabry-Pérot (FP) laser [168]. GS OFCs have been employed for spectroscopy [169], ranging
[170], coherent communications [171], [172] and microwave generation [173].
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Figure 3.3: Typical implementation of a monolithic GS OFC in a PIC. The integrated lasers
are represented as DFB lasers, similar to the system studied in Section 5.2. The
ML is driven through the p-n junction with a DC current (Iyp,) injecting light into
the gain-switched laser SL. The latter is driven through a RF transmission line by
combining in a Bias-Tee a DC bias current with an RF signal provided by an RF
generator. The RF signal can be either a sinusoidal or pulsed signal. Consequently,
and OFC is generated with a line spacing determined by the GS modulation frequency
fr. The arrow between the ML and the SL indicates that light propagates in both
directions since there is no an isolation mechanism. DFB: Distributed Feedback; SOA:
Semiconductor Optical Amplifier.

Integrated GS OFCs can be realised using a master—slave configuration, as illustrated in
Fig. 3.3, where the ML injects light into the slave laser SL. In this scheme, both devices are
represented as DFB lasers, consistent with the designs proposed later in Section 5.2. The ML
and SL are forward-biased by currents supplied by a current source, denoted Iy, and Ig,
respectively. To implement GS, a Bias-Tee combines Ig;, with an arbitrary RF signal from a
generator operating at a repetition rate f, and a peak-to-peak voltage Vyp. This signal is
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delivered to the PIC through an RF transmission line, typically a CPW, to enable high-speed
modulation. In this configuration, I, defines the operating point of the SL, usually set just
below threshold, around which the current is modulated by the RF waveform (pulsed for low
repetition rates or sinusoidal for higher ones). The modulation repetition rate determines
the comb-line spacing, while the modulation amplitude affects the comb span through the
induced frequency chirp. Since the OI peak generally dominates the spectrum, the span,
characterised in this thesis as A fio4p, is evaluated after filtering out the optical injection to
isolate the comb lines generated by the GS process.

This scheme benefits from a configuration that can be monolithically implemented on a PIC
using standard generic integration platforms, allowing the development of comb sources with
a compact size, scalability, and reduced cost, albeit at the expense of requiring an external AC
source. III-V semiconductor platforms are particularly suitable, as they enable the integration
of lasers. To date, the InP platform has demonstrated strong potential for GS OFC integration
(see Section 3.4.1).

The implementation of OI in generic integration platforms faces some challenges. Firstly, the
ML must exhibit a narrow linewidth to ensure a high degree of coherence, as it is directly
transferred to the comb tones. Furthermore, tunability of the ML is highly desirable, as it
enables tuning of the OFC emission frequency. An additional complication arises from the
absence of optical isolators in generic integration platforms, which leads to perturbations
of the ML by the SL, as illustrated in Fig. 3.3 where the arrow indicates that light travels
in both directions. To overcome these issues, several approaches have been investigated to
realise integrated tunable narrow-linewidth single-mode lasers alongside strategies to mitigate
the lack of isolators [174], [175]. In this thesis, this is addressed in Section 5.3.

3.3 Dual-comb interferometry

Dual-comb interferometry (DCI) [176] is an interferometric, multi-heterodyne technique that
uses two OFCs with slightly different repetition rates, f,.; and f.o = f.1 + 0 f., where df, is
the repetition rate difference, thus being their optical tones given by

V1 = Vo1 + nfr, (3.6)

and

Vo = Vg2 + mfro = voe +m(fr1 +0f) (3.7)

where n and m are integers.
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Figure 3.4: (a) Asymmetric configuration of DCI and (b) symmetric configuration.

In DCI, two common configurations are used to measure the response of a sample, as illustrated
in Fig. 3.4. Since the multiheterodyne beating of the comb lines encodes the information
of the optical domain, as will be shown later, a sample can be introduced into the system
to characterise its response. The sample may correspond to a gas, a distance (for ranging),
or, more generally, any element interacting with light, whose transfer function is denoted as
H(w). In the asymmetric configuration (Fig. 3.4(a)), the sample is placed in one arm only
(the signal path), while the other arm serves as a local oscillator (LO). In contrast, in the
symmetric configuration (Fig. 3.4(b)), both combs propagate through the sample.

Following Eq. (3.3), and assuming that the two combs are combined in a 50:50 coupler, the
resulting optical field from the superposition of Ey(t) (OFC1) and Ey(t) (OFC2) can be
expressed as

N-1 N-1
El(t) —|—E2(t) x Z Alne—j(27rl/1nt+q>1n)tsle—jq’sl + Z AQme—j(Qﬂlfzmt-i-@zm)t526—j¢’32’ (38)

n=0 m=0

where, for generality, each comb is assumed to acquire the sample’s complex transmission
t,,e %= (i € [1,2]). In the asymmetric configuration, t,, = 1 and ®,, = 0, only the probe comb
interacts with the sample. In the symmetric configuration, ¢y, = t;, = t; and ®,, = &,, = ®,,
both combs traverse the sample.

When the two combs are mixed on a fast photodetector, the generated photocurrent is

Ipp(t) = R{E(t) + Ex(t)]*) = R{EL(t) + E2(t)] [Er(t) + Ex(8)]"), (3.9)

where () denotes averaging over a time interval much longer than the optical cycle due to
the limited bandwidth of the photodiode, (-)* indicates the complex conjugate, and R is the
responsivity of the photodiode. The signal comprises the beat of all the tones of the two
combs, where the self-terms {|Ej(t)|*) contribute to a DC component, while the cross-terms
(E1(t)Eq(t)) and (F1(t)E2(t)*) lead to the RF multiheterodyne signal that occupies successive
spectral regions known as Nyquist zones (as discussed later).

If we consider only the beatnote of adjacent lines (n = m), Eq. (3.9) remains as
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The first two terms in Eq. (3.10) are the direct-detection contributions (|E1|*) and (| Ey|?).
The third term corresponds to the heterodyne beating term and contains the information
of interest, as it tracks changes in both the amplitude and the phase of the field at each
down-converted component ndf,. The Fourier transform of Ipp(t) yields the dual-comb
spectrum, which corresponds to a down-converted replica of the optical spectrum, given by

N-1

Iep(f)lhem 5 - { ALLS() + A3, E50(1)+

n=0

2A1nA2ntslt52 6j(<1>2n—<1>1n+<1>52_(1>51)6(27T(f - 6f0 —n 5fR)>+ (311)

e_j(¢2n_¢1n+©82_¢31)5(27‘((]8 —|— (Sfo —|— n 5fR)>:| }7

0fo = 192 — Vo1 denote the offset between the lowest frequency teeth of the two combs.

In the asymmetric configuration, the heterodyne term is proportional to the complex transfer
function of the sample t,e =%+, so both absorption (amplitude) and dispersion (phase) are
retrieved directly. In the symmetric configuration, the heterodyne product carries the squared
field factor ¢? and the sample-induced phase cancels (®,; = @), so only amplitude information
remains. Although the symmetric configuration removes phase information, the interaction is
effectively stronger because both arms pass through the sample, leading to an RF power that
scales as t? (versus 2 in the asymmetric case). This can increase contrast against the baseline
but does not necessarily improve SNR, as both combs are attenuated and the result depends
on the available optical power and detector sensitivity. In both schemes, measurements should
be normalised with a reference RF comb acquired without the sample to remove the system
response. In the asymmetric case, the retrieved optical power transmission is

Tasym(w) = PSDsample/PSDref = t?, (312)

whereas in the symmetrical case the measured electrical transmission corresponds to the
square of the optical transmission
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Toym(w) = PSDampie/PSDyes =t = Tyoym(w)? (3.13)

therefore, T,5ym(w) = 1/ Tsym(w). Consequently, in logarithmic units, the obtained transmission
must be divided by two for the symmetric configuration.

The combination of the two combs in the frequency domain and the resulting down-converted
spectrum from the interference of adjacent OFC lines are illustrated in Fig. 3.5 in the frequency
domain panel. Pairs of optical teeth beat coherently to radio frequencies (Eq. (3.11)), producing
an electrical comb with line spacing ¢ f,.. In this way, the optical spectrum is mapped into the
electrical domain. The mapping follows

fRF = 5f0 +nfrl - m.fr2 = 5f0 +nfrl - m(frl + 5f7”) = 6f0 + l.frl - méfr (314)

where [ = n — m. This corresponds to a spectral compression of the optical spectrum down
to the RF domain by the factor

o frl

F= .
F=5n

(3.15)

Thus, the compression factor can be controlled by adjusting the repetition rate f,; and 4 f,.
For GS OFCs, this is achieved by changing the RF modulation frequency applied to one of
the lasers in the dual-comb pair. Typical values of CF lie between 10° and 10°, enabling
single-shot, rapid measurements with high spectral resolution using standard RF' electronics.

DCI can be understood in the time domain as a repeated cross-correlation of two pulse trains
with slightly different repetition rates (Fig. 3.5, time domain panel). The periods of the two
trains of pulses are T,y = 1/f.1 and T,y = 1/f.1 + 0 f, with 6 f, < f.1. Because the periods
differ slightly, successive pulse pairs slip past each other, and their relative delay for the n'”
pair is A7, = n(T,1 — Tyo) =~ ndf,/f?. Therefore, every point of the recorded interferogram is
obtained at each delay step A, so the photodetector simply measures the cross-correlation as
AT scans linearly. Maxima occur when A7 = 0, and after N = f,;/df, pulse pairs, the delay
returns to zero, giving an interferogram burst period of T, = 1/d f,.. In this way, a full delay
range of one pulse period T, is captured without moving parts, leading to equivalent-time
sampling that provides spectral compression. The spectral resolution of the measurement is
determined by the repetition rate of the comb since each tooth is a sampled frequency point
[176]. The RF comb is obtained from the Fourier transform of the interferogram.
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Figure 3.5: Illustration of the principle of DCI. In the frequency domain, the two OFCs differ
slightly in their repetition rates. The beating between their corresponding optical
lines generates RF tones separated by ¢ f.. In the time domain, the optical pulse
trains gradually slip past each other because of the small difference in repetition
rates. The time delay between consecutive pulses from the two OFCs is denoted Ar.
When A7 = 0, the two pulse trains overlap, producing constructive interference that
results in a maximum of the interferogram, often referred to as an interferogram burst.
These bursts occur periodically every 1/§f,. Between consecutive bursts, the pulses
slide through one another, and each time step of the interferogram corresponds to an
incremental delay A7.

Optical

—_

In most dual-comb schemes d fo = 0. Thus, a common practice in DCI is to apply a frequency
shift to one of the combs in order to move the interferogram away from DC and reduce
low-frequency noise. When this shift is applied, the interferogram is modulated by a signal
with frequency fsnife, and the beating terms appear at

fre = fehige + 1 fr1 — mof,. (3.16)

In a dual GS OFC system, the tones of each comb are defined relative to the same OI
frequency. As this reference is shared by both combs, the effective offset difference satisfies
dfo = 0. Consequently, the RF comb remains centred around fg;+ upon detection. This
frequency shift is typically introduced by inserting an acousto-optic modulator (AOM) in one
branch of the interferometer, for example, in the branch associated with OFCI1.

The beating of adjacent comb lines (I = 0) produces the dual-comb down-converted spectrum
near DC (Eq. (3.14)), or fsp in the presence of a frequency shifter (Eq. (3.16)). This
spectrum is then comprised within the so-called first Nyquist zone spanning 0 Hz ( fgpift) to
fr1/2 (fshipt + fr1/2). However, the beat notes from other combinations result in spectral
replicas centred around integer multiples of the repetition frequency comprised within higher
Nyquist zones with a width of f,.;/2. These replicas arise from tooth pairs accomplishing
[ # 0. The even Nyquist zones (2nd, 4th, etc.) result from positive and negative odd [
numbers. Consequently, the odd Nyquist zones (3rd, 5th, etc.) are those with even positive
and negative [. This is illustrated in Fig. 3.6.
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Figure 3.6: Illustration of the formation of different Nyquist zones. The two OFCs coincide at their
central tone (Jfy = 0) and exhibit an asymmetric spectral envelope, characterised by a
flat spectrum on one side and a triangular profile on the other. When non-adjacent
optical lines beat, they generate down-converted RF combs at higher frequencies
occupying successive Nyquist zones, separated by integer multiples of f.1/2. To
prevent spectral overlap between zones, the CF must be sufficiently high, ensuring that
there is no overlap between adjacent Nyquist zones. Because the detected signal is real,
negative frequency components appear as mirrored replicas of the positive frequency
spectrum due to the Fourier symmetry of real signals.

When the CF is sufficiently large, each spectral replica is entirely mapped within a single
Nyquist zone, with no overlap between zones (see Fig. 3.6). However, since the detected
signal is real, the negative frequency components resulting from the Fourier transform are
superimposed on the positive frequency components within each Nyquist zone. In Fig. 3.6
Nyquist zones, the two OFCs are drawn asymmetrically, with one side flat and the other
triangular, to illustrate this superposition.

The central tooth coincides for both combs (6 fo = 0), and the subsequent tones on both sides
increase in frequency proportionally to nd f,.. In the first Nyquist zone, the optical spectrum
to the right of the common tooth (triangular) overlaps with the mirrored contribution of
the optical spectrum to the left (flat). The same positive/mirrored-negative superposition is
then repeated in all subsequent Nyquist zones. When interrogating a sample, this overlap
can sometimes mask the spectral feature. Therefore, introducing a non-zero frequency shift
provides an additional benefit as it shifts the first Nyquist zone away from the baseband. This
mitigates overlap at DC and enables the full spectral information to be recovered without
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baseband superposition.

To perform a measurement, only the first Nyquist zone is needed since it contains all the
information about the sample. However, to avoid spectral overlapping and aliasing between
Nyquist zones, the CF must be high enough to compress the spectrum in an electrical
bandwidth Af < f,1/2. This can be translated to a relation between the optical bandwidth
Av and the CF as

2

Av <CF-Af = 25’“} (3.17)

Therefore, for a given Av if the repetition rate is lowered, the CF should be increased,
which means to reduce ¢ f,.. The optical bandwidth is then comprised within an electrical
bandwidth of Af < Av/CF. Therefore, for high-resolution spectroscopy, low repetition rates
are preferred to increase the spectral resolution, together with high CFs to avoid overlapping
and reduce the bandwidth detection requirements.

However, there is another consideration regarding the CF. Since each interferogram burst
occurs at a period of 1/§ f,., the minimum acquisition time to resolve the spectral information
of the sample (RF comb envelope) and capture one interferogram burst should be

1

tacq = 17 = —.
q 5f7‘

(3.18)

If the df, is low (high CF), the acquisition time increases. However, although a single burst
enables the recovery of the RF comb, acquiring several periods of the interferogram (i.e.
several bursts) enhances the SNR and allows the recovery of the individual RF comb teeth.
An increased acquisition time leads to a finer frequency resolution in the frequency domain
after the Fourier transform. It is common to interpret this as the resolution bandwidth of the
measurement; thus, the greater the acquisition time, the smaller the resolution bandwidth
and the greater the SNR and frequency resolution.

Taken together, these considerations reveal an inherent trade-off between acquisition time,
sampled bandwidth, spectral resolution, and aliasing between Nyquist zones. For a given
comb span, the spectral resolution improves as the repetition rate of the OFCs decreases.
However, to avoid spectral overlap between zones, this requires a corresponding increase in
CF, which in turn increases the acquisition time. For instance, if a spectral resolution of 100
MHz is required over an optical bandwidth of Av = 100 GHz (corresponding to 1,000 optical
lines), the CF must be, according to Eq. (3.17),

Av  2Av 200 GHz
= = =2 . 1
Af o 100 MHz , 000 (3.19)

which requires ¢ f, = 50 kHz (Eq. (3.15)). Thus, the acquisition speed must be t,.q > 20 us.
The same derivation could be done for a spectral resolution of 1 GHz, leading to an acquisition
time of toeq > 200ns (CF = 200, 6/, = 5 MHz).
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As it can be noted, these considerations require careful design of the dual-comb parameters
for the specific application. For high-resolution measurements, such as spectroscopy of narrow
absorption lines (a few GHz), repetition rates of the order of MHz are required, increasing
the acquisition time but relaxing the required electronics bandwidth. By contrast, when
acquisition speed is prioritised over resolution, the CF can be reduced at the expense of higher
bandwidth electronics. GS OFCs enable low repetition rate operation with a reconfigurable
CF, and have been demonstrated for dual-comb spectroscopy using low-bandwidth electronics
[169]. Their simple electronic control allows dynamic adjustment of the repetition rate, and
therefore of the acquisition time and spectral resolution, enabling real-time optimisation of
the trade-offs among these parameters.

A final consideration concerns the linewidth of the comb teeth. In free-running operation, with
no common reference or mutual coherence, the two OFCs fluctuate independently according
to the stability of each laser and phase noise. In this case, the RF spectrum arises from
incoherent beating and exhibits unresolved tones [176]. By contrast, when the combs are
phase-locked to a common reference (mutually coherent), they maintain a fixed relative phase
and produce coherent beat notes with linewidths well below ¢ f, (typically Hz-level), set by
the interline phase correlation. For stable measurements, this mutual coherence should persist
over the full acquisition time. Consequently, the achievable coherence is ultimately limited by
the noise and stability of the common reference used for the phase lock. In DCI based on
GS OFCs, this reference can be provided by a single ML injecting two SLs through the OI
locking mechanism.

DCI was first reported in 2001 to perform tomographic measurements [177] and its theoretical
analysis and fundamentals were described in 2002 [178]. After that, DCI-based techniques have
been widely used for different applications, such as spectroscopy [169], [179], interrogation of
fiber Bragg gratings for strain and temperature sensing [180], imaging [181], [182], or ranging
[170], [183], [184], to name a few.

DCIT finds one of its most significant applications in DCS. In DCS, the interferogram generated
by two OFCs is used to probe electronic, vibrational, and rotational molecular transitions,
enabling high-resolution, high-accuracy single-shot measurements. DCS is closely related
to conventional Fourier-transform infrared (FTIR) spectroscopy, as both are single-detector
techniques. However, DCS provides higher nominal resolution set by the repetition rate of the
OFCs and faster acquisition, since no moving mirror is required. In contrast, it demands that
the two OFCs remain phase-locked and typically offers narrower spectral coverage. Owing to
these characteristics, DCS is widely used in gas-phase spectroscopy.

Research in DCS has expanded rapidly, as reviewed in [176], [185]. One of the earliest
demonstrations of the down-converted RF comb was reported in [186], which employed two
mode-locked fiber lasers to generate OFCs broadened to 15.5 THz, enabling measurement of
the rotational-vibrational band of the 3C'N isotopologue of hydrogen cyanide (HCN).

Of particular relevance to this thesis are demonstrations using optically injected GS semicon-
ductor lasers. The first demonstration of these OFCs for DCS (2016) measured an HCN gas
cell with high accuracy and resolution [187]. The OFCs featured a repetition rate of around 1
GHz with ¢ f, = 100 kHz, and an optical bandwidth of around 70 GHz. Later, the authors
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improved the resolution by a factor of two by lowering the repetition rate to 500 MHz, and
employing an asymmetric configuration they retrieved both amplitude and dispersion from
the same gas cell [188].

Further remarkable work on DCS with GS OFCs is reported in [189], where hydrogen sulphide
measurements at different pressures were carried out using OFCs with repetition rates around
1.25 GHz, ¢ f, = 125 kHz and optical bandwidths of 60 GHz. The stability of these combs
was later analysed in [190], observing maximum fluctuations of 2 pm in wavelength and 0.3
dB in power, and an interline phase correlation below 1 kHz.

Our research group has extensive experience in DCS employing GS OFCs, beginning with the
work of Quevedo et al. in 2020 where DCS was demonstrated using two optically injected,
pulsed gain-switched DFB lasers that generate flat, mutually coherent combs with 100 MHz
spacing and 350 teeth (within 10 dB), § f, = 100 kHz (C'F = 1,000). One of the OFCs was
shifted by an 80 MHz AOM to move the detection away from DC, and the large compression
enabled low-bandwidth RF readout. Using a symmetric configuration and a HCN gas cell,
they recovered transmission consistent with reference data and reported a figure of merit
SNRxM (M being the number of comb lines), that scaled with acquisition time, showing
that noise characteristics improved for long integration times. This significantly advanced the
state of the art for GS-based DCS in terms of resolution. During my master’s thesis within
the same group, we further improved the resolution by reducing the repetition rate to 5 MHz
without penalising the optical bandwidth (~ 100 GHz) [163].

Building on this approach, the low-bandwidth requirements of the detection electronics were
exploited to propose a dual-comb spectrometer in which a low-cost software-defined radio
(SDR) replaced a high-end oscilloscope as the RF receiver with minimal performance penalty
[169]. Using a symmetric configuration, measurements of a HCN gas cell with 100 MHz
resolution were again demonstrated. The SDR captured the down-converted spectrum near 80
MHz (AOM shift), yielding a down-converted RF comb with 1 s integration. After reference
normalisation and baseline correction, the HCN absorption near 1550 nm was retrieved with
good accuracy, consistent with reference data.

The group later showed that costs could be reduced further by replacing the high-end RF
signal generator driving the GS lasers with a direct digital synthesiser (DDS) and step-recovery
diodes (SRDs), while using the SDR as the receiver [191]. The generated OFCs were similar
to those previously demonstrated, with repetition rates around 100 MHz, ¢ f, = 7 kHz and
optical bandwidths around 35 GHz. Using a symmetric configuration, they measured a carbon
dioxide (COg) absorption line at 1572 nm in agreement with the HITRAN database, with a
total acquisition time below 20 s. In this way, the spectrometer cost was reduced.

Moreover, the group has demonstrated tunable DCS across the C- and L-bands for multi-gas
spectroscopy by simply tuning the ML emission wavelength and injecting into different modes
of a FP laser, enabling spectroscopic measurements of pollutant gases such as ammonia (NHj),
carbon monoxide (CO), HCN and CO, [168]. With a suitably tunable master laser, the DCS
operating point can be swept to unlock its full potential for environmental monitoring. Finally,
we have demonstrated that a single, optically injected laser can be employed for dual-comb
generation at the expense of careful design of optical paths [179].
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3.4 Integrated optical frequency comb sources

The development of technologies and systems based on OFCs has been limited to research
laboratories due to the bulky equipment required, the high power consumption and the high
cost. However, rapid advances in integrated photonics have made the miniaturisation of
OFCs increasingly feasible. These advances could substantially reduce size, weight, power
and cost (SWaP-C), paving the way for OFCs to transition from laboratory use to large-scale
deployment.

The integration of OFCs within PICs has achieved numerous milestones and is one of the
most active areas of current photonics research [45], [192]. Integrated OFCs have already
demonstrated performance comparable to that of bulk implementations across several key
metrics. Progress in combining them with other components and subsystems within the
same package has resulted in the first demonstrations of chip-scale OFC systems. These
achievements are an important step towards practical deployment. However, fully integrating
the OFC source and all necessary optical subsystems within a single PIC remains a significant
challenge. Consequently, ongoing research is focused on advancing integration strategies and
optimising architectures to meet the specific requirements of each target application.

Regarding the integration of OFCs, various categories of integrated comb sources can be
identified. These can be classified according to the generation technique employed, as follows:

o Integrated MLLs OFCs: Generated through mode-locking mechanisms in integrated
semiconductor lasers, these combs provide a broad set of evenly spaced spectral lines.
Depending on the design, they can offer repetition rates from the sub-GHz to tens-of-GHz
range [193]. Integrated MLLs benefit from their compactness, direct on-chip generation,
and relatively high efficiency. They are particularly attractive for applications requiring
high optical power per line, such as optical communications and microwave photonics
[46]. They can be integrated in monolithic TII-V [194] platforms or following approaches
of heterogeneous and hybrid integration [195].

o Kerr combs: Generated in high-() microresonators or through supercontinuum genera-
tion in waveguides via the third-order Kerr nonlinearity [48], [131]. Within this family,
two main on-chip implementations are commonly distinguished [192]: (i) supercontinuum
OFCs, produced by pumping a dispersion-engineered straight waveguide with ultrashort
pulses; and (ii) Kerr microresonator (soliton) OFCs [133], [136], generated by pumping
a microresonator with a CW laser, where the line spacing corresponds to the FSR of
the resonator [131]. These sources enable chip-scale realisations of OFCs with large
line spacings, typically in the range of tens to hundreds of GHz [132]. Microcombs can
span several optical octaves, making them highly relevant for applications in frequency
metrology, spectroscopy, and optical clocks [131]. However, their operation requires
an external pump laser and sophisticated stabilisation schemes [196], which remain
challenging for fully integrated solutions. Because these OFCs rely on the nonlinear
optical properties of the material and require an optical pump, their integration is
generally pursued via heterogeneous or hybrid approaches that combine ITI-V light
sources with platforms exhibiting strong Kerr nonlinearities, such as SiN or AlGaAs
[140], [197].
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« Electro-optic modulator (EOM) combs: Generated by applying phase and am-
plitude modulation to a CW laser, producing a comb spectrum whose repetition rate
is determined by the RF driving frequency. In resonant EOM combs, a cavity or mi-
croresonator enhances the modulation efficiency and reduces the required RF power but
limits achievable repetition frequencies and tunability. Conversely, non-resonant TWE
modulators enable broadband operation and wide tunability at the cost of higher RF
drive power and lower efficiency [198]. EOM combs are highly reconfigurable, as both
the line spacing and central wavelength can be tuned [199]. Their integration involves
combining lasers with high-speed modulators, which may be realised monolithically
in ITI-V [200], LN [201], or hybrid platforms. These combs are particularly suitable
for applications requiring precise frequency control, such as DCS and coherent optical
communications [198].

o Integrated GS OFCs: Generated by directly modulating the injection current of a
semiconductor laser, resulting in pulsed emission and a comb-like optical spectrum [152].
GS OFCs can be monolithically integrated, particularly on III-V platforms such as InP,
and can be combined with other active components to achieve full system integration
and high functionality [158], [202]. Their simplicity, efficiency, and tunability of both
repetition rate and emission wavelength make them highly promising candidates for
integrated dual-comb systems, LiDAR, and spectroscopy applications.

The underlying principles of these techniques, together with their implementation using
discrete components, have already been discussed in Section 3.1, to which the reader is
referred for further details. Here, the focus shifts to their realisation within PICs. In
particular, the GS technique is of central importance to this thesis and is examined in greater
detail in Section 3.2. Comprehensive reviews of integrated OFCs can be found in [45], [46],
192].

In addition to the categories mentioned above, two further approaches are currently gaining
relevance, although they remain at a comparatively less mature stage of development. This is
the case of integrated combs based on quantum cascade lasers (QCLs) and those referred to
as quadratic combs. QCLs have emerged as an alternative technology for comb generation
[203], [204], [205] in monolithic platforms, and several demonstrations on silicon have been
reported [206]. Quadratic combs, by contrast, are at a somewhat more advanced stage.
These are combs based on quadratic nonlinearity (first demonstrated in [207]), and may
therefore be grouped together with microcombs under the umbrella of nonlinear integrated
OFC technologies. They offer certain advantages, as second-order nonlinear interactions are
generally stronger than the third-order processes underlying Kerr combs. Moreover, they may
exploit both nonlinearities simultaneously to generate combs more efficiently than Kerr-based
approaches [208], [209]. An additional benefit is their capability for limited tuning of the
repetition frequency over a wide span.

The integration of such OFCs is becoming increasingly attractive, particularly with the
emergence of LNOI platforms, since LN exhibits a strong second-order nonlinearity. Using
this technology, octave-spanning integrated combs have been demonstrated that also enable
f — 2f self-referencing [210]. Nevertheless, this technology is not included in the detailed
discussion that follows, as its development is still less advanced compared with the previously
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reviewed approaches, although it is more mature than QCL combs.

Table 3.1 summarises the key performance metrics of the integrated OFC sources discussed
above. From an application perspective, two parameters are of particular relevance: the
repetition frequency and the spectral breadth of the comb. High-resolution spectroscopy, for
instance, benefits from low repetition frequencies. Moreover, in applications where down-
conversion to the electrical domain is required, the line spacing must be sufficiently small to
be measurable with conventional electronic instruments—typically on the order of tens of
gigahertz or less. At the same time, a broad spectral span is advantageous in spectroscopy, as
it enables the simultaneous measurement of a wider range of samples, and it is essential for
metrology and frequency synthesis.

As discussed earlier, there exists an inherent trade-off between repetition rate and comb span.
In spectroscopy, this trade-off can limit the achievable signal-to-noise ratio (SNR), while
in communications it constrains the minimum attainable channel spacing, since each comb
line must maintain a sufficient power level. A common strategy to mitigate this effect is
to increase the conversion efficiency, defined as the ratio of the output comb power to the
pump power involved in comb generation. In general, integrated OFCs based on MLLs or GS
exhibit higher efficiencies than those relying on external nonlinear processes, as the comb is
generated directly within the laser cavity. By contrast, microcombs and EO combs tend to
exhibit lower efficiencies.

Integrated OFCs based on GS or EO modulation generally provide narrower bandwidths
than other integrated OFC sources. Several techniques based on PICs have been proposed to
address this issue. In EOM OFCs, cascading multiple modulators can extend the spectral
span, though at the expense of increased optical losses and greater complexity in the RF
driving network [200]. In GS combs, bandwidth expansion strategies implemented in PICs
have achieved spans of up to 260 GHz [158]. OFCs based on MLLs can reach spectral spans of
several tens of nm, particularly in hybrid configurations with sub-GHz repetition frequencies
[193], [195]. Kerr combs, on the other hand, can cover extremely broad spans of up to several
octaves, typically with repetition frequencies in the tens to hundreds of GHz range [61], [211].
In both cases, the repetition frequency is determined by the cavity length in MLLs or by the
resonator size in Kerr combs and can therefore only be tuned marginally, if at all.

By contrast, OFCs based on EOM and GS allow direct tuning of the repetition frequency
through the modulation signal, as well as straightforward adjustment of the central wavelength
of the comb. This tunability in repetition rate and emission wavelength is highly advanta-
geous for applications such as DCS, where it enables real-time balancing of the trade-off
between spectral resolution and acquisition time, and for LiDAR systems. For instance, an
InP monolithically integrated tunable EOM OFC based on cascaded modulators has been
demonstrated in [199].

Reducing the repetition frequency in resonator-based techniques, such as MLLs and micro-
combs, typically requires cavities several mm or even cm long. This leads to lower resonant
enhancement of intracavity power, complex dispersion engineering, and other design challenges.
In MLLs, such cavity lengths are not practical in monolithic III-V platforms due to the
high propagation losses of passive sections, and heterogeneous integration must therefore be
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Table 3.1: Comparison of the main key metrics of integrated OFCs.
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employed [212]. Repetition-rate tunability in MLLs can be achieved through carrier injection
and thermal control, although it is typically limited to about 1 GHz [213]. In microcombs,
limited repetition-rate tuning has been demonstrated through soliton-crystals [214], but this
approach remains significantly more complex and indirect than in GS OFCs.

From an operational point of view, GS, EOM, and MLL OFCs can generally be initiated by
appropriate electrical or optical driving of the laser, requiring no complex procedures. In con-
trast, microcomb operation is considerably more demanding, as it relies on exciting a coherent
soliton state. Achieving and maintaining this state is highly sensitive to small temperature
fluctuations and typically requires complex initialisation and stabilisation protocols [196].
This remains a major obstacle to the widespread integration of microcombs. Furthermore, the
design of microcomb sources requires precise dispersion engineering and high-() resonators,
which demand mature fabrication processes.

Another important factor to consider is the optical noise associated with OFCs obtained
through different integration strategies. In this context, noise refers to the noise floor far
from the carrier frequency, or frequency noise, which can be represented by the fundamental
Lorentzian linewidth [215]. In microcombs, it is mainly determined by the pump laser,
although in some cases the nonlinear process also contributes. For MLL, GS, and EOM combs,
the noise is governed by the Lorentzian linewidth of the laser itself. In GS OFCs, when OI is
employed, the linewidth is defined by the ML through the OI locking process. Consequently,
beyond the need for tunable integrated lasers, there is a strong motivation to develop sources
with narrow linewidths to minimise overall noise.

The integration of OFC sources can be achieved monolithically, heterogeneously, or through
hybrid schemes, depending on the specific generation technique. Monolithic integration offers
compact functionality within mature industrial ecosystems supported by generic foundry
platforms. Among them, III-V platforms based on InP or GaAs are particularly relevant, as
they natively support integrated lasers and high-speed modulators, with InP representing the
most advanced option. These properties enable the direct implementation of MLL, EOM, and
GS OFCs, as well as their integration with other photonic components. Monolithic MLLs
incorporating modulators and amplifiers have already been demonstrated through MPW runs
in InP foundry processes [194], [216]. GS combs, which rely on direct laser diode modulation,
are especially well suited to InP platforms, where fully monolithic demonstrations combining
GS combs with other components have been reported [158], [217], [218].

Heterogeneous integration has proven essential for microcombs,; as it combines I1I-V gain
media with nonlinear materials such as SiN for Kerr processes, and LNOI or AlGaAsOI
for quadratic ones. Within this framework, soliton microcombs have been demonstrated
using I11-V/Si/SiN integration [140], while octave-spanning combs have been achieved in
LNOI [71], [138], [139], [219] and AlGaAsOI [197] platforms. MLLs have also benefited from
heterogeneous InP/SiN integration, which allows for an increased cavity length [212], and
EOM combs could gain from combining I1I-V lasers with LN modulators [220], leveraging
their low-loss waveguides and strong EO response. Hybrid integration represents a promising
route for microcombs, as it enables the combination of the best performance features from
distinct technologies. However, these solutions currently face challenges related to scalability
and cost, which limit their suitability for large-scale production.
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3.4.1 Integrated gain-switched optical frequency combs

The first demonstration of an integrated GS OFC was reported in 2016 by J.K. Alexander
et al. [217] in a monolithic InP platform. The device comprised a three-section laser with
two single-facet slotted Fabry-Pérot (SFP) cavities acting as the master and slave, sharing
a common slotted mirror, as shown in Fig. 3.7 (a). This slotted mirror provided electrical
isolation between sections, allowing independent electrical biasing of all three. OI from the ML
into the SL enhanced stable single-mode operation of the injected cavity. By tuning the drive
currents of the master section and the shared mirror, injection locking to different longitudinal
modes of the FP cavity was demonstrated, yielding discrete tuning of the emission frequency
over a range of 10 nm across the L-band (1565 nm-1625 nm), with steps of 3.2 nm.

A high-power RF signal (> 20 dBm) at a 4 GHz repetition rate was applied to the slave
section to generate OFCs, both with and without biasing the master section. Under OI, the
optical bandwidth of the OFC increased by nearly a factor of two, attributed to the increased
modulation bandwidth provided by the OI locking mechanism as the frequency of relaxation
oscillations increased. The measured linewidth of the comb lines was as low as 600 kHz, and
spectra measured at both device facets showed no asymmetry in the emitted comb. Even so,
the overall span of the OFC remained modest, with approximately eight lines within 3.5 dB
(32 GHz).

The device was fabricated using standard lithographic processes, but not through generic
integration processes. The active regions comprised AlGalnAs quantum wells (QW) grown
on an n-doped InP substrate. The overall device length was around 2 mm, partitioned into
an 800 um ML section, a 756 um SL section, and a 756 pm slotted mirror.

These results provided foundations for a compact way of generating GS OFCs directly on-chip
and marked a key milestone for integrated GS OFCs, demonstrating for the first time the
feasibility of realising such sources in a fully integrated photonic platform.

(a) (b)

Figure 3.7: GS OFC based on a monolithically integrated three-section laser proposed in [217]. (a)
Scheme of the three-section laser with two FP cavities sharing a slotted mirror section.
(b) Spectra of the generated OFC with and without biasing the master section.
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Building on the scheme of Alexander et al. [217], M. Deseada et al. demonstrated an externally
injected GS OFC on a monolithic InP PIC, adding a mirror to one facet of the master section
to enhance the efficiency of the OI and enforce unidirectional emission. They observed that
when the slave laser was GS and optically injected by appropriately tuning the currents of the
master and the mirrors, the comb quality improved notably. The 20 dB optical bandwidth
increased from 62.5 to 94 GHz, and the spectral flatness improved from two to nine lines
within 3 dB at a 6.25 GHz comb line spacing. The comb line spacing could be tuned between
6 and 10 GHz by adjusting the RF modulation frequency. In addition, noise and coherence
were comprehensively characterised, showing low relative intensity noise (RIN) (=127 to —130
dB/Hz), optical carrier-to-noise ratios (CNRs) greater than 40 dB, an intrinsic linewidth of
1.5 MHz, and strong interline phase correlation with a 10 Hz RF beat linewidth. These OFCs
were also demonstrated for optical communication systems employing advanced modulation
formats [221], constituting one of the first demonstrations of high-level integration of GS

OFCs.

Another remarkable work in the field of integrated GS OFCs is that reported in [158]. This
work presents a monolithic integration scheme in which two DFB lasers share the same ML,
which consists of an active section sandwiched between two DBR mirrors. This device was
manufactured through an MPW run on a generic InP integration platform. In this scheme,
GS could be performed on the two DFB lasers using OI from the master DBR laser or an
off-chip laser to generate two mutually coherent OFCs. In addition, the two SLs could be
thermally tuned independently by a few nm using thermal heaters.

The DFBs exhibited good performance in both CW and GS operation. However, the on-chip
master’s emission wavelength did not overlap with that of the slaves, so the authors resorted
to an external tunable master (via a circulator) to realise mutual OI locking of both DFB
slaves.

Using off-chip ML, mutually injection-locked gain-switched lasers (MIL-GSL) with a repetition
rate of 6.25 GHz were demonstrated. The spectral overlap of the generated OFCs yielded
an expanded OFC with approximately 218 GHz and 256 GHz (36 and 42 lines) at 3 dB
and 10 dB, respectively, consistent with prior GS OFC expansion using discrete components
[222]. In terms of noise characteristics, the measured optical linewidth of the comb tones is
approximately 50 kHz, and the RIN was also characterised at —145 dB/Hz. The interline
phase correlation also demonstrated good performance as measured by the RF beat line width
of about 12 — 15 Hz. In addition, the repetition frequency demonstrated a tuning range
showing OFCs at 10 GHz with a width of 100 GHz (11 lines) and at 12.5 GHz with a width
of 75 GHz (7 lines), with reduced bandwidth at higher repetition rates. This MIL-GS-based
work demonstrated a much higher bandwidth than previous GS OFCs integrated with a
standard component-based implementation from a generic integration foundry, demonstrating
a compact, low-complexity, energy-efficient implementation well suited to reconfigurable
multicarrier sources for communications and mmW /THz generation.

As it has been mentioned earlier, the absence of on-chip optical isolators in generic integra-
tion platforms can constrain the implementation of integrated GS OFCs. To address this,
contemporaneous work to this thesis reported a three-section master—slave configuration on
an InP PIC comprising two mutually coupled lasers [174], [223]. The ML is a two-section
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slotted single-mode (SLM) device tunable across 1535 — 1560 nm and separated from the
slave by a slotted mirror. The SL is FP that is gain-switched under OI from the SLM,
producing an OFC with 6.8 GHz spacing. Two coupling schemes between the SLM and
FP were compared: an asymmetric (primary—secondary) scheme, where light propagates
only from the SLM to the FP (a conventional OI configuration), and a symmetric (mutual)
scheme with bidirectional coupling. The mutual-coupling case enabled self-locked operation
with enhanced phase stability, higher comb power and a broader comb bandwidth than the
asymmetric case, showing that reciprocal coupling markedly improved GS OFC performance
on a PIC.

Figure 3.8: (a) Pilot Photonics monolithic PIC photograph for the iCLA; (b) packaged iCLA with
thermal control and electrical and optical access; (c¢) proposed architecture for this
iCLA to scale coherent transceivers. Source: [224]

Recently, integrated GS OFCs have achieved a high level of integration, reaching market
applications. The work of H. Othman et al. [202] presents an integrated GS OFC engineered
as a multi-tone local oscillator for a spectrally sliced coherent receiver. The comb is generated
in what the authors term an integrated comb laser assembly (iCLA). The device combines
two GS lasers, mutually injection-locked by a narrow-linewidth master. The spectral overlap
of the two combs yields an expanded comb with four mutually coherent tones at 12.8 GHz
spacing. Each tone exhibits an effective linewidth of approximately 30 kHz limited by the
ML, and very high interline phase coherence (RF beat < 1 kHz at 12.8 GHz). To employ the
OFC as the LO, the chip integrates a downstream active injection-locked 1 x 4 demultiplexer
that selects, amplifies, and delivers about 0 dBm per tone with a comb line suppression ratio
greater than 30 dB, overcoming the insertion loss of passive demultiplexers and easing receiver
sensitivity. Using this OFC and the active demux, the authors demonstrate spectrally sliced
coherent detection of a 100 Gb/s PDM-QPSK signal with good characteristics compared to
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conventional intradyne receivers.

This iCLA development has led to a commercial product marketed by Pilot Photonics that
aims to serve in wavelength routing-based optical transport networks. Pilot Photonics was
established in 2011, focusing on commercialising GS OFC sources and now monolithically
integrated in InP. Fig. 3.8 shows the PIC together with its commercial package and a reference
architecture for scaling coherent transceivers [225]. The device is delivered in a package
comprising thermal control and both electrical and optical access or in die form for co-
integration with other PICs. This device is currently the most advanced example of high-level
integration of GS OFCs and offers numerous advantages in the commercial segment of optical
communications in terms of SWaP-C, reconfigurability, and control.

It is important to note that, although GS OFCs are often realised monolithically, hybrid
approaches have also been reported [226]. In that work, a hybrid-integrated GS OFC was
demonstrated in which a commercial 1.55 um DFB laser is butt-coupled to a high-Q SizNy
microring reflector (MRR) that self-injection locks the laser by reflecting a single comb tooth,
enhancing phase coherence, CNR, and spectral flatness. At 6.5 GHz modulation (near the
relaxation oscillation), the source produced eight comb lines within 3 dB of the envelope peak
with 40 dB CNR, a 615 kHz per-line optical linewidth (vs 7.34 MHz for the solitary CW
laser), and a 50 Hz RF beat tone indicating strong interline phase correlation. The MRR
(measured FSR ~ 50 GHz, FWHM ~ 562 MHz, Q= 3.45 - 10°) ensured single-line feedback
that suppressed mode competition, and the comb spacing was continuously tunable from 5.55
to 8.7 GHz via the RF drive.

3.5 Integrated optical frequency comb systems

Recent advances in integrated photonics have enabled advanced proof-of-concept demon-
strations of OFC-based systems that extend beyond the comb generator itself, integrating
multiple subsystems on a single chip. These demonstrations are a significant step towards
practical, compact implementations and illustrate the potential of integrated OFCs in diverse
application domains, such as sensing, communications, microwave generation, and metrology
[45], [46], [192], [224].

One notable example is precision timing and frequency synthesis, where integrated combs can
operate as chip-scale optical clocks or as optical-to-microwave links in coherent systems [145].
Soliton microcombs have already been employed in compact microwave synthesisers, achieving
low phase-noise performance comparable to state-of-the-art electronic oscillators [149]. In
optical communications and WDM, integrated combs can function as multi-wavelength sources,
replacing arrays of individual lasers and providing a coherent grid of carriers [142], [143].
Integrated OFCs have also been applied in LiDAR [148] and ranging, where dual-comb
techniques enable highly precise and fast distance measurements [227], [228]. DCI based on
PICs is reviewed in more detail in Section 3.5.1.

Despite these achievements, most demonstrations to date represent advanced stages of
integration that have not yet been consolidated into commercially deployable technologies.
The adoption of OFC-based systems in PICs remains limited as integrating all the necessary
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subsystems, such as light sources, modulators, amplifiers and control electronics, into a fully
functional, manufacturable platform continues to present significant challenges. However,
substantial progress has been made in combining multiple integration strategies within a
single device, as demonstrated by the highly integrated optical frequency synthesiser reported
in [45] (Fig. 3.9), which is one of the most advanced demonstrations achieved so far together
with the one presented in Fig. 3.8.

Figure 3.9: Integrated optical frequency synthesiser based on microcombs and three integration
approaches: Monolithic, heterogeneous and hybrid. This representes one of the most
advanced examples of integrated OFCs with full system functionality. Source: [45].

Nevertheless, the field has yet to converge on a universal approach that can meet the diverse
requirements of different applications. As summarised in Table 3.1, each integration strategy
and OFC generation technique offers distinct advantages and limitations. The deployment
of these technologies will therefore be driven by the application, with OFC designs tailored
to specific performance requirements. In communications, for instance, power efficiency
and high power per line are paramount, favouring MLL OFCs. Conversely, applications
demanding broad spectral coverage, such as metrology, typically favour microcombs and other
nonlinear OFCs. In scenarios where only a limited spectral range is required, but operational
flexibility, reconfigurability, and high spectral resolution are crucial, EOM and GS combs offer
particularly attractive advantages.

3.5.1 Integrated dual-comb interferometry

The development of integrated OFC sources enables DCI to be realised at the chip scale. In
DCS, in particular, various integrated comb technologies have been investigated as sources to
perform gas measurements. Microcombs offer the advantage of very large optical bandwidths,
which can cover extensive ranges of molecular responses. However, because their repetition
frequencies are typically high, the spectral resolution attainable in the RF mapped domain is
correspondingly limited [146].

One of the first demonstrations of dual-comb spectroscopy employing Kerr soliton OFCs can
be found in [146]. In this article, two silica whispering-gallery resonators on a silicon chip are
employed to generate two phase-locked femtosecond soliton pulse trains with approximately 22
GHz repetition rates. The corresponding OFCs exhibited spectral coverage of over 60 nm. The
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repetition rate difference is precisely matched to 2.6 MHz by precise control of the resonator
diameter through advanced fabrication techniques. The multiheterodyne beat compresses
more than 4 THz of optical bandwidth from 1535 nm to 1567 nm into approximately 500
MHz of RF spectrum, yielding narrow electrical comb lines with less than 50 kHz linewidth
and a high SNR of around 30 dB, limited by the mutual coherence of the pump lasers. This
dual-comb spectrometer is validated through the measurement of the absorption profile of the
213 band of H¥CN showing good agreement with direct spectroscopy of the sample, although
the resolution was limited by the high repetition rate of the OFCs compared to the profile of
the sample.

Another demonstration of on-chip dual-comb spectroscopy employing Kerr combs was pre-
sented in [44]. The device consisted of two SiN microring resonators pumped by a single
laser. The microrings could be thermally tuned via microheaters to reach the soliton regime
deterministically. Two mutually coherent OFCs were obtained, covering a span of around
51 THz (400 nm) with a repetition rate of 450 GHz, and a repetition rate difference of 1.12
GHz. The dual-comb produced a compressed RF spectrum with 10 kHz beatnote linewidths.
However, because the frequency offset is relatively large, the electrical bandwidth required
resulted as high as 30 GHz, which hampers the use of low bandwidth electronics. The device
also allowed observation of the comb formation in real time from the noisy states to the soliton
formation, using one of the combs as a reference. The system is validated for spectroscopic
measurements of dichloromethane (CH,Cly), achieving measurements over a span of 170 nm
with 20 ps acquisition time, with good agreement with OSA measurements.

In another study, dark solitons generated in photonic molecules were employed as more
efficient OFC sources for dual-comb applications [229]. However, only the microresonators were
integrated, and the dual-comb measurements relied on external laboratory setups. Furthermore,
integrated dual-comb interferometers employing microcombs have been demonstrated for
imaging [181] and ranging [227].

The search for greater flexibility and reconfigurability in integrated dual-comb systems has led
to the development of such systems using resonant EO combs. In [201] the authors reported
a high-Q microring EO comb generator with strong x(?) based on the TFLN platform. The
strong phase modulation provided by the phase modulator enhanced the dynamic resonance
condition, leading to a broad and flat OFC with more than 900 optical lines within a span
higher than 80 nm over the L-band and a repetition rate of around 10.43 GHz, which is
considerably lower than those typically obtained with Kerr combs. Furthermore, the authors
demonstrate dual-comb generation in a single resonator with a controlled frequency offset
ranging from 10 Hz to 100 MHz, indicating high configurability.

The same group used a similar approach to perform frequency-agile dual-comb spectroscopy
on acetylene, achieving good agreement with the HITRAN database [230]. Furthermore,
they discuss ways to lower the line spacing, increase the resolution of the measurements, and
achieve broader spans with resonant EO combs in the TFLN platform.

Further reduction of the repetition rate to enhance the spectral resolution while maintaining
a broad span using MLL OFCs with a 1 GHz repetition rate [231], [232]. The authors
demonstrated an OFC based on MLL integrated in III-V-on-silicon featuring 300 GHz of
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optical bandwidth. In these works, however, the authors demonstrated dual-comb spectroscopy
using two OFCs from different chips [232] and an external EO comb [231].

Dual-comb interferometry with integrated GS OFCs

Dual-comb interferometry based on GS combs offers several advantages over alternative
approaches. It enables efficient, reconfigurable, fully monolithic implementations with a
simple operating and initiation protocol. Crucially, the low repetition rates achievable with
GS combs down to a few MHz are well suited to dual-comb spectroscopy, where very high
spectral resolution is required, even though the optical span is typically more limited than in
other comb-generation techniques.

The first demonstration of a dual-comb source based on GS OFCs was reported in 2020
by J.K. Alexander et al. [233]. The device was monolithically integrated in InP utilising
a regrowth-free process, with deep-etched bends and slotted mirrors, as shown in Fig. 3.10.
It integrated an SFP laser similar to that in [217], as the ML injected two FP SLs. The
overall size of the PIC was 1.65 mm by 0.7 mm. The master output was split by a 1 x 2 MMI
coupler to inject both SLs simultaneously, thereby providing mutual coherence. Single-mode
OI locking of both SLs was obtained when the ML was driven well above threshold, the
emitting wavelength being near 1584.5 nm. The GS operation of the two SLs generated OFCs
with repetition rates of 5 GHz and 4.1 GHz, respectively. However, the acquisition of the RF
down-converted comb was not reported but remained a good proof of concept for integrated
dual-comb interferometers based on GS sources.

Figure 3.10: Proof-of-concept of a monolithically integrated InP dual-comb source based on GS
OFCs presented in [233]. (a) Scheme of the device consisitng of two FP SLs which
are optically injected by a SFP. (b) measured specturm of the two generated OFCs

This remained the only demonstration of an integrated GS dual-comb interferometer until the
work presented in this thesis. The approach established in [233] provides a solid foundation for
the development of reconfigurable dual-comb interferometers based on GS OFCs, which can
be implemented using generic integration platforms. Such compatibility offers a practical and
scalable path towards compact, low-SWaP dual-comb systems. Although the implementation
reported here operated at relatively high repetition frequencies, the GS technique also allows
operation at lower repetition rates to improve the spectral resolution of the dual-comb
interferometers.
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Chapter 4

Experimental methods for
characterising photonic integrated
circuits

This chapter presents the experimental methodologies employed to characterise the PICs
developed in this thesis. The characterisation process involves defining the measurement
objectives, designing appropriate experimental setups, and analysing the resulting data to
assess device performance.

In general, PIC characterisation can be performed at three hierarchical levels: wafer, die,
and package. Wafer-level characterisation enables rapid testing of multiple devices across
a wafer before dicing, providing an overview of process uniformity and fabrication yield.
Die-level characterisation focuses on individual chips that have been separated from the wafer
but are not yet packaged, allowing detailed optical and electrical testing using temporary
probing techniques. Finally, packaged-level characterisation evaluates fully assembled devices,
integrating the PIC with electrical and optical interfaces suitable for system-level testing and
long-term operation.

To address these stages, two complementary experimental platforms were developed in this
work: a probe-station setup for die-level measurements, described in Section 4.1, and a custom
electrical packaging scheme that enables laboratory testing of fully assembled PICs, detailed
in Section 4.2. In both cases, the PIC must be mounted on a stable platform that permits
reliable optical and electrical access while preventing direct manual contact with the chip
surface.
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4.1 Characterisation at die-level

PICs typically feature both electrical connections and optical interfaces. Therefore, effective
characterisation requires a physical setup capable of interfacing laboratory instrumentation
with the chip. Typical photonics laboratory instruments can broadly be classified into three
categories:

1. Sources and signal generators, which provide drive currents, bias voltages, RF modulation
signals, or optical sources.

2. Measurement instruments that monitor and quantify the PIC response. These include
spectrum analysers, optical power meters, PDs, multimeters, or high-speed oscilloscopes,
among others.

3. Actuators or controllers which provide different degrees of control over environmental or
mechanical operating parameters, such as temperature, vibration, or vacuum.

Although carried out after fabrication, PIC characterisation must be anticipated at the design
stage to guarantee that the device can be effectively tested. Factors such as the number of
electrical contacts, the configuration of optical inputs and outputs, the device footprint, and
the intended functionality should be defined together with the strategy for verifying that
functionality. Once fabricated, the characterisation process typically follows a well-defined
sequence of steps.

First, the experiment is planned, and the figures of merit or system parameters to be measured
are identified. This is followed by the design of the experimental setup, which provides electrical
and optical access to the PIC and includes the preparation and calibration of the required
instrumentation. The PIC is then mounted in the setup, electrically connected, and aligned
with the optical interfaces to enable the injection and collection of light. The optical and
electrical responses of each individual device or component are then measured to verify that
the components are operating correctly. Finally, system-level characterisation assesses the
combined performance of all components to evaluate the overall behaviour of the circuit.

Throughout this thesis, extensive work has been carried out on both the design and charac-
terisation of PICs. The following chapters focus on these aspects, while this section provides
a general overview of the experimental setups and methodologies, together with the main
practical considerations involved.

The measurement setup is based on a copper submount serving as the mechanical and thermal
interface for the PIC. Temperature control is provided by a thermoelectric cooler (TEC)
or Peltier cell, controlled by a TEC controller (ILX LDT-5412 or Newport 325), integrated
into the probe station, that uses the reading from a thermistor placed close to the PIC (see
Fig. 4.1). The copper submount provides heat sinking during electrical operation. The die
is fixed by vacuum through an internal port in the copper base, which is connected to an
external vacuum pump.

Electrical contact with the PIC is established using contact probes connected to the laboratory
instruments. RF probing is performed with ground-signal-ground (GSG) probes, matched
to an impedance of 50 €2, and offering a bandwidth of up to 40 GHz, while DC needles
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are employed for low-frequency biasing. To avoid the need for aligning individual probes,
probe arrays are used. These consist of multiple needles arranged at a fixed pitch, allowing
simultaneous contact with several pads. This introduces a design constraint on the PIC layout,
as the pad pitch and geometry must match the array specifications. The probe arrays are
mounted on micropositioners providing fine X, Y, and Z control to enable precise alignment
and contact. A goniometer is also included to allow controlled tilting of the probe array, if
needed, facilitating accurate planarity adjustment between the probes and the chip surface.

Microscope top view

ensed fibe Thermistor

Peltier cell (TEC)

Figure 4.1: Description of the probe station experimental setup used for the characterisation of
PICs at the die-level. The PIC is mounted on a copper submount that provides heat
sinking and thermal control via a TEC controller which reads the temperature of the
base by means of the thermistor. The chip is tilted by 23° to compensate for the tilt of
the on-chip I/O waveguides. Electrical contact to the PIC is established using probe
arrays mounted on linear micropositioners, offering both DC and RF measurement
capabilities. Lensed fibers are positioned on V-grooves to inject and collect light from
the PIC. The V-grooves are mounted on precision XYZ translation stages that enable
fine optical alignment.

Optical coupling to and from the PIC is achieved using lensed fibers, either individually or
arranged in arrays, to match the fiber mode to the on-chip waveguide mode and thereby
minimise coupling losses. A lensed fiber is a standard single-mode optical fibre whose tip is
processed to form a micro-lens that focuses or expands the guided mode, enabling efficient
coupling between the fiber and the much smaller optical mode of the photonic chip.

27



Pablo Loépez Querol

By adjusting the separation between the fiber tip and the waveguide facet, and by selecting a
fiber with an appropriate working distance and focal length, the beam waist can be positioned
at the waveguide input to maximise mode overlap. Typical lensed fibers for operation around
1.55 pum exhibit a mode-field diameter (MFD) of 2-3 pum at focus and a working distance of a
few pm (26 pm in this case). The achievable coupling loss primarily depends on the spatial
mode overlap between the fiber and on-chip waveguide modes.

This thesis is based on InP PICs that employ edge couplers available in the foundry PDKs.
In the setup illustrated in Fig. 4.1, the PIC is mounted with a 23° rotation relative to the
optical table axis to compensate for the 7° tilt commonly incorporated into the input—output
waveguides to suppress back-reflections. The estimated coupling loss per facet in this setup is
approximately 6 dB.

For single lensed fibres, a V-groove holder is mounted on XYZ translation stages (Thorlabs
MAX302 or M-562F-XYZ) to provide independent motion along the X, Y, and Z axes via
manual differential micrometres. Fine alignment is achieved either with piezo actuators
controlled by a piezo controller (Thorlabs MDT630B) or with a motorised actuator. Auxiliary
rotational stages (Thorlabs PY003) provide pitch and yaw adjustment to optimise coupling,
while alternative fixtures can accommodate fiber arrays when required. Prior to any long
acquisition, thermal stability is verified. Once the chip has reached its temperature setpoint,
the lensed fibers are coarsely aligned under a microscope and then finely optimised using the
piezo stages while monitoring the coupled optical power.

Fig. 6.16 shows the standard characterisation setup used throughout this thesis. For input
coupling, light from an external CW laser passes through a fiber-based polarisation controller
(PC) to maximise the power coupled into the on-chip TE mode. On the output side, an optical
isolator (ISO) is always inserted to prevent back reflections and unintentional re-injection into
the PIC. When required, an optical circulator is used to inject and collect light simultaneously.
In the subsequent measurements, the external laser is a low-linewidth tunable laser from
PurePhotonics that can be tuned across the C-band (PPCL300) and L-band (PPCL301).
This laser is based on an external cavity design and features a narrow linewidth of 10 kHz,
which is useful for the experiments here, and a maximum emitting power of 13.5 dBm.

The output is then split into two branches by a fiber coupler. The first branch is used for
monitoring and fundamental characterisation. This branch feeds an optical spectrum analyser
(OSA, Ando AQ-6315A) and a low-frequency power monitor (PM), the latter implemented
as a high-responsivity germanium DC photodiode (Graseby Optronics 261) connected to a
precision digital multimeter (Keithley 2000). This branch is present in all experiments, as it
simplifies alignment by maximising the DC photocurrent and enables quick checks of basic
device behaviour, such as lasing modes, lasing threshold, and spontaneous emission level. The
second branch is configured according to the experiment. It can be routed to a high-resolution
OSA (HR-OSA, Aragon Photonics BOSA 400 C+L) for fine spectral measurements, offering
a resolution of 10 MHz. For RF characterisation, fast photodetectors (DETO08CFC/M, 5 GHz
bandwidth; Finisar XPDV2120R-VF-FP, 50 GHz bandwidth) are used for measurements on
an electrical spectrum analyser (ESA, Agilent E4446A) or for time-domain acquisition on a
real-time oscilloscope (Keysight MSOS804A). All measurement instruments are located in a
separate laboratory room and connected to the setup through a long optical fiber link.
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The electrical instrumentation used to bias and drive the devices includes low-noise voltage
sources (Aim TTi MX100TP) for heaters and phase shifters, precision low-noise current
sources (Arroyo ARO-4205-DR) for lasers and SOAs, and RF drive equipment such as
arbitrary waveform generators (AWG, Tektronix AWGT70002B), pulse-pattern generators
(PPG, Anritsu MU181020A), and RF signal generators (Rohde & Schwarz SMB-B112). Bias-
tees are employed where necessary to superimpose RF waveforms onto DC bias, and all RF
paths are matched to 50 €2 where the connections are provided by high-bandwidth coaxial
cables. To connect the instruments to the probe arrays, a PCB acting as an interposer is
employed, which adapts the output of the sources to the probe array connectors.

Sources:
- Voltage
- Current +
- PPG/AWG

LabVIEW

PCB/Interposer

External laser
PC
*\ Q00
N

Figure 4.2: Experimental setup for PIC characterisation. Light is injected and collected using
lensed fibers. When injecting light into the PIC, an external laser is employed with a
polarisation controller to maximise the injected power in the TE mode. When required,
an optical circulator can be placed at this input to inject and collect light simultanoeusly.
The light is collected from the PIC and sent to the instrument branches via an optical
isolator to prevent the light from being re-injected into the PIC. One of the branches
consist of an OSA and a PM to align the fiber and to characterise the fundamental
operation of the devices. The other branch can be sent to other instruments. The
PIC is biased and driven with signals from different current, voltage and RF sources,
that are connected to the probe arrays by means of a PCB interposer. Measurements
are automated in LabVIEW, with all sources and instruments controlled from a
laboratory computer. PC: Polarisation controller; TEC: Thermoelectric cooler; PPG:
Pulse-pattern generator; AWG: Arbitrary waveform generator; PCB: Printed circuit
board; ISO: Optical isolator; OSA: Optical spectrum analyser; OSC: Oscilloscope;
ESA: Electrical spectrum analyser; HR-OSA: High-resolution OSA.

Instruments:
- HR-OSA —
-0SC
-ESA

Both optical sources and measurement instruments are controlled from a laboratory to
automate device characterisation. The automation is implemented in LabVIEW using NI-
VISA and vendor-supplied drivers. The software has been developed as part of this thesis to
meet the specific characterisation requirements. Typical routines include Pl-curve acquisition
(the program steps the drive current while reading the optical power from the power meter
and/or OSA), current sweeps for controlling heaters, bias adjustment in GS operation or OI
power, voltage sweeps for MZMs, and sequential acquisition of optical and electrical spectra.
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The measurement data are stored in readable formats for subsequent post-processing in
MATLAB or Python, where figures of merit such as the side-mode suppression ratio, comb
flatness and 10 dB bandwidth, and linewidth are calculated and plotted for representation.

4.2 Electrical packaging for laboratory testing

As an alternative to the probe station described above, this section details the development
of an electrical packaging approach for the laboratory characterisation of PICs. Packaging
enhances reliability and repeatability, facilitates practical handling, and protects the die
from environmental and mechanical stress. The approach implemented in this work reduces
the overall footprint of the test bench, enables operation independently of a probe station,
and ensures consistent device performance by providing a stable and reproducible electrical
interface.

This work was initially developed as part of a bachelor’s thesis entitled Development of a
platform for the packaging and control of photonic integrated circuits (Desarrollo de una
plataforma para el encapsulado y control de circuitos foténicos integrados), carried out by
Ismael Pintor Peridnez in 2023.

The proposed system employs a custom printed circuit board (PCB) that acts as a mechanical
carrier, electrical interposer, and thermal management platform. The PIC is attached to the
board using a thermally conductive adhesive and is connected through short wire bonds that
deliver power and signals via the PCB tracks. Wire bonding, typically performed with thin
gold or aluminium wires, ensures reliable electrical contact and low-resistance connections.
Following the bonding process, the board is mounted on a rigid fixture to ensure stable
handling and effective thermal control.

In terms of thermal management, the PCBs feature copper planes and thermal via arrays
that conduct heat from the die towards the base of the assembly, which acts as a heat sink.
Stable temperature is as important as heat removal for repeatable measurements. In this
implementation, the final assembly uses a TEC together with a nearby thermistor, which are
operated with the TEC controller to provide a stable operating temperature. This arrangement
follows the approach outlined above and will be revisited later in the chapter.

The PCBs were designed to match the standard pad layout defined during the PIC design
stage. Each PIC layout follows a convention in which the RF pads are placed along the
northern edge of the die, while the DC pads are located along the southern edge. Consequently,
the PCB pad pitch, pin assignment, and choice of external connectors were specified to ensure
full compatibility with the packaged PICs.

Packaging is often among the most costly stages in commercial PIC production, partly because
the limited standardisation of photonic layouts necessitates custom packaging for each die.
Efforts have been made to standardise layouts and to automate testing processes that could
mitigate this issue, for instance through open-access frameworks [95]. While wire bonding
is a mature and widely adopted process in microelectronics, optical packaging remains a
major bottleneck and still lacks a well-established set of best practices, although significant
efforts are underway to expand and mature open-access packaging pilot lines [94]. The present
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system does not incorporate fiber attachment for optical packaging, as this would require
additional specialised equipment. Instead, the PCBs are designed to be compatible with the
V-grooves available in the laboratory.

The PCB layouts were designed using KiCad. Two variants were developed: one supporting
both RF and DC connections, and another providing only DC interfaces for PICs without
high-frequency pads. The PCBs providing both RF and DC connectivity employ a four-layer
stack to ensure proper signal integrity and grounding, whereas the DC-only boards use a
simpler two-layer structure. Separate designs were created for the SMART and HHI platforms
to accommodate their different chip dimensions. Fig. 4.3 shows a three-dimensional rendering
of the SMART boards featuring RF and DC connectivity, illustrating the top, bottom, and
complete 3D views. The RF connectors are located on the northern side of the board, and
the DC section is on the southern side. The RF area is isolated from the rest of the circuitry
by a row of metallised vias forming a grounded fence.

TOP VIEW BOTTOM VIEW 3D VIEW
SMA| |

UFL

Figure 4.3: Three-dimensional renderings of the PCBs used for electrical packaging of the PIC,
shown from different views and featuring RF connections on the north side and DC
connections on the south side.

The PIC area is tilted by 23° to align with the angled input and output facets. RF input and
output use two connector types: four SMA (Fig. 4.3 top view, J4-J7), which have a usable
bandwidth of up to approximately 18 GHz, and two UFL (J9, J10), which have a bandwidth
of up to approximately 6 GHz. The RF tracks are implemented as microstrip transmission
lines matched to 50 €2. All RF traces are designed to have equal electrical length in order to
maintain consistent phase and impedance conditions across the different inputs. DC access is
provided via soldered pin headers (J2), while additional connectors are included for the TEC
and the thermistor (J1 and J5, respectively).

Fig. 4.4 shows the die-bonding area and pad distribution of the SMART Photonics PCBs.
The HHI boards follow a similar layout, adapted to their different PIC dimensions. With a
pad-to-pad spacing of 0.3 mm, the design accommodates twenty DC pads along the lower
edge of the PIC area and six RF GSG connections. The central square indicates the bonding
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TOP VIEW BOTTOM VIEW

Figure 4.4: Top and bottom views of the PIC bonding area on the PCB, showing the die placement
region and the surrounding contact pads.

region where the chip is secured during the die-bonding process. This central zone contains
arrays of thermal vias that conduct heat between the front and back layers of the board,
thereby enhancing thermal dissipation.

The PCBs were fabricated externally by PCBWay. Each PCB measures 100 x 50 x 1 mm and
uses an FR4 substrate with a glass transition temperature Ty of 150 °C. The design employs
two electrical layers with a 1 oz copper finish. The ENEPIG (Electroless Nickel Electroless
Palladium Immersion Gold) surface finish consists of successive layers of approximately 200
microinches of nickel, 2 microinches of palladium, and 2 microinches of gold. The nickel layer
provides a robust diffusion barrier and mechanical support; the palladium layer prevents
nickel oxidation, and the thin gold layer ensures good bondability. This multilayer finish
offers stable surface properties that enhance the consistency and reliability of wire bonding.

The assembly process comprises three main steps: die attach, wire bonding, and final packaging.
Die bonding is performed using a custom setup in which the PIC is held by a vacuum pen,
while the PCB is mounted on a manual XYZ stage equipped with linear micropositioners.
Prior to placement, both the PCB landing area and the backside of the PIC are cleaned with
isopropyl alcohol to remove particulates and light residues. A calibrated micropipette then
dispenses a controlled volume of thermally conductive epoxy onto the die-bonding area on
the PCB, forming a thin, uniform fillet once the PIC is positioned. The adhesive is selected
for its high thermal conductivity, suitable viscosity at the dispensing temperature, and a cure
profile compatible with the PIC. Using the micropositioners, the PCB, which is mounted on
an XYZ translation stage, is levelled and aligned with the PIC in the lateral plane, that is,
along the X and Y directions. Once the alignment is achieved, the stage is slowly raised in
the vertical direction to bring the two surfaces into contact. The vias located beneath the
PIC region allow any excess epoxy to escape, preventing it from spreading onto the bond
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pads and optical interfaces.

Curing of the epoxy is carried out according to the specifications of the manufacturer at
room temperature for 48 hours, with the assembly being held in place to prevent movement.
Electrostatic discharge control is maintained by grounding the work surface, tools, and
operator, as well as minimising handling. Finally, the top surface is cleaned and the bond pads
are inspected for contamination or oxidation to ensure suitable conditions for the subsequent
wire bonding step.

Wire bonding is performed between the PIC and the PCB pads using a TPT HB100 wire
bonder. The system operates by ultrasonic bonding and includes a heated stage to improve
bond quality and adhesion. It supports both wedge and ball bonding techniques through
interchangeable capillaries. Ball bonding is preferred, as it produces a uniform initial bond
on the PIC pad and a reliable wedge stitch on the PCB pad. A 17 um gold wire is employed,
since gold promotes excellent adhesion between the ENEPIG surface finish of the PCB and
the gold metallisation of the PIC. The small wire diameter also enables the formation of
compact bond balls that remain confined within the on-chip pad area (100 x 100 pum). The
free-air ball is generated by an electronic flame-off system at the tip of the capillary.

The optimisation of wire bonding comprises several parameters:

o Temperature: Higher substrate temperature tends to reduce the ultrasonic power
required for bonding and can minimise pad damage. However, excessive heat may soften
the epoxy resin or affect the devices. A typical operating temperature of 100 °C is used
for this process.

o Ultrasonic power: This parameter controls the scrubbing energy at the bonding
interface. Insufficient power results in weak bonds that often do not adhere to the
pad. Excessive power, on the other hand, can produce craters in the pads or cause pad
splash on thin metallisations. Optimisation involves gradually increasing the ultrasonic
power until the ball deformation and imprint are uniform and non-destructive in pull
tests. Dedicated dummy pads are included on the PIC and PCB to facilitate initial
optimisation. Power is measured in mW, with typical operating values for this system
ranging from 200 to 270 mW.

o Force: This parameter refers to the force applied to press the wire against the pad
during bonding. Insufficient force can result in poor contact and potential bond lift-off,
while excessive force may damage or create craters on the pad surface. The bonding
force is optimised alongside ultrasonic power and bonding time, as these parameters are
interdependent. It is specified in millinewtons (mN), with typical operating values of
around 300 mN for this process.

o Time: This parameter refers to the duration for which ultrasonic energy and bonding
force are applied. A longer bonding time can compensate for slightly lower power or
cooler conditions, but it also increases the risk of pad damage. The first and second
bonds may require different durations. In practice, bonding time is often kept constant
while power and force are optimised first and then adjusted as necessary. Typical
operating values are around 200 ms.
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o Loop profile: This parameter defines the three-dimensional shape of the wire between
the first and second bonds, determined by the programmed path of the capillary.
Optimising the loop profile enhances the mechanical stability of the interconnect and
improves long-term bond reliability. The loop shape is also adjusted to compensate for
the height difference between the PCB and the PIC.

Additional settings recorded during optimisation include the tail length after the second bond,
from which the ball for the next bonding is formed, the capillary approach speed, and the
search height. Consistency in tail length is important for achieving a repeatable ball size.

(@) (b)

Figure 4.5: (a) Lateral photograph showing the wire bonds connecting the PIC to the PCB, and
(b) top view highlighting the wire bonds contacting the on-chip pads and the RF pads
of the custom-designed PCB.

The choice of capillary is matched to the wire diameter and the pad pitch, enabling the tool
to place bonds without scuffing adjacent pads. Parasitic inductance and crosstalk are further
reduced by keeping the bonds short. The average length of the wirebonds is always kept
below 1 mm. Each bonding session begins with tests on dummy or sacrificial pads at the
end of the pad row to adjust the parameters. Visual criteria and electrical checks, including
continuity and VNA measurements (if applicable for RF connections), are performed. As a
result, the wirebonds are effectively providing connection between the PIC and the PCB, as
shown in Fig. 4.5.

L
(@)

(b)
©)

Figure 4.6: (a) Schematic of the final assembly. (b) Photograph of the final assembly from a top
view. (c¢) Photograph of the experimental setup showing the PIC in the final assembly.
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The final step involves mounting the PCB containing the PIC into its package for testing.
The fully assembled device is schematically illustrated in Fig. 4.6(a) and shown in Fig. 4.6(b).
The package comprises an aluminium 6082 (Al-SilMg) base plate and mounting block. This
alloy exhibits a thermal conductivity between 170 and 220 Wm ™! K~! and a specific heat
capacity of approximately 896 Jkg='K~!. The PCB is secured to the metal base using PCB
spacers. A TEC, positioned between the base plate and the mounting block, regulates the
temperature of the assembly, while the upper surface of the mounting block contacts the
underside of the PCB to provide efficient heat dissipation. The temperature is monitored
using a thermistor embedded in the mounting block. Finally, a transparent methacrylate
cover protects the assembly. Electrical connectors are soldered to provide access to the PIC

contacts, the TEC, and the thermistor. The final assembly can be characterised as shown in
Fig. 4.6(c).
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Chapter 5

Integrated optical frequency comb
generation

This chapter investigates the generation of OFCs on PICs using both Q-switching and GS,
combining rate-equation modelling, numerical simulation and proof-of-concept experiments.
In Section 5.1, a QS model is developed and applied to an optically injected four-section DBR
laser incorporating an intracavity EAM. The analysis identifies design trade-offs in extinction
ratio, insertion loss, length and detuning, and predicts broadband combs arising from the
large dynamic chirp associated with rapid loss modulation. An initial InP implementation
through an MPW, embedding the EAM within the cavity, was limited by excessive EAM
absorption and insufficient net gain, preventing lasing and thus QS operation, but providing
clear guidance for subsequent redesign. Part of these results were originally reported in
Lépez-Querol et al., Optics Express, 31, 20, 33475-33485, (2023).

Section 5.2 then demonstrates GS OFCs in a monolithically integrated master—slave configura-
tion employing DFB lasers, driven by a SRD generating short electrical pulses. This approach
achieves reconfigurable combs with repetition rates from 5 GHz down to 500 MHz, offering
good CNR and acceptable flatness. Practical limitations arise from strong mutual coupling in
the absence of on-chip isolators, compound-cavity effects, detuning sensitivity and finite DFB
linewidth, motivating an alternative approach based on optically injected SRLs described in
Section 5.3. The SRL configuration enforces unidirectional emission and suppresses feedback
to the ML. This provides a robust basis for achieving the stability required in integrated
dual-comb interferometers.
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5.1 Optically injected Q-switched lasers

This section presents a theoretical analysis, supported by simulations, of OFC generation by
active QS of an optically injected multisection DBR laser via intracavity loss modulation. The
DBR laser design is compatible with open-access foundries, and all simulation parameters are
chosen to reflect realistic device behaviour. QS is implemented by inserting an EAM inside the
cavity of the laser and driven with a pulsed electrical waveform to control the cavity losses, so
that lasing occurs only during a brief time window and produces high-intensity short optical
pulses. The EAM parameters and characteristics are taken from experimentally measured
devices fabricated in the SMART Photonics foundry, as reported in [234]. The results show
flat combs comprising 2,100 lines within a 10 dB envelope, equivalent to an optical bandwidth
of 210 GHz, at a 100 MHz repetition rate. In contrast to typical GS OFCs, the enhanced
pulse chirp broadens the optical spectrum, providing wider spectral coverage without the
need for additional instrumentation and preserving high spectral resolution. This, in turn,
would allow broader spectral sampling using integrated OFCs implemented in commercial
foundries with standard BBs. Several Q-switched lasers based on this approach have been
fabricated on a SMART Photonics MPW run to study experimental comb generation, and
the corresponding results are reported in the following sections.

Theoretical model

QS is a well-established method for generating short, high-peak-power pulses, classically in
solid-state and fiber lasers, by modulating the resonator losses (the cavity quality factor Q).
During the high-loss time interval (‘off’), energy accumulates in the gain medium. When
the losses are rapidly reduced, that stored energy is released in a brief and intense pulse.
The technique has been applied to semiconductor lasers since the earliest laser diode studies
[235], and comprehensive reviews from the 1980s-1990s summarise the key theoretical and
experimental advances [155]. Historically, the aims were either to obtain short pulses with
large peak power or to realise high-speed intensity modulation for telecommunications.

The operating principle of QS is illustrated in Fig. 5.1. We consider a single-mode DBR
laser that incorporates an intracavity EAM. Short pulses are applied to the EAM so that,
within each repetition period T,, the modulator is nearly transparent (low losses) for a time
window of duration wp,s., while it is strongly absorbing (high losses) for the remainder.
Consequently, the photon lifetime, 7, is large during the 'on’ time intervals and small
during the off intervals, as shown in Fig. 5.1 (a). The device operates at a constant bias
current set between the lasing thresholds of the high- and low-loss states (It orr and Iin on),
enabling emission when the state is switched. During the off state, stimulated recombination
is negligible and carriers accumulate, reaching a steady-state density that is much greater
than the low-loss threshold density (see Fig. 5.1 (¢)). When the EAM switches to the low-loss
state (point A in Fig. 5.1), the net gain suddenly exceeds the losses, causing the intracavity
photon number to rise with a time constant set by the photon lifetime (Fig. 5.1 (b)). The
growing photon population depletes the carriers. If the on state were sufficiently long, further
spikes of relaxation oscillations would appear. However, by reverting to the high-loss state
before the second relaxation spike, the gain falls below the losses again, the photon number
collapses and a short, high-power optical pulse is emitted. During the subsequent off state,
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(a) (b)

(9 FFTl

Figure 5.1: Principle of pulse generation in semiconductor lasers by QS. (a) Evolution of the
photon lifetime, (b) photon density and (c) carrier density as a function of time. The
losses of the cavity are modulated through an EAM between a low value during a short
time and a high value for the rest of the repetition period. The laser is driven with a
constant bias below the theshold current in the high losses condition. When the losses
are switched to a low value, the accumulated carriers rapidly recombine by stimulated
emission giving rise to a short optical pulse.

the carrier density recovers towards its high value, ready for the next cycle. If emission were
fully extinguished between successive pulses, each pulse would originate from spontaneous
emission, resulting in a noisy spectrum, an outcome familiar from GS lasers. However, with
OI from a ML, phase coherence is maintained from pulse to pulse, producing an OFC, as
illustrated in Fig. 5.1 (d).

Although the practical implementation of QS in a semiconductor laser is similar to GS, there
are also key distinctions. In GS, pulse build-up begins once the gain just exceeds the losses.
In QS, however, the transition drives the gain well above the instantaneous losses, resulting in
faster growth and correspondingly shorter pulses. This rapid build-up also causes significant
carrier depletion, resulting in an increased refractive index swing and pronounced dynamic
chirp. As will be seen later, this broadens the resulting spectrum. This process depends on
sufficient carrier recovery between pulses, which in turn requires a relatively long off time, the
minimum of which is ultimately set by the carrier lifetime. Consequently, Q-switched OFC
generation is better suited for relatively low repetition rates (up to a few hundred MHz), as
the carriers cannot recover sufficiently between pulses at GHz rates. For the same reason,
switching using electrical pulses is more appropriate than using sinusoidal signals, similar to
what happens in GS at low repetition frequencies [236].

The principle of Q-switching can be best understood by analysing the dynamic response
of a single-mode semiconductor laser. This response can be described by a standard set
of single-mode rate equations governing the evolution of the carrier density in the active
region (N(t)), the intracavity photon density (S(t)), and the optical phase (®(t)) [115], [155],
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assuming spatial uniformity along the cavity. The model employed here is as follows:

dN(t) _ I(t) U9(N)S(t)
TV [Rop(N) + Rpr(N)] — TS + Fn (), (5.1)
dif) - Hfg(sj(vt )> . Tphl(t)] S(t) + DBy Rep(N) + Fs(t), (5.2)
dflgt) -2 [Fvgg(N) _ T;] + Falt). (5.3)

Here, I(t) is the injected current; e the electron charge; V. the active-region volume; R,,(N)
and R,,(N) the spontaneous and non-radiative recombination rates; v, the group velocity;
g(N) the material gain; € the nonlinear gain-compression coefficient accounting for gain
saturation at high photon densities; 7,;, the photon lifetime; 35, the fraction of spontaneous
emission coupled into the lasing mode; I' = T'y - I', the modal confinement factor in the
active region, with Iy the vertical and I', the longitudinal contribution, respectively; and «
the linewidth-enhancement factor. The Langevin terms Fy(t), Fs(t), and Fg(t) represent
additional stochastic noises from different sources. However, additional terms accounting for
emission frequency variations induced by temperature changes have not been included. The
reader is referred to [156] for further details on the model and on these additional terms.

Eq. (5.1) describes the carrier density dynamics. The first term generates carriers via the
drive current (I(t)). The second term removes carriers through recombination processes,
including both radiative (spontaneous emission) and non-radiative recombination. Finally,
the third term accounts for stimulated recombination that is proportional to the intracavity
photon density. Here R,,(NN) denotes radiative band to band recombination (conduction band
to valence band), which generates spontaneous photons. On the other hand, R,,.(N) accounts
for recombination processes that do not contribute to photon emission, such as recombination
at defects, surfaces, and Auger processes. For compact analysis, these contributions are
often linearised [79] with respect to the carrier density by means of the carrier lifetime 7., as
Ry, + R,y = N/7.. The non-linear ABC model is used to provide a more detailed description,
following

Ry + R, = AN + BN* + CN?, (5.4)

where A represents the Shockley-Read-Hall (SRH) and surface recombination, B is the
bimolecular radiative term, and C accounts for the Auger recombination. Thus, R, ~ BN?
and R, ~ (AN + CN?).

Eq. (5.2) describes the evolution of the photon density in the active region. The first term
in brackets represents the net change in photon density, including its growth by stimulated
emission and its reduction due to cavity losses characterised by the photon lifetime 7,,(%).
The second term represents spontaneous emission coupled into the lasing mode. The decay
rate of the photon density is expressed by 7,;,, which is given by
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Tpn(t) = —__ 1 (5:5)

Vg <az> + Qp + QpaMm (t)

with ar represents the total cavity loss, v, is the group velocity, (o;) the internal (distributed)
loss, ;,, the mirror loss and agan(t) the time-varying loss introduced by the intracavity EAM
during Q-switching. It must be noted that this term introduces a time-dependency in the
photon lifetime.

A linear dependence on the carrier density is considered for the material gain g(NV), given by

o(V) = SL(N = N, (5:6)

with dg/dN and Ny, being the differential gain and the transparency carrier density.

Finally, Eq. (5.3) describes the evolution of the optical phase. Changes in carrier density
affect both the material gain and the refractive index, the latter being responsible for the
frequency chirp. This coupling between gain and phase is parameterised by the linewidth-
enhancement factor o, which quantifies how index changes accompany gain changes expressed
as o« = —(4/X)dn/dg. In the single-mode rate equation model, this leads to an optical phase
proportional to the net modal gain. This causes the frequency chirp Av, which can be written
proportionally to the emitted optical power as

(5.7)

1 do(t) o 1 dP(t) 2T e Pt
o dt 4«

Ap(t) = — 220
v(t) ) At Viewmahy

where 7,4 is the differential quantum efficiency, h is the Planck constant, and the single-facet
emitted optical power P(t) is given by

PIE) = g S(0). (58)

where 14 is the emission frequency.

The first term in Eq. (5.7) represents the dynamic (transient) chirp, which originates from
rapid intensity variations caused by carrier fluctuations during transients. The second term,
proportional to P(t), corresponds to the adiabatic chirp that remains under steady-state
operation. It arises from gain saturation (via ¢) and reflects the steady-state component of
the amplitude—phase coupling described by a. An additional adiabatic contribution due to
thermal changes in the refractive index, not included in this formulation, is discussed in [156].

In both GS and QS operation, the optical pulses are dominated by dynamic chirp, as the
laser does not reach a steady state between consecutive pulses. Since the chirp is intrinsically
linked to direct modulation through the linewidth enhancement factor «, the emitted pulses
deviate from the Fourier-transform-limited spectrum. Stronger dynamic chirp broadens the
optical spectrum and increases the bandwidth of both GS and QS frequency combs [156],
[237], [238]. In QS operation, the abrupt modulation of intracavity losses drives the gain well

71



Pablo Loépez Querol

above the loss threshold, leading to a very large dynamic chirp. As a result, Q-switched pulses
can exhibit spectral broadening comparable to, or even exceeding, that achieved through GS.

To include the OI terms that provide pulse-to-pulse coherence, the rate-equation model is
extended to account for the injected field and for time-dependent cavity losses through the
photon lifetime 7,,(¢). It should be noted that the bias current I is constant in this case, as
in Q-switching, it remains within the range between I;,_on and Ii,_oFF.

dN(t) T v,9(N)S(t)
dt - €Vact - [RSP(N) + Rnr(N>] - m + FN<t) (59)
= [T ) SO T TBN O SO T B, G10)
dqg(tt) _ % [Fvgg(N) — Tp}:ON] + Ya(t) 4 Fo(t). (5.11)

where Ys(t) and Y () are the terms describing the OI expressed as
Ys(t) = 2ke\/S(t)Sinj cos(D(t) — @i (t) — 2mdvt), (5.12)

Sin(t)
S(t)

Ys(t) = 2k, sin(®(t) — D, (t) — 2movt), (5.13)

where S5;,;(t) and ®;,;(t) are the photon density and the phase of the injecting laser, k. the
master-slave coupling coefficient, and dv is the detuning of the injected laser field with respect
to the frequency of the SL at threshold. It must be noted that while 7,,(¢) in Eq. (5.10)
has a time dependency as a result of the loss modulation, it is constant in Eq. (5.11) and
corresponds to the on state. This is because the term in brackets on the right-hand side of the
equation represents the difference between the instantaneous carrier density and the threshold
carrier density in the on state [239]. It should be noted that the same set of equations can
also describe GS operation under OI by setting the photon lifetime to a constant value (i.e.
without loss modulation) and driving the bias current with a sinusoidal or pulsed waveform.
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Theoretical results

The scheme of the multisection laser under consideration under QS operation with a scheme
of its integration on a PIC, are shown in Fig. 5.2. External OI is performed using a circulator
to enable simultaneous injection and measurement, while a PC is used to maximise coupling
into the TE mode. The Q-switched laser consists of a four-section DBR laser similar to
those fabricated in open-access foundries [240], [241] but with an additional intracavity EAM
section. It consists of a rear DBR, a SOA, a EAM section, and a front DBR with lengths
LRDBR, LSOA; LEAMa and LFDBR; respectively.

T

|_pa

S_
- External ML

PC
—TH0-

n-contact

o]

I

=

Reverse-biased

Figure 5.2: Implementation of a Q-switched three-section DBR laser on a PIC. The different
sections are separated by electrical isolators, allowing independent biasing and electrical
isolation of the individual elements. The EAM features a GSG RF track to enable
high speed modulation. It is reverse-biased by a DC signal providing the bias point
and a RF signal provided by an RF generator modulating the intracavity losses at
fr- The active section of the laser is an SOA biased at a current I. External optical
injection is depicted for clarity and simplicity. PIC: Photonic integrated circuit; ML:
Master laser; PC: Polarisation controller.

Making use of the effective length approximation [115] the laser can be analysed as a FP
laser with two mirrors of effective reflectivities Ry and Ry placed at effective lengths L. sr
and L.ssp, respectively. Then the total cavity length Lt is given by the addition of the SOA
and EAM section lengths, the two DBR effective lengths, and three times the length of the
electrical isolation region (Liso) between sections. These isolation sections are necessary in
practical integrated laser implementations to isolate electrically each active section. A simple
analysis of the round-trip condition shows that ar in Eq. (5.5) can be expressed as

1 1 1 1
— (o) + —1 e 5.14
W<M+MHQMQ+Mn@M@) (5.14)

where Tgan(t) denotes the EAM, controlled by the reverse-bias RF signal. This transmittance
is what is modulated between two values, the on and off state.

73



Pablo Loépez Querol

Therefore, the photon lifetime over one period T is

( ) 1 Tph—ON for 0<it< Wpulse ( )
() = _ 5.15
Vgt (t) Tph—OFF for Wpulse <t < Tr

It is convenient to represent the photon lifetime in QS operation as a periodic modulation of
Ty, With a modulation factor given by

_ Tph—OFF QON

m = = 5.16
7—ph—ON QON —+ ﬁ In ( Ton ) ( )

TorF

where aon represents the total losses during the on state, and Tox and Topp are the EAM
transmittances in the on and off states, respectively. Thus, the extinction ratio (ER) is defined
as ER = Torr/Ton. Minimising m, (equivalently maximising ER) increases the gain—loss
contrast between the on and off states, which translates directly into a stronger modulation of
the photon lifetime and, consequently, a larger carrier excursion and enhanced dynamic chirp.
Since the threshold current scales with total cavity loss, a small m leads to Ii,_orr > Lin_oN-
If the laser bias current is set below Ii,_orr, lasing does not occur and carriers accumulate.
When the cavity switches to the on state, the threshold decreases and the carrier density
undergoes a large excursion from its accumulated value down to the threshold carrier density
in the on state, Ny, on, driving a rapid pulse build-up and a strong chirp. The larger this
contrast, the greater the resulting chirp and, consequently, the broader the optical spectrum.
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Figure 5.3: Spectral broadening and increased peak power of the optical signal emitted by the QS
laser due to the increased dynamic chirp within the short optical pulse. The dynamic
chirp increases with increasing currents for (a) I = 30 mA, (b) I = 75 mA and (c)
I =120 mA.
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This is illustrated in Fig. 5.3, which shows the simulated laser turn-on response when the losses
are switched from high to low with zero rise time for m = 0.29. Three different currents ((a)
30 mA, (b) 75 mA, and (c) 120 mA) are shown, chosen below Iy, opr (and above Iy, _on). As
the bias increases, the carrier reservoir prior to switching is larger, leading to a larger carrier
excursion at turn-on and consequently increased chirp, higher peak power, and wider spectra.
The top panel shows the emitted power with the chirp calculated as in Eq. (5.7). Before the
turn-on process begins, phase noise dominates and the chirp exhibits strong fluctuations. The
bottom panel shows the emitted spectra, obtained by applying a Fast Fourier Transform (FFT)
to the simulated complex optical field, with 0 Hz corresponding to the emission frequency of
the laser at threshold, and normalised to the maximum power (0 dB).

To obtain these and the subsequent results, Eqgs. (5.9) to (5.11) were integrated in MATLAB
using a numerical Heun’s algorithm for stochastic differential equations (SDEs). Material
parameters follow the ones extracted for a high-speed 1.5 ym laser in [156], and are summarised
in Table 5.1. For the other parameters, a standard DBR coupling coefficient x = 50 cm ™!
is assumed, and an SOA length Lgoa = 500 um similar to that of a previous experimental
design in [242], giving V,; = 7.65 - 107 m?. We use a typical internal distributed loss for
active and passive sections of (ay,) = 25, cm™! [243], on-state insertion losses of Tox = —2.3
dB, and an extinction ratio of ER = 35 dB for an EAM length of 250, um and a detuning of
55 nm from the SOA gain peak, consistent with the values reported in [234], where SMART
Photonics EAMs are characterised.

100
Parameter Value Units
801 r, 0.06 -
d —-20
i 4.38 x 10 m?
O
< £ 1.97x 107 | m?
- 40 Ny, 1.3 x 10%4 m3
A 2.8 x 108 571
20y B 1.5 x 10716 | m3s~1
C 9x 107* | mfs!
0 ‘ ‘ ‘ =
0.2 0.4 0.6 0.8 1 p 5.3 x 10 _
m Table 5.1: Material parameters of the simu-
Figure 5.4: Threshold current in the off state lated semiconductor laser, similar
as a function of the modulation to those reported in [156].

index m.

A practical trade-off exists between maximising ER (minimising m) and keeping aox low, as
higher extinction ratios generally entail increased insertion losses. Maintaining a low agoy is
desirable since it gives lower Iy,_on and thus higher chirp. This balance is controlled through
the wavelength detuning of the EAM relative to the lasing wavelength and the length of the
device. Taking this into account, the DBR lengths were optimised to make m = 0.29 while
keeping [in_on = 9.2 mA. The selected values were Lrpggr = 250 um and Lgpgr = 100 pm,
leading to a total cavity length of 971 um (with Liso = 30 um), 7,n—on = 3.46 ps.
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Figure Fig. 5.4 shows the dependence of I;,_orpr computed in steady state without optical
injection by solving Egs. (5.9) and (5.10) using the parameters of Table 5.1 and setting 7, to
the value corresponding to each m. For m = 0.29, a drive current as high as 130 mA remains
below I,_orr, thus maximising the carrier density in the off state.

These results provide the operating range within which the laser can be driven for QS.
Employing these, we have simulated OFC generation under QS and OI. To do this, two
systems of rate equations are solved: the first for the QS SL, as defined by Egs. (5.9) to (5.11),
and the second for the ML, as defined by Eqgs. (5.1) to (5.3).

The OFCs generated by QS and OI with a repetition rate of 100 MHz while varying the bias
current are shown in Fig. 5.5. The simulation time step was set to 34.6 fs. In each case, the
OI frequency was adjusted to ensure injection locking and thus guarantee comb coherence.
The injected power was fixed at 5 dBm with a coupling coefficient of k. = 3.5 - 100571,
corresponding to an effective injected power of F;,; = 4.62 dBm. Both the injection power
and the detuning were optimised for each case to achieve stable locking of the SL. Fig. 5.5
shows the simulated OFCs for different bias currents with a pulse width of wp,;c = 30 ps.
The choice of this value will be discussed later.
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Figure 5.5: Simulated optical spectra for different bias and detuning for (a) I =20 mA, ov = 40
GHz, (b) I =50 mA, év =90 GHz, (c¢) I = 80 mA, v = 140 GHz and (d) I = 120
mA, 6v = 180 GHz. The pulse duration has been set to wpyise = 30 ps. A zoomed
region of the spectrum shown in (d) is also included, where the comb lines can be
resolved.

At low bias current (I = 20 mA), the comb spans A fipqg = 70 GHz with CNR = 27 dB and a
flatness of 0.8 (Fig. 5.5 (a)). The strongest peak corresponds to the optical injection, while the
reference frequency (0 GHz) is set by the unmodulated laser emission at threshold (Iin_on)-
As the bias current increases (Fig. 5.5 (b)-(d)), the comb bandwidth expands while both
the CNR and flatness remain nearly constant. The widest comb is obtained at the highest
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bias tested, I = 120 mA (Fig. 5.5 (d)), with A fjpqp = 202 GHz, CNR = 27 dB, a flatness of
0.77, and an average optical power per line of —29.82 dBm. The inset in Fig. 5.5(d) shows a
zoomed portion of the spectrum for this case, where the comb lines are clearly resolved with
a spacing of 100 MHz, set by the repetition frequency.

The evolution of the comb width A fioqp as a function of the bias current is shown in Fig. 5.6,
exhibiting an almost linear trend due to the linear dependence of chirp with o and the higher
carrier excursion. This behaviour is explained by the carrier dynamics in Fig. 5.1(c): as [
increases, the carrier density at the end of the off state rises. During the on state, sharper
depletion of carriers takes place. The resulting larger carrier excursion within the pulse
produces larger chirp, and therefore a broader optical spectrum. This high chirp is the origin
of a broader optical spectrum compared to the case of GS, where the carrier variation during
the pulse is not as abrupt.
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Figure 5.6: Spectral width at 10 dB of the OFCs A f1pqp as a function of the bias current 1.

To further contextualise the QS results, we compare pulses and combs against GS under
similar driving conditions. We solved the same rate-equation model for GS with pulsed current
drive (constant losses), using the same laser parameters and comparable settings, except
that GS requires a wider electrical pulse (100 ps against 30 ps). These equations correspond
to Egs. (5.9) to (5.11), but with time varying current and fixed 7,, = Tp_on. Fig. 5.7(a)
contrasts the pulse intensity and chirp for the QS case of Fig. 5.5(d) with the GS case in
Fig. 5.7(b).
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Figure 5.7: Comparison between the simulated optical pulses and chirp generated by (a) QS and
(b) GS using similar driving conditions. (c¢) Simulated OFC corresponding to the GS
case.
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The Q-switched pulse builds up significantly faster and reaches a higher peak power, and
the chirp excursion within the pulse is also larger. The GS spectrum (Fig. 5.7(c)) shows
A fioas &~ 94 GHz, CNR = 27 dB, and flatness of 0.86. The detuning was év = 71 GHz.
Comparing with QS (Fig. 5.5(d)) the QS OFC is much wider at 10 dB, and even more at 20
dB (202 GHz vs 113 GHz), whereas the GS comb is flatter. The pronounced ripples on the
high-frequency side of the QS envelope, absent in GS, are attributed to the fast decay of the
optical pulse in the case of QS (see Fig. 5.7(a)), which resembles a rectangular pulse edge

whose Fourier transform exhibits sidelobes with spacing inversely proportional to the pulse
width.
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Figure 5.8: (a-b) Simulated optical spectra for I = 120 mA and different wy,s: (a) 10 ps and (b)
100 ps. (¢) Afioap and average frequency distance between lobes fiopes as a function
of the pulse width for I = 120 mA. (d) Simulated optical pulse and carrier density
when wpyse = 100 ps.

The dependence of the OFCs on the excitation pulse width is illustrated in Fig. 5.8, which
shows the optical spectra at the maximum bias of 120 mA for wp,se = 10 and 100 ps, with
detuning dr = 180 GHz. The corresponding evolution of A fioqp for different durations is
plotted in Fig. 5.8(b), where a clear maximum is observed at wp,se = 30 ps, followed by an
almost linear decrease of A fioqg with increasing pulse width. In the same figure, it is also
included the average spacing of the spectral lobes that appear on the high-frequency side
of the envelope. This spacing decreases as the pulse width increases, consistent with their
Fourier-transform origin.
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These spectral changes are further clarified in Fig. 5.8(d), which depicts the temporal evolution
of the optical power and carrier density for the case of wpyse = 100 ps. When the drive pulse
is very short (10 ps), the optical output cannot reach its maximum, limiting the comb span
to about 150 GHz. At a pulse width of 30 ps, the spectral width is maximised (Fig. 5.5(a)),
as this value coincides with the point of minimum carrier density during the first relaxation
oscillation. For longer drive pulses, the comb width decreases and the spectral flatness worsens,
owing to the more pronounced lobes in the spectral envelope. In general, short electrical drive
pulses, or equivalently, low duty cycles, are required to maximise the comb bandwidth. For a
repetition rate of 100 MHz and an optimal pulse duration of 30 ps, this corresponds to an
electrical signal with a bandwidth on the order of tens of GHz.

PIC implementation and experimental results

To implement the proposed scheme in Fig. 5.2 and experimentally verify the generation of
OFC with QS, the PIC was fabricated through SMART Photonics in a MPW run, using
the available BBs from its PDK library. The integration followed the design considerations
reported in [234] and the obtained simulation results. The operating point was set to achieve
an effective balance between ER and insertion losses.

Increasing the modulation depth implies higher ER but this also raises the insertion losses
and, consequently, the total cavity losses. Conversely, reducing the modulation depth lowers
the insertion losses at the expense of ER. The chosen detuning therefore optimises these two
trade-offs, ensuring that the device operates with a low agn while maintaining a sufficiently
high ER to minimise the modulation factor m.

Q-switched lasers

I I I
| e

Reference DBR laser

Figure 5.9: Layout of the integrated Q-switched multi-section DBR lasers fabricated in SMART
Photonics via a MPW run. It consist of a monitor photodiode (Monitor PD), two front
and rear DBR mirrors (FDBR and RDBR), a SOA and an EAM. The EAM features
GSG metal tracks matched to 50 Q2 for high speed modulation.

To experimentally study the impact of the EAM length on the device performance, three
QS lasers with different EAM lengths were included on the same chip (200 pm, 250 um, and
300 pm) together with a reference DBR laser without an EAM for comparison purposes. The
layout is shown in Fig. 5.9 as shown in KLayout, a software for visualising GDS files.

The QS lasers are highlighted in red, and the reference DBR is in blue. Fig. 5.10 shows
a photograph of one of the Q-switched lasers, indicating the different elements and the
experimental characterisation setup. By integrating devices with different EAM lengths, it is
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possible to experimentally evaluate the trade-offs between ER enhancement and insertion
loss increase. Longer modulators are expected to exhibit higher ER due to the extended
absorption region, but at the expense of greater insertion losses. Comparing these three
configurations enables a more comprehensive evaluation of the design and the impact of
modulator length on the dynamics of QS OFC generation.
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) Laser n-contact " OSA
l CPW =z
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RDBR SOA EAM FDBR
Monitor PD

Figure 5.10: Photograph of one of the integrated Q-switched DBR.

The PIC was characterised with the temperature-controlled probe station described in Sec-
tion 4.1. The temperature was stabilised to 25°C. Electrical access was provided via DC
probe needles for the SOA and DBR sections, and RF GSG probes (40 GHz bandwidth) for
the EAM, all contacting the on-chip pads. Optical injection and collection were performed
using lensed fibers. The on-chip output facet is tilted 7° to minimise back-reflections into the
laser, and the facets are anti-reflection (AR) coated. The experimental setup is illustrated in
Fig. 5.10, where the SOA and DBRs are driven by the low-noise current sources, the EAM is
reverse-biased with a DC voltage source and modulated by the PPG, and the on-chip monitor
photodiode is read by a digital multimeter for power monitoring. The output of the PIC is
recorded simultaneously in the OSA and the PM.

First, the power—current (PI) curve and the continuous-wave (CW) spectra as a function of
the drive current were characterised. Fig. 5.11(a) shows the PI curve measured off-chip in
the PM and on-chip with the internal monitor for the reference DBR laser. Both traces were
normalised to their respective maxima, corresponding to measured photocurrents of 3.5 mA
(off-chip) and 0.5 mA (on-chip). Measurements were taken in 1 mA steps from 0 to 100 mA.
The lasing threshold was 25 mA. A mode hop was observed at 95 mA, as seen in the spectral
map in Fig. 5.11(b), as expected in DBR lasers, due to the shift of the DBR mirror reflection
peak and the gain peak at different rates with increasing drive current caused by thermal
effects.

The same characterisation was carried out for the Q-switched lasers with the EAM biased at
0 V (low-loss state). It was observed that the cavity loss in the on state, aon, was sufficiently
high that the lasing threshold could not be reached within the available drive range (up to 130
mA) for any of the three designed lasers. This behaviour is attributed to EAM insertion losses
that were higher than expected and greater than the values reported in [234]. When the EAM
was forward-biased, effectively operating as a short SOA, the additional gain compensated for
these losses and lasing was achieved. Figure 5.12(a) shows the PI curve of the Q-switched
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laser with Lgay = 250, pm, when the EAM is forward-biased at 5 mA, measured off-chip by
the PM. The corresponding spectrum for an SOA drive current of 90 mA, recorded with the
OSA (Fig. 5.12(b)), shows single-mode emission near 1570 nm, coinciding with the emission
wavelength of the DBR laser shown in Fig. 5.11(b).
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Figure 5.11: Characterisation of the reference DBR laser showing (a) the PI curve and (b) the
optical spectra across the driving range.
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Figure 5.12: characterisation of the integrated Q-switched DBR laser showing (a) the PI curve
and (b) the spectrum when the EAM is forward-biased to compensate the losses of
the cavity.

Forward-biasing the EAM and comparing its behaviour with that of the isolated DBR laser
proved useful for diagnosing excess apn and confirming single-mode operation. However, QS
requires reverse-bias modulation of the EAM, which limits its practical implementation in this
device, as maximising the comb span demands a low I, on. Further designs could increase
the SOA length to enhance gain or extend the mirrors to reduce losses, although the latter
would limit the minimum achievable modulation depth m. Although experimental validation
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was not possible within the thesis timeframe, the results provide valuable design guidelines
for future iterations.

5.2 Gain-switched DFB lasers in master-slave configu-
ration

This section reports a monolithically integrated, optically injected GS OFC source on a generic
InP platform, consisting of two DFB lasers in a master—slave configuration, where the ML
injects light into the SL through an MMI coupler. The PIC was fabricated through Fraunhofer
HHI in an MPW run and characterised on a probe station (Section 4.1). The DFBs are
characterised in CW, exhibiting unexpected mode hops and linewidths of 20-25 MHz. When
operated simultaneously, the coupled lasers display complex mutual dynamical interactions.
OFCs are generated at 5 GHz using sinusoidal drive and at 500 MHz using an SRD for pulsed
GS, showing effective OI locking. OFC generation is investigated systematically to identify
optimum operating conditions according to the RF signal excitation amplitude, the current
of the ML, the current of the SL, and the fine detuning controlled by heaters on the DFBs.
These OFCs are characterised by the figures of merit A fipqs, CNR, and flatness.

The generated OFCs indicate coupling between the two DFBs due to the absence of an
on-chip isolator. The emission of the ML is perturbed by the SL, and CW characterisation
indicates a weak compound cavity formed between the chip facets. Improving performance
focuses on narrowing the DFB linewidth and mitigating the ML perturbation. Despite these
challenges, the results demonstrate reconfigurable GS OFCs on PICs. Additionally, it has
been demonstrated that the repetition rate of these GS OFCs can be reduced to the MHz
range, thus indicating suitability for spectroscopic measurements. This system could be used
as the OFC source for dual-comb spectrometers based on a single source, as described in [179].

PIC design and characterization of the laser sources

The schematic of the PIC design and the characterisation setup are shown in Fig. 5.13
(a), together with a photograph of the fabricated chip in Fig. 5.13 (b). The circuit was
implemented using the standard BBs from the PDK of the Fraunhofer HHI InP foundry, and
fabricated through an MPW run. It consists of two DFB lasers arranged in a master—slave
configuration. Each DFB is designed to emit around 1550 nm. Both devices include an
integrated photodiode (iPD) at one facet, used as a power monitor and read out via on-chip
electrical connections and a multimeter, as well as integrated heaters for fine wavelength
tuning of up to 1 nm.

Ol is implemented by means of a 50:50 MMI coupler, as shown in Fig. 5.13(a), which routes
the optical field from DFB2 to DFB1 while directing the emission of DFB1 towards the
on-chip output. The output facet is tilted by 7° to minimise back-reflections and AR-coated
to further suppress them. The waveguides are 2 um wide, and an S-bend is used to connect
the two DFBs, reducing the overall footprint.

Both DFBs are connected to the monitor PDs via deep-to-shallow etched waveguide transitions.
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Electrical access is implemented through metal crossovers that contact the heaters and DFB2
monitor, while the DFBs use 50 {2 CPWs supporting modulation bandwidths up to 40 GHz
with a minimum bend radius of 200 pm.

The PIC was mounted on the probe station described in Section 4.1, with the chip temperature
stabilised at 25°C. Two probe arrays were employed: one for DC access (reading the iPDs
and driving the heaters) and another for RF signals. The optical output was collected from
the PIC using a lensed fibre and routed to the measurement instruments. After the optical
isolator, the signal was split into two branches. One branch was amplified by an EDFA and
analysed with the HR-OSA, while the other was sent to both the OSA and the PM. For comb
generation, DFB1 was driven through a bias tee combining the DC bias current Ig, with an
RF generator and an SRD to produce pulsed GS. DFB2 was biased by a low-noise current
source at a current Iy,
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Figure 5.13: (a) Scheme and (b) photograph of the fabricated device for GS OFC generation
following a master-slave configuration based on DFB lasers. The PIC was fabricated
in Fraunhofer HHI via a MPW run.

For CW characterisation of each laser, the drive currents Ig;, and Iy, were swept while
the DFB laser not under test was reverse-biased to induce absorption and minimise mutual
coupling. Figure 5.14 shows the measured PI curve of DFBI1, recorded simultaneously with
iPD and the external PM (a), together with the corresponding optical spectra measured with
the OSA (b). For clarity, the PI curves have been normalised. The peak readings correspond
to optical powers proportional to 5 mA (iPD) and 0.4 mA (PM). The coupling loss between
the PIC and the lensed fiber is estimated to be approximately 6 dB. Note that the optical
path to the PM includes two 1 x 2 couplers, introducing an additional 6 dB of loss, and that
the instruments are located in a separate room connected by a fiber link introducing further,
unquantified losses.

Measurements were taken every 1 mA from 0 to 120 mA. The lasing threshold lies within
the expected range according to foundry data (9 mA), and the spectra exhibit mode hops of
~ 0.14 nm (Fig. 5.14 (b)) at certain values of current occurring every 0.44 nm. Fig. 5.14 (b)
shows an inset with two consecutive acquisitions where a mode hop occurs. Such hopping is
not expected for a single-mode DFB and is attributed to the weak compound cavity and/or
residual feedback. The mode hops occurring each 0.44 nm, which corresponds to an optical
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length of approximately 740 um in FSR, could be related to the distance between the facets
of DFB1 and DFB2. Furthermore, the PI curve shows saturation due to thermal roll-over
beyond a certain current.

Fig. 5.14 (c) shows the measured spectra as a function of drive current. In addition to the
mode hops, the emission wavelength is displaced by approximately 8 nm from the target 1550
nm. Current tuning spans up to 5.8 nm, and the integrated heater provides a further ~ 1 nm
red shift (not shown). The laser linewidth was characterised using the delayed self-heterodyne
method [244], in which the laser is beaten with a delayed copy of itself after a sufficiently
long fiber delay to eliminate mutual coherence. The RF beatnote, recorded for instance on an
ESA, was fitted to a Voigt profile (the convolution of Lorentzian (intrinsic) and Gaussian
(phase noise) contributions) to extract the optical linewidth. For currents above 30 mA, the
measured linewidth lies between 20 — 25 MHz, versus the ~ 5 MHz expected. This corresponds
to a coherence length on the order of 6 m.
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Figure 5.14: CW characterisation of DFB1: (a) PI curves measured with the PM and the on-chip
iPD; (b) optical spectra recorded with the OSA showing two consecutive acquisitions
where a mode hop is observed; (c) optical spectra measured with the OSA as a
function of the drive current.

The same CW characterisation was performed for DFB2 (Fig. 5.15). Note that the light
collected at the PIC output in this case does not come directly from DFB2. Rather, it
corresponds to the light reflected at the output DFB1 facet and returned via the MMI. The
PI curves in Fig. 5.15 (a) are shown both from iPD and PM, normalised to their respective
maxima, which correspond to optical powers proportional to 5 mA (iPD) and 0.04 mA (PM).
As expected, the PM reading at the PIC output is much lower because it stems from reflection
rather than direct throughput. Mode hops are again evident in the PI curves.

In Fig. 5.15, clear minima are visible (marked in the figure) with a spacing of approximately
1.37 nm (FSR =~ 169.2 GHz at 1560 nm). This spacing corresponds to an optical cavity length
of about 240 pm, which matches the distance between the MMI output branch leading to the
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PIC output and the output facet of DFB1. This indicates the presence of a parasitic cavity
between the MMI output and the DFB1 output facet.
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Figure 5.15: CW characterisation of DFB2: (a) PI curves measured with the PM and the on-chip
iPD; (b) optical spectra recorded with the OSA as a function of the drive current. The
PI curve measured at the PIC output exhibits minima associated with the compound
cavity formed between the MMI and the output facet of DFB1.

Finally, the coupled behaviour of the two lasers was investigated under CW operation. To
characterise the locking dynamics, optical spectra were recorded with the OSA, and the
electrical beat signal between the two lasers was measured on a fast photodiode connected
to the ESA. In the experimental layout shown in Fig. 5.13, the ESA replaces the HR-OSA.
Figure 5.16 presents the spectra measured with the OSA (a, ¢) and the ESA (b, d) as the
slave current Is, was swept from 0 to 120 mA in 1 mA steps. The top row corresponds to
Iy, = 65 mA, i.e. a maximum in the PI curve of Fig. 5.15, while the bottom row corresponds
to Iy, = 77 mA, i.e. a minimum in the same curve. The RF spectra are normalised to the
noise floor, such that 0 dB corresponds to the average noise-floor level.

Figure 5.16 illustrates the complex locking and coupling dynamics between the two lasers.
In both cases, the ML exhibits a slight redshift with increasing Igy,, attributed to thermal
effects, along with variations in ML power arising from the formation of a compound cavity
between the two lasers. The SL PI curve closely follows its solitary-laser characteristic in
regions where its emission does not overlap with that of DFB2, with mode hops still evident.

In Fig. 5.16(a, b), a region between 63 and 68 mA, where Ig;, becomes comparable to Iy,
shows a broadened optical spectrum resulting from competition between the lasers. In the
ESA, this appears as a broad RF spectrum extending up to approximately 30 GHz. Similar
beat products occur at other bias points but collapse into a single narrow peak. Fig. 5.16(c,
d) shows comparable behaviour when Iy, is tuned close to a resonance in Fig. 5.15. The
beating is weaker here due to the lower ML optical power, as observed in Fig. 5.16(d).

In the absence of coupling, two CW lasers at optical frequencies vy and vy = 14 + Av produce
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an RF signal centred at fpeas = |Av| on the photodiode. When mutual optical coupling is
present, frequency pulling reduces the effective detuning and the beatnote linewidth owing to
increased phase coherence between the lasers. If |Av| lies within the locking range, full locking
occurs and both lasers emit at a common optical frequency, eliminating any discrete beatnote.
However, narrow beatnotes can still appear even when the optical spectra remain separated,
reflecting partial or injection locking in which the optical frequencies are distinct but phase-
correlated. Near the edge of the locking range, the interaction becomes dynamic, leading to
broadened or multi-peaked RF spectra as power and phase fluctuate. This interpretation
explains the observations in Fig. 5.16: the broad ESA features (up to ~30 GHz) correspond
to strong interaction without full locking, whereas the narrow beatnotes at other bias points

indicate coherent coupling or partial locking between the two lasers.
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Figure 5.16: OI locking characterisation under CW operation. Optical (a, ¢) and RF (b, d) spectra
measured with the OSA and the ESA, respectively, for Igr, swept from 0 to 120 mA
in 1 mA steps. The top row corresponds to Iy, = 65 mA (PI-curve maximum in
Fig. 5.15), and the bottom row to Iy, = 77 mA (Pl-curve minimum). The RF
spectra are normalised to the noise floor, with 0 dB indicating the average noise-floor

Adjustment of the SL heater current (Iy) in the region where the two lasers coincide in
emission wavelength in Fig. 5.16(c) enables fine tuning of the detuning to observe locking.

level.
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Fig. 5.17(a, b) shows the OSA and ESA spectra as Iy is varied from 0 to 50 mA in 1 mA
steps. For currents between 0 and 25 mA, several modes lase simultaneously, producing the
beat terms observed in the ESA. This beating is coherent because, with the two lasers very
close in frequency, mutual coherence arises from partial though not complete locking. Other
regions display a more complex mutual coupling behaviour. A particularly relevant point
occurs at Iy = 33 mA, where the optical spectrum narrows to a single line and no RF beat
tones are observed in the ESA, indicating complete and stable locking between the two lasers.
The individual spectra at this point recorded at OSA and ESA are shown in Fig. 5.17(c, d),
respectively.
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Figure 5.17: Fine tuning of the detuning between the two DFB lasers through Iyy. (a) Optical
spectra recorded with the OSA and (b) RF spectra measured with the ESA as the
SL heater current Iy is varied from 0 to 50 mA in 1 mA steps. At Iy = 33 mA, the
optical spectrum collapses to a single line and no RF beatnote is observed, indicating
complete and stable locking between the two lasers. (¢, d) Optical and RF spectra
corresponding to this locking condition.

87



Pablo Loépez Querol

OFC generation under GS and optical injection

OFCs were generated and characterised at several repetition rates using the setup shown in
Fig. 5.13. We first examined the influence of OI on comb quality at high repetition rates.
When the modulation frequency approaches the relaxation-oscillation frequency, OI is not
strictly required for comb generation, since the limited carrier recovery allows each pulse to
build upon the residual photon field from the previous one, maintaining partial coherence
even without external stabilisation. Fig. 5.18 compares spectra at f. = 5 GHz obtained
without (black) and with (red) OI. In both cases, DFB1 was driven by a sinusoidal RF signal
with Vgr = 5.6 V and Is;, = 10 mA. The spectra were recorded with the HR-OSA. The 0 Hz
component corresponds to the DFB1 emission wavelength at threshold. Without injection, the
comb spans A fipqp &~ 30 GHz with a CNR of 18 dB. Activating the master laser (Iyg, = 85
mA) leads to spectral broadening up to A fipas =~ 70 GHz and an improved CNR of 24 dB
due to OI locking. This demonstrates that the proposed design can sustain OFC generation
even at lower repetition rates when assisted by OI.
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Figure 5.18: OFC generation at 5 GHz by GS the DFB1 without (black) and with (red) OLI.

To investigate OFC generation at lower repetition rates, a SRD was inserted after the RF
generator to produce pulsed gain switching at f, = 500 MHz. A systematic study was
conducted by varying four parameters: the RF amplitude at the generator output (Vip),
the slave-laser bias current (Igr,), the master-laser bias current (Iyy,), which determines the
injection power and detuning, and the DFB1 heater current (/i) for fine wavelength tuning.
The SRD generated electrical pulses of approximately 400 ps duration. However, at higher
VRrr, parasitic oscillations appeared at the SRD output, ultimately degrading the comb quality.

Figure 5.19 shows representative comb spectra for several Vyr values chosen to avoid this
distortion, while keeping the other parameters fixed (Iyy, = 32.5 mA, Iy = 0 mA, and
Isr, = 8 mA). As Vgy increases, the comb bandwidth broadens due to enhanced dynamic chirp,
consistent with previous observations in [163]. The inset in Fig. 5.19 confirms OI locking, with
clearly resolved lines spaced by 500 MHz. The component at 0 Hz corresponds to the emission
wavelength of DFB1 at threshold, while the dominant peak and adjacent lines spaced by 500
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MHz originate from the OI, with the remaining weaker lines arising from the SL contribution.

As shown in Fig. 5.19, particularly in panel (a), a minimum is observed between the OI
component and the comb generated by the GS SL. The corresponding measured values are:
(a) Afipas = 62 GHz, CNR = 14 dB, and flatness = 0.68; (b) A fipap = 87 GHz, CNR = 18.8
dB, and flatness = 0.56; (¢) A fioap = 96 GHz, CNR = 17.4 dB, and flatness = 0.69. In all
cases, the average optical power per comb line is approximately —45 dBm.
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Figure 5.19: Optical frequency comb generation at 500 MHz using pulsed GS. (a—c) Optical spectra
recorded with the HR-OSA for different RF amplitudes Vgrr while keeping Iy, = 32.5
mA, Is;, = 8 mA, and Iy = 0 mA constant. The comb bandwidth increases with Vgp
due to the enhanced dynamic chirp. The inset shows clearly resolved 500 MHz-spaced
lines, confirming OI locking. A spectral minimum appears between the OI component

and the OFC.

Regarding flatness, the insets of Fig. 5.19 (b) reveal two regions. Close to the injection
frequency, the power variation between lines is comparatively large, whereas farther from OI,
the comb lines are more uniform. In both regions, the individual tones are clearly resolved,
but the large differences in the tones close to the OI hinder the overall flatness of the OFC.
Their measured 3 dB linewidth on the HR-OSA is approximately 25 MHz, equal to the ML
linewidth, which is consistent with OI locking of the SL.

To assess the influence of OI on the OFC characteristics, the ML current Iy, was swept from
10 mA (threshold, no injection) to 60 mA (after the first resonance in Fig. 5.15) in 0.5 mA
steps, while keeping the other parameters fixed (Vgp = 1.8 V, Iy = 0 mA, and I, = 6 mA).
Representative spectra are shown in Fig. 5.20 for (a) Iy, = 10 mA, (b) Iy, = 31 mA, (c)
Ivi, = 41 mA, and (d) Iy, = 51 mA. At Iy, = 10 mA, the master DFB2 is near or below
threshold, so injection locking does not occur and a comb with clearly resolved lines is not
formed. Once the master reaches lasing, an OFC appears (Fig. 5.20(b)) with characteristics
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similar to those in Fig. 5.19. As Iy, increases further, the detuning between DFB1 and
DFB2 grows, leading to the spectrum in Fig. 5.20(c) (Afipag = 107.5 GHz, CNR = 17
dB, flatness = 0.86), where no comb lines are visible between the injection components and
the slave-generated comb. A zoom around the injection region (Fig. 5.20(e)) resolves tones
separated by 500 MHz. Comparing the cases, the comb in Fig. 5.20(b) (A fioas = 89 GHz,
CNR = 16 dB, flatness = 0.75) exhibits a smaller span and lower flatness, whereas Fig. 5.20(c)
shows a slightly broader and flatter spectrum. However, the comb tones display increased
noise (not shown) due to the weaker OI locking at large detuning (~100 GHz in this case).
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Figure 5.20: Optical frequency comb generation as a function of ML bias current. (a—d) Optical
spectra recorded with the HR-OSA for increasing Iy, from 10 to 51 mA while keeping
Var = 1.8 V,, I, = 6 mA, and Iy = 0 mA constant. The inset in (d) shows that for
large detuning between the ML and the SL, injection locking is lost. (e) Zoom around
the injection region showing residual 500 MHz-spaced lines, indicating strong mutual
coupling in the absence of optical isolation, which perturbs the master emission.

In Fig. 5.20(d), the detuning between the ML and SL is sufficiently large that injection
locking no longer occurs, as evident in the inset. This operating point also coincides with
one of the resonances identified in Fig. 5.15, resulting in very low power around the injection
frequency. For higher ML currents, the OFC ceases to form because locking is lost; however,
residual lines remain visible near the injection frequency with a spacing of 500 MHz (see, e.g.,
Fig. 5.20(e)). This behaviour indicates strong mutual coupling between the ML and SL in
the absence of optical isolation, leading to instabilities and perturbations in the ML emission
similar to those observed in off-chip master-slave configurations.

Recent studies developed after these experiments have shown that exploiting the mutual
coupling between two lasers can improve the quality of the generated OFCs in integrated GS
systems [223]. The latter and other works [174] have demonstrated that mutual (symmetric)
coupling, where both lasers are biased at comparable currents, can actually enhance comb
characteristics compared with asymmetric coupling, in which the ML operates at a much
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higher bias than the SL. Under symmetric coupling, locking in CW operation is optimised,
improving the OFC performance once GS is applied. Although this configuration requires
biasing the SL above threshold (otherwise the ML cannot provide effective OI locking), the
modulation of the SL drives it below threshold during the negative cycles. This approach has
so far been explored only at high repetition rates (around 6.8 GHz), while its application to
low repetition rates remains unreported. In these experiments, the master-slave configuration
operates in the asymmetric regime. However, the CW locking analysis in Fig. 5.17 provides
a solid foundation for future exploration of symmetric injection under GS conditions in the
same platform.

The other two parameters (the heater current and the SL bias) did not exhibit clear dependen-
cies. The heater current provides fine detuning control and can be adjusted to obtain a local
optimum comb. However, once the other parameters are fixed, it does not lead to significant
improvement. The current was swept from 0 to 50 mA, with increased detuning resulting in a
gradual degradation of comb quality. Regarding Ig;,, it must remain sufficiently low to ensure
that the laser switches off between pulses. Within the range of 6-10 mA, no consistent trend
was observed in the figures of merit, although for each Ig;, the same behaviour described
above was reproduced when varying Viyr and Iyy,.

OFC generation was also investigated at other repetition rates between 500 MHz and 5 GHz,
including pulsed operation from 500 MHz to 1 GHz, observing similar behaviours. Pulsed
excitation was provided by a low-frequency RF generator and a SRD, indicating that the
system could be developed for inexpensive OFC generators, following what has been done in
[169][191]. Overall, the results indicate a reconfigurable, optically injected GS OFC source on
PIC that can deliver good spectral coverage and good CNR and acceptable flatness across
repetition rates compatible with high spectral resolution. We demonstrate that the repetition
rate of GS combs on a PIC can be reduced to 500 MHz in a fully integrated master—slave
configuration. In terms of stability, heterodyne beating between comb lines shows sub-kHz
relative coherence.

The perturbation of the ML emission in the absence of on-chip optical isolators gives rise to
complex dynamics within the monolithically integrated system, where compound-cavity and
mutual coupling effects occur. Although these effects do not prevent comb generation, they
limit the use of this configuration for dual-comb operation, as the instability introduced by
the ML perturbation degrades performance. The next section proposes a solution to mitigate
these effects.

Finally, this comb source was considered as a single dual-comb generator for spectroscopy
using the Parallel Heterodyne Interferometry via Repetition-rate (PHIRE) technique [245]
applied to GS OFCs, referred to here as gated [246]. However, the limited coherence length
of the ML and the low power of the optical lines prevented on-chip implementation.

The same method was therefore successfully demonstrated using discrete components in [179].
In that work, dual-comb spectroscopy was achieved with a single optically injected gain-
switched laser diode whose repetition rate was rapidly toggled so that one source produced
two mutually coherent OFCs with slightly different repetition rates. The GS OFCs were
generated in a discrete mode laser (DML) operating at a repetition rate of approximately 250
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MHz and injected by a narrow-linewidth ECL. The repetition rate of the OFC was alternated
at a frequency f,, < f., and the signal was split into two paths: one delayed by 1 km of
fiber synchronised with the f,, toggle, and the other shifted by 80 MHz using an AOM. Both
signals were then combined on a balanced PD, producing a down-converted RF comb with
a line spacing of 2f,,. This dual-comb source successfully retrieved the absorption line of
HCN with high precision, closely matching the HITRAN database values. Building on the
insights gained from this discrete implementation and the understanding of the limitations of
the integrated system, the gated approach could be revisited in future work for application to
the present monolithic platform.

5.3 Optically injected gain-switched integrated semi-
conductor ring lasers

In integrated optically injected GS OFC systems, unwanted feedback or coupling from the SL
can perturb the ML, posing a major challenge to the realisation of such sources on generic
PIC platforms. As an alternative to on-chip optical isolators, this section introduces an
architecture that minimises ML perturbation by using semiconductor ring lasers (SRLs) to
realise a highly unidirectional coupling from ML to SL [247]. The concept exploits SRL
operating regimes arising from the coexistence of two counter-propagating fields, clockwise
(C-W) and counter-clockwise (CC-W), in the ring cavity [248]. Under OI, the symmetry
between these modes is broken so that only the modes in the direction of the OI lase, while the

counter-propagating modes are suppressed. In practice, this prevents the SL from perturbing
the ML emission [249].
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Figure 5.21: Schematic of the proposed unidirectional optically injected SRL scheme. The configu-
ration consists of a master—slave setup in which a ML injects light into a GS SRL
acting as the SL. A SOA placed before the SRL controls the injection power from the
ML to the SL. OI into the SRL breaks the C-W/CC-W symmetry, favouring OFC
emission in the CC-W direction.

The proposed scheme is illustrated in Fig. 5.21. It is based on a master-slave configuration
in which a ML (which is represented as external but can be integrated) injects light into a
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gain-switched SRL acting as the SL. An SOA placed before the SRL provides control over the
injected power from the ML to the SL. OI into the SRL breaks the C-W/CC-W symmetry
and favours the emission of the OFC in the CC-W direction, which is collected at the east
facet. At the west facet, the C-W propagating field can be monitored, where only the injection
component is observed.

This architecture forms the basis of the dual-comb generator described in Section 6.1. The
design described there was implemented on a PIC fabricated through a SMART Photonics
MPW using standard PDK library elements. While the SRL itself is not a standard BB, it
was realised by combining a SOA (serving as the active medium) with a 2 x 2 MMI that
provides both the optical feedback and the output coupling. The SRL features a custom GSG
line designed for high-speed modulation of the SOA. Further details of the SRL characteristics
and the PIC design and fabrication are given in Section 6.1. Here, we describe the OFC
generation from a single SRL, and the scheme in Fig. 5.21 is therefore simplified.

The PIC described in Section 6.1 following this concept was characterised in the proe
station stabilised to 25°C. The outputs from the east and west facets were acquired quasi-
simultaneously using an optical switch alternating between the two paths (Section 6.1).
Fig. 5.22(a) shows spectra recorded in the HR-OSA from the east (black) and west (red)
facets, and Fig. 5.22(b) zooms in on a representative region when the SRL is gain-switched at
1 GHz but no OI is performed. The SOA preceding the SRL is biased at Ison = 50 mA. At
the east facet (i.e., the CC-W propagation direction) the spectrum exhibits the longitudinal
modes of the SRL cavity under direct modulation. As the pulses originate from the broadband
spontaneous emission of the SOA, no OFC is formed in the absence of stimulated emission
for the pulses to build up from. Locking any one of these longitudinal modes would enforce
coherence and produce a comb. By contrast, at the west facet (C-W direction) no resolvable
SRL modes are observed. This indicates strong unidirectional emission of the SRL, which is
forced by the spontaneous emission injected in the CC-W by the SOA.
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Figure 5.22: Spectral characterisation of the unidirectional SRL configuration. (a) Optical spectra
recorded with the HR-OSA from the east (black) and west (red) facets, and (b) zoom
into a representative spectral region when the SRL is gain-switched at 1 GHz without
OL
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To perform OI, the narrow-linewidth tunable laser operating in the C-band was used to target
the longitudinal modes observed in Fig. 5.22(a) and to generate the OFCs. Light was injected
into the PIC through an optical circulator, which enabled simultaneous monitoring of the
C-W propagating field while coupling the external laser into the chip via a lensed fiber. The
injected light, polarised in the TE mode, was amplified on-chip by the SOA located at the fibre
input. The injected power was approximately 0 dBm at 1549.64 nm, corresponding to one of
the SRL longitudinal modes. Previous studies have shown that OI locking in gain-switched
lasers can occur even for suppressed or low-power longitudinal modes, provided that the
injection wavelength lies sufficiently close to the mode emission [250]. This principle can be
extended to SRLs to selectively excite individual longitudinal modes and generate OFCs at
different wavelengths, an approach that has recently proven effective for multi-gas sensing
using optically injected GS sources [168].

Fig. 5.23(a) and (b) show the spectra recorded with the HR-OSA from the west and east
facets, respectively, when the SRL is gain-switched at a repetition rate of 500 MHz under
OLI. The spectra are normalised to the injection peak (-18 dBm). The driving currents are
Is;, = 20 mA and Ispoa = 10 mA, and the peak-to-peak amplitude of the modulation signal
is VhRp = 2 V. At the east facet, an OFC with 500 MHz spacing is observed, exhibiting
A froas = 40 GHz, CNR = 26 dB, and flatness = 0.81. The injection peak at 1549.64 nm is
particularly prominent, confirming effective OI locking, as the SL emission is pulled towards
the ML wavelength, enabling stable OFC formation.
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Figure 5.23: OFC generation in the optically injected SRL. (a) and (b) Optical spectra recorded
with the HR-OSA from the west and east facets, respectively, when the SRL is
gain-switched at 500 MHz under external OI.

At the west facet Fig. 5.23(b), the spectrum shows only the injection peak, suppressed by more
than 20 dB. This residual signal originates from reflections at the PIC facet and from on-chip
reflections of the injected light that are reinjected into the circulator. The measured isolation
between the circulator ports (40 dB) was taken into account when estimating the reflected
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power. Increasing Ispa enhances the intensity of this peak, as the reinjected reflections are
further amplified, yet no OFC emission is observed in the C-W direction. This confirms that
the comb emission is highly unidirectional and does not perturb the ML.

5.4 Conclusions

This chapter has studied the generation of OFCs on PICs through both Q-switching and GS
mechanisms, combining theoretical modelling, simulations, and experimental implementation.

In the first section (Section 5.1), a rate-equation model was developed to study the dynamics
of QS in an optically injected single-mode semiconductor laser. The laser was based on a
four-section DBR with an intracavity EAM to perform QS. This design is compatible with
standardised BBs in generic integration platforms, and the simulation parameters were chosen
accordingly, tied to realistic parameters. A balance was found in the EAM design between
the maximum achievable ER, the insertion losses, its length, and the threshold at the low loss
state. The laser design was then optimised to give the maximum dynamic range between the
losses in the on and off state. The simulations showed that actively modulating the cavity
losses produces intense, short optical pulses with a large dynamic chirp. This chirp is linked
to the strong carrier excursion that occurs when the cavity switches from the high-loss to the
low-loss state and results in a pronounced broadening of the optical spectrum. The model
therefore predicts that QS could offer OFCs with significantly larger bandwidths than those
typically achieved with conventional GS operation while maintaining low repetition rates.

A first attempt at implementing this QS concept in an InP PIC fabricated through a SMART
Photonics MPW run was also carried out. The device incorporated an EAM within the laser
cavity following the simulated design, with several EAM lengths included to assess their
influence on performance. However, CW characterisation revealed high insertion losses in the
EAM section, which prevented the laser from reaching threshold at the available drive currents.
Consequently, QS operation could not be experimentally demonstrated. This limitation is
attributed to excess absorption in the EAM and insufficient cavity gain, but it provides
valuable feedback for future iterations. These issues could be mitigated by increasing the
SOA length or optimising the EAM design, which would also contribute to reducing the total
cavity losses. Despite these experimental challenges, the implementation demonstrates the
feasibility of monolithically integrated QS sources and establishes a clear path for future
development, as QS-based OFCs have not yet been reported on InP PIC platforms.

The second part of the chapter (Section 5.2) focused on the generation of GS OFCs in a
monolithically integrated master—slave configuration. Two DFB lasers were integrated on the
same PIC using standard BBs from the Fraunhofer HHI InP platform. The ML optically
injected the SL, which was gain-switched by electrical modulation. The use of a SRD enabled
the generation of short electrical pulses. Through systematic characterisation, OFCs were
successfully generated over a wide range of repetition rates (from 5 GHz down to 500 MHz)
demonstrating low repetition rate GS OFCs on a full monolithic PIC implementation. The
resulting combs exhibited broad spectral spans, good CNR, and acceptable flatness, validating
the potential of this configuration for reconfigurable on-chip comb generation.
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The experiments provided valuable insight into the behaviour of monolithically integrated
master-slave systems, while also revealing several practical constraints. The absence of on-chip
optical isolators resulted in strong mutual coupling between the ML and SL when operating
under asymmetric optical injection (with the ML biased at a much higher current than the
SL). In addition, compound-cavity effects and unwanted spectral modulations were observed,
which hindered systematic optimisation of the operating parameters. The system also showed
high sensitivity to small detuning variations, and the finite linewidth of the integrated DFBs
limited the achievable coherence of the generated combs.

Finally, Section 5.3 presented an approach based on optically injected SRLs as GS OFC
sources, designed to overcome the lack of on-chip optical isolators by enforcing unidirectional
emission. The experiments demonstrated stable OFC generation in a single direction, with the
ML remaining unaffected by the SRL emission. This strategy proved effective for controlled
on-chip GS OFC generation and provides a solid basis for the next chapter, where these OFCs
are used to realise and demonstrate a dual-comb generator in a monolithic PIC.
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Integrated dual-comb interferometry

This chapter presents the design, implementation, and experimental demonstration of a
monolithically integrated dual-comb generator and a F'S subsystem architecture developed on
a generic InP platform. The dual-comb system is conceived as a flexible and reconfigurable
source capable of generating mutually coherent OFCs without requiring optical isolators,
instead exploiting the inherent unidirectional emission of optically injected SRLs.

Section 6.1 describes the operational principle and experimental validation of the dual-comb
generator, including its ability to produce OFCs with tunable repetition rates from 500 MHz
to 4 GHz, and large compression factors of up to 50,000, demonstrating its suitability for
high-resolution spectroscopy with low-bandwidth detection. This section builds upon results
reported in Lépez-Querol et al., Optics and Laser Technology, 181, 113317 (2025), extending
the discussion with additional experimental data.

Section 6.2 introduces a monolithically integrated FS based on an 1QQ modulator, designed
to overcome the limitations of baseband dual-comb detection, where the overlap between
positive and negative frequency components hampers accurate spectral reconstruction of the
interrogated sample. The proposed device demonstrates effective single-sideband, carrier-
suppressed (SSB-CS) modulation. The results described in this section were originally
published in Lépez-Querol et al., Optics and Laser Technology, 179, 111274 (2024).

Together, these two subsystems represent a significant step towards the realisation of a fully
monolithically integrated dual-comb spectrometer. This chapter employs a combination of
theoretical modelling, layout- and system-level simulations, and experimental validation to
pave the way for future iterations of monolithically integrated dual-comb interferometers.
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6.1 Dual-comb generator based on semiconductor ring
lasers

A dual-comb generator based on a PIC is realised by exploiting the unidirectional operation
of optically injected SRLs. Fig. 6.1 shows a schematic layout of the proposed design and
a photograph of the fabricated PIC. The device comprises two parallel SRLs (SRL1 and
SRL2) that act as the OFC sources. When gain-switched at slightly different repetition rates,
they generate a dual-comb. To ensure mutual coherence, Ol is performed in a master-slave
configuration using either an internal or an external ML. The internal OI is provided by a
SG-DBR laser [78] to provide tunability. SOA1 and SOA2 control the injected power into
SRL1 and SRL2, respectively. Two additional semiconductor optical amplifiers, SOA-IN and
SOA-OUT, boost the signals at the on-chip I/O ports, EXTERNAL LASER INPUT on the
west facet (for external-laser OI) and SYSTEM OUTPUT on the east facet (comb output),
respectively. The SG-DBR can be characterised independently via the LASER OUTPUT
port located on the east facet.
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Figure 6.1: Scheme and photograph of the integrated dual-comb generator system. SOA: semicon-
ductor optical amplifier; SG-DBR: sampled-grating distributed Bragg reflector; SRL:
semiconductor ring laser; MMI: multimode interference coupler; PD: photodetector.

The design was carried out using the standard BBs provided by SMART Photonics in its
PDK library. Fabrication was performed through a MPW run. The system footprint is 4
mmx 1.3 mm. SOA-IN and SOA-OUT are 500 ym long, while SOA1 and SOA2 are 400 um
long. The optical facets of the PIC (west and east) are AR-coated and the on-chip I/O
waveguides are tilted by 7° with respect to the PIC facets. All optical routing employs
deep-etched, single-mode waveguides of 1.5 ym width (losses ~ 3 dB/cm), except the 1/O
where wider shallow-etched waveguides are employed to improve the PIC to fiber coupling.
Shallow-to-deep transitions are omitted in the schematic for simplicity. The bend radius of
the waveguide bends is 100 ym. Both the SRLs and the SG-DBR are CBBs based on the
basic BBs of the foundry, since they are not offered as standardised BBs.
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The SRLs follow the design described in Section 5.3. Each ring incorporates a 250 ym-long
SOA, and the cavity is formed by the standard deep-etched waveguides with a bend radius of
100 pm. The total physical cavity length is 1.42 mm, which gives an FSR of approximately
0.46 nm, assuming a group index n, ~ 3.65. The electrical terminations provided by the PDK
SOAs are not intended for high-speed modulation. Therefore, to enable GS, a custom GSG
metal interconnect was designed to provide RF access to the SRLs and to SOA1 and SOA2.

The internal SG-DBR ML comprises two SG-DBR mirrors separated by a gain section and an
intra-cavity phase shifter. The gain is provided by a 500 um SOA (not labelled in Fig. 6.1),
followed by a 300 um phase section for fine wavelength tuning. Each SG-DBR mirror consists
of a periodic configuration of gratings interspersed with phase shifter sections, as described in
[100], where a tunability of 34 nm was achieved.

The periodicity of the SG-DBRs gives rise to periodic maxima in their reflection spectrum,
which can be tuned by driving their current [251], thus enabling the tuning of the laser
emission wavelength to perform OI in different spectral regions. The front SG-DBR comprises
fourteen periods, each formed by a 10 um grating segment and a 50 yum phase section. The
rear SG-DBR contains twenty-five periods with the same grating length and 54 ym phase
sections. The grating pitch is 0.237 pum, which places the Bragg maxima near 1550 nm. The
laser includes an integrated photodiode (iPD) at the rear facet for power monitoring. Six DC
contacts provide access to the SOA, the front and rear SG-DBR mirrors, the fine-tuning phase
section, iPD, and a common ground. The physical cavity length is 3227 um, and assuming a
coupling constant £ of 50 cm™! and group index n, ~ 3.65, the total effective cavity length is
around 2622 pym and the FSR is 0.13 nm.
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Figure 6.2: Schematic of the experimental setup used for the characterization of the integrated
dual-comb generator system. PPG: pulse pattern generator; AWG: arbitrary waveform
generator; PC: polarization controller; ISO: optical isolator; EDFA: erbium doped
fiber amplifier; OSA: optical spectrum analyzer; HR-OSA: High-Resolution Optical
Spectrum Analyzer; OSC: oscilloscope; PD: photodetector; PM: power meter.

To characterise the PIC, the setup described in Fig. 6.2 is employed. The OSA and PM are
used for fiber alignment and characterisation in CW. On the other branch, the EDFA is used
to boost the signal, which is then analysed by the HR-OSA and a real-time oscilloscope. Two
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lensed fibers, positioned at the west and east facets of the PIC, are used to inject and collect
light. The optical switch alternates between these facets and directs the collected light to
two branches of the instrument, as illustrated in Fig. 6.2. The measured light at the west
facet consists of the light reflected at the facet, the CC-W emission from SRL1, and the C-W
emission from SRL2. The external laser used for injection is the tunable, narrow linewidth
laser covering the C-band.

The PIC is mounted on the probe station of Section 4.1 and its temperature is stabilised to
25°. Two probe arrays provide electrical access to the PIC. DC probes are used for the input
and output amplification SOAs (SOA-IN and SOA-OUT), as well as for the SG-DBR. RF
probes, on the other hand, are used for the SOAs of the SRLs and the OI amplification SOAs
(SOA1 and SOA2). All SOAs (except the SRL SOAs) and the integrated ML are driven
by DC current sources. The bias currents of the SRLs are set by a DC current source and
combined with the RF GS signals in bias-tees. The RF signal is provided by either the PPG
or the AWG.

Continuous-wave characterisation of the master and slave lasers

Before investigating the GS operation and OI locking behaviour of the SRLs, it is useful to first
characterise the integrated SRLs by measuring their PI curves and optical spectra at different
driving currents. This provides a deeper understanding of the operational characteristics of
the device. The PI curve is obtained using the PM, while the optical spectra are recorded
with the OSA.

For completeness, the characterisation of a stand-alone SRL, isolated from the rest of the
system, is also reported, as the dual-comb configuration introduces additional complexity
to SRL operation due to the presence of other integrated components. The isolated SRL,
fabricated on the same PIC, is schematically shown in Fig. 6.3(a). Its physical dimensions
and structure are identical to those of SRL1 and SRL2, except that one of its optical outputs
includes a slow integrated PD acting as a laser monitor, and the electrical contacts are DC
pads. As shown, the laser features an optical output for measuring the CC-W emission
spectrum and optical power, while the monitor enables measurement of the C-W optical
power.

Fig. 6.3(b) shows the CC-W and C-W PI curves of the single SRL for currents ranging from
0 to 120 mA in 1 mA steps, with a threshold current of around 15 mA. The vertical axis
represents the photocurrent proportional to the optical power measured at the external PD
and at the monitor, respectively. The data have been normalised to the maximum value of
each measurement, corresponding to photocurrents of 7 mA and 0.5 mA measured at the
monitor and PM, respectively.

Slightly above the threshold and up to a driving current of 30 mA, bidirectional emission
from the two counter-propagating optical fields can be seen. From 30 mA onward, the power
emitted by each direction is anti-correlated and this is maintained for all current values,
operating the laser in a bidirectional regime with no complete unidirectional emission observed.

Regarding the optical spectra, Fig. 6.3(c) presents a current—wavelength map of the C-W
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emission measured with the OSA over the same bias range as the PI curve in panel (b). Just
above the threshold and up to approximately 50 mA, the device operates in single mode with
occasional longitudinal mode hops. Above 50 mA, the SRL emission becomes predominantly
multimode. The longitudinal mode spacing is about 0.5 nm, which is in good agreement with
the expected FSR (0.463 nm). Both the PI characteristics and the spectra are consistent
with previous reports [252], where irregularities in the PI curve are attributed to changes
in the modal composition of the spectrum. It is also worth noting that the presence of the
monitoring PD measuring the light emitted in the C-W direction may affect the propagation
and modal dynamics within the cavity, although this effect has not been investigated in this
work.
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Figure 6.3: (a) Schematic of the stand-alone SRL integrated in the same PIC as the dual-comb
system. (b) Normalized PI curve of the SRL in both propagation directions, and (c)
Map of the spectra as a function of the driving current of the SRL.

The same characterisation for SRL1 within the dual-comb system is shown in Fig. 6.4, where
this time the current ranges from 0 to 50 mA in steps of 1 mA. It plots the photocurrent
measured at the east and west facets of the PIC as a function of the DC drive current of
SRL1 (Iggp:), with SRL2 unbiased and both SOA-IN and SOA-OUT held at 100 mA. These

SOA biases are maintained for all subsequent measurements.

The photocurrent in panel (a) (east facet) corresponds to optical power from SRL1 propagating
C-W, whereas panel (b) (west facet) corresponds to CC-W propagation. In both panels, data
are shown for several fixed values of the SOA1 bias current (Isoa1). The threshold current
of SRL1 is approximately 20 mA, and it decreases with increasing Isoa;. This reduction is
attributed to optical seeding from SOA1 amplified spontaneous emission (ASE) that generates
a certain level of carriers in the SRL1 active region. Furthermore, SRL1 emission is enhanced
in both directions for increasing SOA1 currents.

As it can be observed in Fig. 6.4, the power obtained at the east facet (C-W emission) is
four to five times greater than that obtained at the west facet (CC-W). This is related to the
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ASE injected by the different SOAs in the system in one of the propagation directions. When
all SOAs are driven with a current above their transparency, the ASE coming from SOA-IN
and SOAT1 reaches the SRL1 injecting in the C-W direction. The amount of ASE injected in
this direction is higher than that injected in the CC-W direction by SOA-OUT. Thus, this
enhances emission in the C-W direction, an outcome observed in Section 5.3 indicating high
unidirectionality in the SRL emission.

C-W emission of SRL1 at east facet CC-W emission of SRL1 at west facet
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Figure 6.4: PI characteristics of the SRL1 laser. (a) C-W PI curve measured on the east facet of
the PIC for different SOA1 injection currents (Ispa1). (b) CC-W PI curve measured
on the west facet of the PIC under identical conditions as in panel (a).

In addition, the PI characteristic exhibits a pronounced plateau for drive currents above ~ 30
mA. The plateau persists across different Iso 41 values, indicating that its origin is unlikely to
be gain saturation in the SOAs. In light of these results, and the absence of such behaviour
in the isolated SRL (Fig. 6.3), we attribute the effect to the influence of the on-chip SOAs.
Notably, around this current the stand-alone SRL began to show anti-correlated C-W/CC-W
emission and successive mode hops without a stable unidirectional state, similar to that
reported in [252], which reported bidirectional emission with comparable powers close to
threshold and, at higher pump currents, regions of unbalanced anti-correlated C-W/CCW
power, but no plateau in the PI characteristic.

The presence of SOA1 in the dual-comb configuration may alter the power anti-correlation
between the counterpropagating modes of the SRL, either disrupting it or partially rebalancing
the emitted power in each direction. This effect can lead to an apparent clamping of the
total photocurrent, manifested as the plateau observed in the PI curve. Similar behaviour is
observed for SRL2. To the best of our knowledge, this plateau effect in integrated SRLs has
not been previously reported and warrants further investigation, although it does not affect
the results presented in the following.

Figure 6.5 shows the spectra recorded at SYSTEM OUTPUT for SRL1 and SRL2 operated
individually (a) and simultaneously (b) at a bias current of 40 mA. The SOA currents are set
to 0 mA in both cases. At this bias and across most of the bias range in Fig. 6.4 both SRLs lase
on a single longitudinal mode, although at some regions there are mode hops and simultaneous
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emission from two or three modes, as observed in the isolated SRL characterisation Fig. 6.3.
The FSR is approximately 0.5 nm, in accordance with the designed value. When both
lasers operate simultaneously, the measured spectrum is essentially the superposition of the
individual spectra, indicating negligible mutual coupling under these conditions.
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Figure 6.5: Optical spectra of the two SRLs. (a) Individual optical spectra of SRL1 (blue) and
SRL2 (red), each operating at 40 mA. (b) Resulting optical spectrum when both
SRL1 and SRL2 are simultaneously operating at 40 mA. More details on the operating
conditions can be found in the text.

Finally, the integrated SG-DBR laser PI curve and the spectrum recorded at LASER OUTPUT
are shown in Fig. 6.6. Panel (a) plots the photocurrent measured at the external PD and iPD
in 1 mA current steps. The traces are normalised to their respective maxima, which are 6
mA at the external PD and 0.5 mA at iPD. The threshold current is approximately 20 mA.
Two kinks at 23 mA and 80 mA, attributed to longitudinal mode hops, are evident in the PI
curve measured by the iPD. The same features are present in the PI measured at the PIC
output, but they are not distinguishable in the figure due to the lower detected power.
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Figure 6.6: (a) PI curve of the integrated SG-DBR laser measured at the LASER OUTPUT of
the PIC and at its internal monitor, respectively. Spectra of the integrated SG-DBR
laser at a current of 80 mA measured with (b) the OSA and (c) the HR-OSA.
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Panels (b) and (c) show spectra at Isgpgr = 80 mA, recorded simultaneously with the OSA
and the HR-OSA, respectively. The lasing wavelength is 1551.82 nm. The HR-OSA trace
indicates an optical linewidth of ~ 540 MHz measured at —20 dB, which indicates that the
Lorentzian or intrinsic linewidth is substantially larger than the narrow linewidths reported
before for integrated SG-DBR, e.g. 70 kHz in [253]. However, linewidths exceeding 100 MHz
have been observed in SG-DBRs under certain conditions [254] attributed to the lack of
optimisation of the operating conditions of the laser, mainly the mirror tuning.

Therefore, we attribute the observed broad linewidth to a misalignment of the SG-DBR
mirrors, which could not be properly tuned. This misalignment lowers the effective mirror
reflectivity and increases cavity losses at the operating wavelength, thereby broadening the
emission spectrum [104], [254]. Although tuning the SG-DBR mirrors should improve the
linewidth, no wavelength tunability was observed when the injection current in the SG-DBR
mirror sections was varied. This lack of tunability is likely due to ineffective current injection
into the SG-DBR mirror sections.

Optical frequency comb generation

This section presents OFC generation results obtained from the SRLs, complementing Sec-
tion 5.3. First, OFC generation was investigated using the internal SG-DBR laser as the ML
to optically inject the gain-switched SRL1. For this purpose, the setup shown in Fig. 6.2
was employed without the external ML. A sinusoidal signal from the AWG, subsequently
amplified, provided the GS drive. The SRL operating conditions and OI parameters for comb
generation were empirically adjusted in each case to obtain OFCs with optimal characteristics,
as their systematic optimisation lies beyond the scope of this study.

Fig. 6.7 shows the measured spectra at the west (a) and east facet (b) when a 1 GHz repetition
rate OFC is generated by SRL1 at driving currents of Isgr; = 20 mA, Isoa; = 10 mA and
Isc_pr = 83 mA. The peak-to-peak amplitude of the sinusoidal modulating signal is set
to Vrr = 3.5 V, and spectra are recorded in the HR-OSA. In the same way as observed in
Section 5.3, OI forces a highly unidirectional emission, where in this case the signal propagating
in the CC-W direction only consists of the OI peak and is suppressed by more than 50 dB.

The comb features 30 optical lines above the noise floor, with the injection peak around
1551.85 nm being particularly prominent. In the inset of Fig. 6.7(b), it can be seen how the
SL inherits the linewidth of the ML through the OI locking mechanism [153]. The observed
tone linewidth is as wide as the single-mode linewidth of the integrated SG-DBR laser, shown
in Fig. 6.6. This demonstrates that OI locking is effectively achieved as the SL emission is
pulled towards the ML emission. Furthermore, no other longitudinal mode of the SRL1 is
observed, indicating that they are suppressed due to the OI.

However, the limited tunability of the integrated ML makes it unsuitable for DCI. Dual-comb
operation relies on setting an appropriate detuning between the ML and each SRL, and this
detuning must be adjusted with fine wavelength control to optimise both combs. Since the
SG-DBR wavelength cannot be tuned, the system is constrained to a fixed detuning that is
generally not optimal. In practice, this prevents proper optimisation of the OFC emission and
restricts access to specific spectral regions. For these reasons, a tunable external ML is used,
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as it allows the detuning to be set with the precision required for the simultaneous locking
and optimisation of both SRLs.
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Figure 6.7: Measured optical spectra with the HR-OSA at the west (a) and east (b) facets when
SRL1 is gain-switched at a 1 GHz repetition rate and optically injected by the integrated
SG-DBR laser. The spectra show that under OI the SRL emission is forced to follow
the injection direction.

For this reason, the tunable, narrow-linewidth external ML was employed to demonstrate
dual-comb generation and to achieve OI locking in both OFCs simultaneously. The setup of
Fig. 6.2 was used, performing OI with the external ML. Note that the external light is injected
into the C-W (CC-W) propagation direction of SRL1 (SRL2). Fig. 6.8 shows how OI locking
affects the emission of SRL1 in CW. Spectra were measured at SYSTEM OUTPUT. The
blue trace corresponds to the free-running laser, while the black and red traces correspond to
external OI at 1545.6 nm and 1549.74 nm, respectively, showing enhancement of the injected
mode and suppression of the others. The injected power at SYSTEM INPUT is 0 dBm. SOA1
is biased at 50 mA, and SRL1 at 40 mA.

.........
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Figure 6.8: Optical spectra of SRL1 measured at SYSTEM OUTPUT under free-running operation
(blue) and under OI locking at 1545.6 nm (black) and 1549.74 nm (red) by an external
narrow-linewidth tunable laser.
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The SRL1 is gain-switched with a 500 MHz pulsed signal generated by the PPG with an 8
V peak-to-peak amplitude and a bias current of Isgr1 = 15 mA. Fig. 6.8 shows the optical
spectra of the OFCs generated with SRL1 when Ispoa; = 0 mA and Isoa; = 10 mA. The OI
is performed at a wavelength of 1549.79 nm. The driving currents of SOA2 and SRL2 are
kept at 0 mA.
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Figure 6.9: Spectra of the OFCs generated by SRL1 at a repetition rate of 500 MHz under OI
from the external laser. (a) OFCs for Igoa1 = 0 mA and Igoa; = 10 mA measured in
the HR-OSA. The injection wavelength (1549.79 nm) is located at the origin of the
frequency axis. (b) Detailed view of the OFC for Igoa; = 10 mA.

Fig. 6.9(b) shows a zoomed-in spectrum for Ispa; = 10 mA, where comb lines are resolved
with a spacing of 500 MHz. The injection wavelength (1549.79 nm) defines the 0 GHz line.
The —20 dB optical bandwidth of both combs is approximately 40 GHz. As Isoa; increases
from 0 mA to 10 mA, the comb power increases consistent with the enhancement of the peak
power of the pulses over time. No further increase is observed when Igoa; is raised from 10
mA to 50 mA. Notably, even at Ispa; = 0 mA, despite substantial absorption of the injected
light, the injected power is sufficient to achieve OI locking and generate an OFC because the
injection is aligned to a longitudinal mode of the SRL [250].

The driving current of SOA2 does not significantly impact the OFC generation in SRL1.
This evidences that, aside from the thermal effects that may manifest when both SRLs and
SOAs are operating, the two SRL branches would work primarily in an optically independent
manner, which is important for flexible operation, and the use of SRLs is a significant benefit
for the integrated dual-comb generator system.

Dual-comb generation

Building on this basis, we investigate dual-comb generation. Both SRLs are gain-switched
at slightly different repetition frequencies, while mutual coherence between the two combs
is provided by the tunable laser injected into the PIC. For each operating point, the drive
currents, GS drive, injection conditions, and PIC temperature are adjusted to optimise flatness
and optical bandwidth. The HR-OSA is used to measure the generated OFCs, allowing to
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resolve the individual comb lines. Finally, the interferograms resulting from the interference of
the two OFCs on the high-speed PD are monitored with the real-time oscilloscope (Fig. 6.2).

Fig. 6.10(a), shows the spectra of the two OFCs generated non-simultaneously in SRL1 and
SRL2, with repetition frequencies of 2 GHz and 2.1 GHz (§f, = 100 MHz), respectively.
Therefore, the compression factor (see Section 3.3) is CF = 20. Fig. 6.10(b) shows the spectra
when both OFCs are generated simultaneously. For both SRLs the bias current is 20 mA, and
the GS signal from the AWG has a peak-to-peak amplitude of 3.5 V. To ensure OI locking in
both SRLs, the injection is set at 1549.62 nm with 0 dBm power, which defines the 0 GHz
reference in the spectra.
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Figure 6.10: OFCs generated (a) separately and (b) simultaneously by SRL1 and SRL2, with
repetition rates of 2 GHz and 2.1 GHz, respectively, for the same driving conditions.

Each OFC contains around 15 tones within the —20 dB envelope (=~ 30 GHz optical bandwidth).
The spectrum obtained when both combs are generated simultaneously mostly matches the
superposition of the spectra measured non-simultaneously. The observed differences arise
from device heating when all elements operate concurrently, producing a shift towards more
negative optical frequencies (i.e., longer, red-shifted wavelengths).

The beating of the two combs produces the interferogram in Fig. 6.11(a). Successive bursts
repeat every 10 ns, consistent with 1/df, for § f, = 100 MHz. The squared-magnitude Fourier
transform of these interferograms gives the RF dual-comb in Fig. 6.11(b), with line spacing of
100 MHz, confirming successful dual-comb generation. The DC (0 Hz) component corresponds
to the beating of the OI lines, which coincide in both combs, as seen in Fig. 6.10.

Thus, the optical bandwidth is compressed by the factor CF = 20 to 30 GHz/20 = 1.5 GHz.
The replicas in the higher order Nyquist zones arising from non-adjacent optical line beatings
are centred near 2 GHz and its multiples. Three such zones are shown. In this operating
point, CF is smaller than the number of visible comb lines, so adjacent Nyquist zones overlap,
hindering a one-to-one, alias-free mapping of the optical spectrum (see Eq. (3.17)).

To avoid this overlap, we explored dual-comb generation at lower repetition frequency and
increasing the compression factors. Fig. 6.12(a) shows the interferogram obtained for f,; = 500
MHz and f,.2 = 500.01 MHz (i.e. ¢ f, = 10 kHz, CF = 50,000), together with the corresponding
RF comb. The combs are generated using pulsed GS signals from the PPG. The OFC
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characteristics are similar to those in Fig. 6.9. As can be seen, the Nyquist zones are now
well separated (every 500 MHz). For clarity, only the strongest lines within the lower half of
the first Nyquist zone are shown. These results demonstrate that our dual-comb generator is
flexible in the choice of repetition frequency, either obtained by pulsed or sinusoidal excitation,
as well as in the achievable CF.
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Figure 6.11: Dual-comb generation with the previously shown OFCs featuring f, = 2 GHz and
dfr = 100 MHz (CF = 20). (a) Interferograms in time measured with the real-
time oscilloscope. (b) Down-converted spectrum obtained from the FFT of the
interferograms showing three Nyquist zones.

Simultaneous optimisation of both combs was challenging because the two SRLs exhibited
slightly different emission envelopes, requiring careful adjustment of the parameters involved
in OFC generation. The operating point that maximises the CNR for one comb therefore
does not necessarily coincide with that of the other. Since each RF tone originates from
the beating of corresponding optical lines, any imbalance in optical power or CNR between
the two combs results in uneven RF tone amplitudes and local variations in SNR across the
RF spectrum. In particular, strong optical lines from one comb may beat with weaker lines
from the other, producing lower-amplitude RF tones and locally reducing the SNR. Despite
these differences, the measured average SNR of approximately 20 dB is sufficient to resolve
molecular absorption features in typical gases. For instance, the absorption lines of CO,
and HCN in the C and L bands correspond to optical losses of a few decibels for cm-scale
path lengths, while CO and NHy exhibit weaker but still detectable features under similar
conditions [168].

The plotted electrical spectrum arises from the expected overlap between the negative and
positive components within the first Nyquist zone. Under baseband detection, beat notes from
comb lines to the right of the OI line superpose with the mirror contributions from lines to
the left, folded about DC. This folding masks spectral features and complicates the retrieval
of a sample’s amplitude response. In bulk dual-comb systems, introducing a frequency shift,
typically via an AOM, prevents this overlap by moving the first Nyquist zone away from DC.
As AOMs are impractical in monolithic implementations, and to preserve a fully integrated
InP approach, the next section introduces a frequency shifter built from standard BBs in the
same generic InP foundry, enabling future co-integration with the dual-comb generator and
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displacement of the RF mapping from baseband without resorting to bulk, external AOMs.
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Figure 6.12: Dual-comb generation with OFCs of fg = 500 MHz and A fg = 10 kHz (CF = 50, 000).
(a) Interferogram measured with the real-time oscilloscope. (b) Down-converted
spectrum obtained from the FFT of the interferogram.

6.2 Optical frequency shifter for dual-comb interferom-
eters

In this section, a fully monolithic optical frequency shifter implemented with an 1Q modulator
is realised on the SMART Photonics platform using standard BBs, as schematically shown in
Fig. 6.13. 1Q-based single-sideband, carrier-suppressed (SSB-CS) modulation has emerged
as a practical alternative to AOMs [255], [256]. On silicon-based PICs, such shifters have
demonstrated frequency offsets up to 10 GHz, with carrier and spurious-sideband suppression
ratios in the 16-23 dB range [257]. The performance of these devices is typically assessed
in terms of the carrier suppression ratio (CSR), which quantifies the rejection of the optical
carrier, and the sideband suppression ratio (SBSR), which measures the suppression of the
unwanted sideband relative to the desired one.

MZM-I """ A .

MZM-Q i + EOPM4 ! = EOPM5

Figure 6.13: Schematic of the integrated frequency shifter based on a IQ modulator.
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A conventional 1QQ modulator comprises two nominally identical MZMs in parallel, the in-
phase (I) and quadrature (Q) arms, together with a phase shifter that imposes a /2 offset
between the two arms. To realise the frequency shift, both MZMs are driven in push-pull
(Va(t) = =Vg(t)), so their EOPMs induce equal and opposite phase shifts (¢4 (t) = —pp(t)).
With each MZM biased at minimum transmission and driven by quadrature RF waveforms
(cosine on the I arm, sine on the Q arm) and a constant 7/2 phase offset between I and
Q, the output field, E,,;(t) becomes an attenuated, frequency-shifted replica of the input
E;(t) = Epe’t at the RF drive w,. For a small drive R = A/V, relative to the half-wave
voltage V., the Jacobi-Anger series can be truncated to first order, and the output field is
given by

1
Eout - = (EI t
\/E ou
where EL , and Egit are the optical field outputs of the I- and Q-branch MZMs, respectively,

and Ji(mR) is the value at mR of the first order Bessel function of the first kind. The sign of
the frequency shift in Eq. (6.1) depends on the relative sign of the modulating RF signals.

+ Ey) = EoJi(wR)e/ @)t (6.1)

The operating principle outlined above is implemented in a monolithic InP IQ modulator.
However, two practical aspects must be addressed regarding the implementation into this
platform. First, the InP EOPMs available in this platform differ from conventional LN
devices because they are based on InP/InGaAsP PIN junctions that are driven under reverse
bias [258]. In this regime, the combined action of field-induced (predominantly Pockels)
and carrier-induced (plasma dispersion and band-filling) effects produces an effective phase
shift that is approximately linear with the applied voltage. This bias point also offers good
device characteristics such as high electrical bandwidth. Under the usual sign convention, the
induced phase shift is negative [259], which necessitates minor adjustments to the differential
RF drive and biasing of the MZMs relative to the textbook case.

Secondly, the modulator half-wave voltage V. scales inversely with the EOPM length. Extend-
ing the phase shifter therefore reduces the required drive voltage and improves compatibility
with standard laboratory voltage sources, but at the cost of a larger footprint and higher
optical insertion losses. The choice of length is thus a design trade-off between V., loss, and
footprint.

Beyond these platform-level considerations, fabrication tolerances introduce uncontrolled
differences in each EOPM. This can translate to differences in the V, value and additional
voltage-independent phase shifts (¢g) due to the differences in the optical path. As a result,
a first calibration of the IQQ modulator must be done that requires access to the optical power
at several points in the circuit.

To enable the on-chip calibration process, the design in Fig. 6.13 integrates two on-chip photo-
diodes (PD-I and PD-Q) employing a 2 x 2 MMI coupler at the output of the MZMs. These
allow monitoring of the optical output power of each MZM, providing direct measurements of
the V and other parameters as it will be detailed in the following. To better understand the
operation of the device, the expression of the optical field reaching PD-I and PD-Q and at
the output of the MZMs can be written as

Ein(t)

EI{’D(t) _ N (ej(w1(t)+%) + ej'«pz(t)) : (6.2)
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EL (t) = 2’\@ (ejsm(t) + ei(soz(ﬂ%)) ’ (6.3)
for the I branch, and

ES (1) = E2£) (c7208) 4 iertt) (6.4)

E9,(t) = Ein(t) (ejsoa(t) + ej(m(t)%)) 7 (6.5)

for the Q branch. In these expressions ¢;(t) = @o; + Ag;(t) is the total phase shift induced
by each EOPM, including the voltage independent term ¢; arising from the fabrication
tolerances and the voltage dependent term Awp;(t) = 7V;(t)/Vy; from the i EOPM. It is
convenient to rewrite Eq. (6.3) and Eq. (6.5) as

Ej(t) = b;g) e <eﬂ'[ml—(%+3)1 + ejAW) , (6.6)
B3 =" j; e (b ()] 4 er) (6.7)

respectively, where ar = @o + /2, ag = pos + 7/2, 906 = o2 — o1 and %Q = Po4 — P03-

Since the measurable magnitude in the integrated PDs is the generated photocurrent propor-
tional to the optical power, given by P = |E|?, it is convenient to write the expressions

P, Apr — Apg — b + 2
Pl = cos’ 1 LR S 5 (6.8)
2 2
for the PD at the I branch and
P o (D93 —Dps— i +3
PRp = =" cos® ( L ‘p; o ¥ 2) , (6.9)

for the PD at the Q branch where P, is the input power. By recording the powers measured
at the integrated PDs for a range of static drive voltages of each EOPM and using Eqs. (6.8)
and (6.9), we can extract not only the individual V, values but also the voltage-independent
phase offsets ¢f and .

Because the InP EOPMs operate under reverse bias, the condition for obtaining an optical
field at the output of each MZM of the form

Ein 1
Eui = ﬁejam cos Ao, (6.10)

cannot be satisfied by applying equal and opposite voltages to each EOPM. When these
experiments were conducted, the foundry did not yet offer push—pull EOPMs on this PIC
platform, so each modulator was driven independently through its own electrode, with the
operating point set by on-chip monitoring and calibration. Recent process updates have
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since introduced push—pull devices [102], enabling symmetric drive in future implementations.
Although the platform has since evolved, the results presented here accurately represent the
behaviour of the devices and remain relevant for future implementations.

In the absence of push-pull operation, the phase condition to obtain Eq. (6.10) can be
equivalently written as

m
Aprs — o — 5 =2mn — Apay (6.11)

expressed in terms of @é’Q. In addition, the requirement for the modulators to operate under
negative (reverse) drive voltages at all times imposes a constraint on the values of n, which
define the minimum reverse-bias level applied to each EOPM.

Choosing Vo, = —V;2/2 as the minimum-transmission bias voltage at the I branch ensures
that the modulation voltage V5(t) = Vo, + RVyasin (wst) remains negative for relatively
large values of the modulation depth R < 0.5. The condition defined in Eq. (6.11) imposes

Vi(t) = Vip — RVyysin (wst), with Vi, = Vg (Zn + 1+ goé/w) and therefore, the minimum
reverse bias voltage |Vj,| ensuring V;(¢) < 0 depends on the phase difference ¢f, resulting

- ﬂ( —“jf) for —1<#<1-R

Vip = (6.12)
V., (3—f§> for 1—R<% <1

for n = —1 and n = —2, respectively, where (! has been chosen to range between —m and 7.

The same reasoning applies for the QQ branch, where for V,(t) = Vi, & RVy4 cos (wst), V3(t) =
Vi F RVyg cos (wst) with

Vip = (6.13)
Q
—7r3< —ﬁ‘:) for 1-R<?

for n = —1 and n = —2, respectively.

In summary, the RF driving voltages of each phase modulator should be

Vi = Vi — RVq sin(wst) (6.14a)
Vo = Vi, — RVzg sin(wst) (6.14b)
V3 = Vayp, F RVz3 cos(wit) (6.14c)
Vi = Vi F RViy cos(wst) (6.14d)

where the corresponding DC bias voltages for i = 1,3 are given by Egs. (6.12) and (6.13) and
for i = 2,4 by
V7r2

Va
Vip = —74 (6.15b)
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Finally, the required 7/2 phase offset between the branch signals can be set by biasing one
of the phase shifters (devices 5 or 6). Assuming only EOPM 6 is biased, the static phases
contributed by the two paths are ¢g5 and pos + Apg(Vs), where g5 and ¢gg are the voltage
independent phase shifts and Agpg(Vs) = mVis/ Ve is the voltage dependent phase shift induced
by EOPM 6. Therefore, the signal at the output of the device can be expressed as follows

Ei,(t). .
Eu(t) = 2( )[ej(a1+s006+A506) cos Apy+

ed(eate0s) cog Apy]. (6.16)

It is convenient to write these expressions in terms of the uncontrolled phases 5; = a; + g
and g = ag + ¢os, and the voltage controlled Agg, thus

Ein(t)

5 [e7B1+8%6) cos Ay + €752 cos Apy],

Eout(t) =

that, in turn, can be written in terms of 8 = 8; — B¢ which can be experimentally determined.
Then, the optical field at the output is

Ein (t)
2

Eou(t) = e?be [ej(ﬁJrA%) cos Ay + cos Ay, (6.17)

and the voltage V should ensure the following phase condition
- t+8= 5t 2mn. (6.18)

Therefore, the minimum negative bias voltage Vj is given by

Vie (3-2)  for 1<f<1

Ve = (6.19)

for n =0 and n = —1, respectively.

By substituting Eq. (6.18) into Eq. (6.17) and substituting also Apy(t) and Ag,(t) to the
corresponding RF driving voltages given by Eq. (6.14), the output optical field reads as

Eq.(t) .5 ..
Eou(t) = 2<)636Q [7sin (R sinwst) + (6.20)

sin (Rm cos wt)],

If we assume that R is small enough, Eq. (6.20) can be approximated by the leading term of
its Jacobi-Anger expansion, resulting in

Eou(t) = Eip(t)J1 (TR) €972 [ sin w,t + cos wit]
that can be written in the form

Eou(t) = £FyJy (TR) e7Pe el @etws)t, (6.21)
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It is apparent that this corresponds to the frequency-shifted response of the device to the
input optical field, by an amount of +ws or —w, depending on the sign convention adopted in
Eq. (6.14c) and Eq. (6.14d).

Finally, as noted before, both V4 and 3 can be obtained experimentally by analysing how the
device’s output power varies with Vg, while selecting suitable DC biases Vi, V5, V3, and V.
These biases should satisfy the phase conditions in Eq. (6.11) and enforce Aps = Apy = Ap.

Under these drives, choosing Ay = —7 (to maximise the output power) reduces to
Eout(t) = _Mejﬁcz [ej(/3+A<P6) + 1]
2

and the corresponding power is given by

1
Pout = Pip cos’ {2 (XX//GW + B)} : (6.22)
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Design and fabrication of the PIC

Fig. 6.14 shows a photograph of the fabricated PIC, implementing the scheme in Fig. 6.13
using standard BBs from the SMART Photonics PDK. The IQ branches and individual
components are indicated in it. The chip provides two optical 1/O with 7° tilt, and the
facets are AR-coated. Light from an external source is coupled into the input waveguide via
lensed fiber and employing a polarisation controller to inject into the TE mode. This signal is
amplified by a 350 pm-long SOA (SOA-IN). A 1 x 2 MMI then splits the signal into the I and
Q branches. Each branch implements a dual-drive MZM comprising two parallel 2mm-long
EOPMs (MZM-I: EOPM1/2; MZM-Q: EOPM3/4). The length was chosen to target V, ~ 4.5
V based on simulations and foundry data.

SOA-IN
PD-I MZM[ I FerPivt - IMZM 1 !;
PD-Q T T IMZM Q 3

MZM-Q 3
T T SOA-OUT
< EOMP5 EOMP6 >

4.6 mm

Figure 6.14: Photograph of the integrated IQQ modulator, with the main on-chip components
labelled.

The outputs of each MZM are combined and split by a 2 x 2 MMI for routing to PD-I and
PD-Q. EOPM5/6 set the relative phase so that I and Q) are in quadrature and are 2 mm-long,.
The optical path lengths of the I and Q branches are intentionally non-identical to achieve a
more compact footprint. The resulting additional I-branch loss (0.1 dB) is expected to have
a negligible impact on performance. Finally, a 2 x 1 MMI recombines the branches and a
400 pm-long SOA (SOA-OUT) provides output amplification.
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Regarding the electrical connections, the PIC includes ten DC pads used to bias the functional
elements and to read out the internal photodiodes, together with a common n-type substrate
contact shared by all elements. At the time of fabrication, SMART Photonics employed n-type
conductive substrates, which allowed a common contact but could lead to electrical crosstalk
and limited modulation bandwidth. The foundry has since transitioned to semi-insulating
substrates. All PICs from SMART Photonics presented earlier in this work were fabricated
on these later semi-insulating substrates. Consequently, future iterations of the present design
could benefit from simplified drive schemes and reduced parasitic coupling.

The EOPMs employ lumped electrodes rather than TWE, which limits the modulation
bandwidth to a few hundred MHz but remains adequate for the operating range considered
and relaxes the requirements on the RF drive source. This design choice is well suited to the
target application, which involves low-frequency shifts of up to a few hundred MHz, as in
the dual-comb experiments. In addition, the use of lumped electrodes reduces footprint and
routing complexity.
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Figure 6.15: Simulated spectra of the optical field in frequency shifter operation for f; = £100
MHz at (a) the PD-I input; (b) the MZM-I output; and the output of the system for
a (c) positive (d) and negative shift. The resolution of the OSA has been set to 10
MHz to adequate the results to the HR-OSA. All the spectra are normalized.

Layout-aware simulations of the PIC were then performed using VPI and the SMART
Photonics PDK to validate the proposed design and the analytical model. Fig. 6.15 shows
the simulated optical spectra when the EOPM drive signals follow Egs. (6.12), (6.13), (6.14),
(6.15a) and (6.15b), targeting a 100 MHz frequency shift with R = 0.4. Fig. 6.15(a) depicts
the spectrum incident on PD-I; and Fig. 6.15(b) the spectrum at the output of MZM-I. With
the MZM biased at minimum transmission, the carrier and odd harmonics are directed to the
PD branch, while the even harmonics propagate to the output branch. The Q path behaves
identically. In Fig. 6.15(b) the optical carrier is effectively suppressed (=~ 38 dB), and only
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the first-order sidebands remain appreciable, consistent with the expected single-sideband
operation.

Fig. 6.15(c) and (d) show the simulated optical spectra at the device output for positive and
negative frequency shifts, respectively. In both cases, the optical carrier remains suppressed.
With the I and Q branches held in quadrature, the MZM outputs interfere destructively for
one sideband, yielding its effective cancellation and thus SSB-CS modulation. Comparable
behaviour is observed across different shift frequencies, providing qualitative validation of the
theoretical model.

Experimental results

The fabricated PIC was characterised experimentally using the setup in Fig. 6.16(a). Each
MZM was first characterised individually via the on-chip PDs, and the overall device per-
formance was then assessed at the optical output, which was collected with a lensed fiber
at the PIC output facet. The output was monitored simultaneously on the HR-OSA and
on an external PM. The input light, provided by the same narrow-linewidth tunable laser
used previously and centred at 1550 nm injecting 5 dBm, was coupled in with a lensed fiber.
Alignment was performed by maximising the power measured on the internal PDs.

PC
b

00
180°

(b)

Figure 6.16: (a) Experimental setup for the characterization of the PIC and (b) driving scheme
for the EOPMs. The RF signal is combined with a DC bias through a Bias-Tee. In
this way, the modulating signal consist in a DC component (V) plus a RF signal
with frequency ws and amplitude A;.

Several current and voltage sources were used to bias the chip. The input and output SOAs
were driven at 80 mA to boost the input and output powers, respectively. Photocurrents from
the internal and external PDs were read with digital multimeters. The EOPM drive scheme
is shown in Fig. 6.16(b): two outputs of the AWG supply RF signals in quadrature (0° and
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90°), which are combined with DC via bias-tees. The chip was mounted on the probe station
and its temperature stabilised to 25°.

First, the individual MZMs are characterised to extract the key parameters described pre-
viously, which enable operation as a frequency shifter/SSB-CS modulator. Fig. 6.17(a-d)
summarises the procedure: the drive voltage of one EOPM is swept while the other is held
at a fixed bias Vy, thereby mapping the transfer function of each MZM as a function of the
two EOPM biases. The half-wave voltage V, is obtained as the voltage difference between
constructive interference (maximum) and destructive interference (minimum).

—V;=0V V=2V
—V=-6V —V,=-8V
800 800
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~ ~~
< <
2 400 2 400
£ = 1
Ve=0 V
910 5 0 ° 1o 5 E)
Vi (V) V, (V) S 0.5
@ () I
800 800 =
Vap=Vs V3=V
0
2 2 -10 -5 0
2 400 2 400 Vs (V)
£ £ (e)
010 5 0 %’10 5 0
Vs (V) V, (V)

(©) (d)

Figure 6.17: Response of the MZMs measured at the internal photodiodes for different DC bias
voltages. (a) Bias voltage sweep of EOPM1 for different biases of EOPM2, (b) bias
voltage sweep of EOPM2 for different biases of EOPM1, (c) bias voltage sweep of
EOPMS3 for different biases of EOPM4 and (d) bias voltage sweep of EOPM4 for

different biases of EOPM3.

These measurements correspond to Eqgs. (6.8) and (6.9), from which the static phase offsets
¢b and <p§ are obtained. Unlike in typical LN MZMs, the response here is highly stable over
time, which simplifies parameter extraction. A gradual reduction in the peak photocurrent
(corresponding to 0.8 mA) with increasing reverse bias is observed in Fig. 6.17. This be-
haviour reflects bias-dependent propagation loss caused by electro-absorption through the
Franz—Keldysh effect under higher electric fields.

Fig. 6.17(e) shows a sweep of the EOPM6 bias while EOPMS5 is fixed at V5 = 0 V for simplicity.
Under these conditions, [ is extracted by fitting the measured output power to Eq. (6.19).
The V, of the modulator is obtained from the voltage difference between adjacent maxima
and minima.

The characterisation of the device yielded the key system parameters listed in Table 6.1. Based
on these values, the EOPM drive signals for frequency-shifter operation were set according
to Egs. (6.14) and (6.19). The bias voltages were V3, = —2.95, Vo, = —2.23, V3, = —3.72,
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Vi = —2.41, V5 = 0V, and Vg = —1.7. Small modulation amplitudes A; were initially
selected to achieve a low modulation depth (R = 0.05) and ensure small-signal operation,
with minor fine-tuning of the biases and amplitudes performed to optimise performance.

Table 6.1: Experimentally determined parameter values of the integrated frequency-shifter system.

\ Parameter \ Value \ Units \

Vi 4.54 \%
Vo 4.46 \Y
Vis 4.51 \Y
Via 4.82 \Y
Vi 4.28 \Y%
©p 1.1 rad
4,082 0.55 rad
15} 0.29 rad

System performance is quantified by the carrier suppression ratio (CSR) and the sideband
suppression ratio (SBSR), defined as the power ratio between the shifted component and
the carrier, and between the shifted component and the undesired sideband, respectively.
Fig. 6.18 shows the optical spectra measured at the PIC output with the HR-OSA for several
frequency shifts. Each column corresponds to a given shift with opposite signs. The sign is
easily controlled either by adjusting the relative phase of the RF drives to EOPM3/4 or by
changing the bias of EOPM6. The frequency shifter achieves CSR > 15 dB for shifts below
250 MHz, degrading to ~ 10 dB at 300 MHz. SBSR remains above 15 dB across the measured
range. These results are highly stable over time, and no drift was observed within 1 hour of
operation.

100 MHz 150 MHz 250 MHz 300 MHz

-20 -20 -20 -20
~ -30 ~-30 ~-30 ~-30
& 401 —18 dBI & 40 18 dB & 40 15 dB & 40
g g g g ~10d8 |
o -50 o -50 o -50 o -50
7] 7] 7] 0
& _60 & 60 & 60 % -60

-70 Ca:rier -70 -70 -70

-400 -200 O 200 400 -400 -200 O 200 400 -400 -200 O 200 400 -400 -200 O 200 400
Frequency (MHz) Frequency (MHz) Frequency (MHz) Frequency (MHz)
@ (b) © (d)

-20 -20 -20 -20
~ -30 ~ -30 ~-30 ~-30
% 20 dB GEJ ~17 dB aE: 15 dB aEJ
[ -40 - 2 -40 2 -40 - g -40 ~10 dB
S < o S
o -50 o -50 Qo -50 0 -50
N 7] 7] %
& _60 % 60 % 60 % -60

-70 -70 -70 -70

-400 -200 O 200 400 -400 -200 O 200 400 -400 -200 O 200 400 -400 -200 O 200 400

Frequency (MHz)
(e)

Frequency (MHz)
®

Frequency (MHz)
()]

Frequency (MHz)
(h)

Figure 6.18: Measured frequency shifts for different modulation frequencies. Each column shows
equal and opposite shifts relative to the reference frequency, which corresponds to a
wavelength of 1550 nm.
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Fig. 6.19 plots CSR and SBSR against the modulation frequency for negative (a) and positive
(b) shifts from 50 to 300 MHz. The FS supports operation up to approximately 300 MHz,
above which its performance degrades, and the device ceases to operate effectively as a FS.
This limitation is primarily attributed to the bandwidth of the lumped electrodes in the
EOPMs and other system non-idealities. The phase-shifting efficiency of the EOPMs also
exhibits a weak dependence on the optical power and polarisation state, effects not examined
in this study. Despite these factors, the experimental results are in qualitative agreement with
simulations and confirm that the proposed device performs as intended within the measured
range.
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Figure 6.19: Evolution of CSR and SBSR with modulation frequency for (a) negative and (b)
positive frequency shifts, over a modulation range from 50 MHz to 300 MHz.

In the context of dual-comb detection, the FS acts as an auxiliary subsystem that relocates
the detected spectrum away from DC, enabling heterodyne detection without overlap between
positive and negative frequency components in the baseband. Its performance is characterised
by the CSR and the SBSR. The CSR represents the residual carrier power that contributes
to beating at baseband when the carrier is not fully suppressed. This component gives rise to
multiheterodyne terms around DC, which do not interfere with the shifted comb but divert
part of the optical power that would otherwise contribute to the translated signal. The
CF must therefore be sufficiently large to prevent spectral overlap between the baseband
multiheterodyne region and the shifted comb. For CSR values above 10 dB, the power coupled
to baseband remains low, and most of the comb power is preserved within the shifted detection
band.

The SBSR quantifies the suppression of the undesired sideband relative to the desired one.
The unwanted sideband generates an additional set of beat products between its optical lines
and those of the shifted comb, as well as with the residual carrier components. However, the
latter contribution is negligible due to the strong carrier and sideband suppression. The beat
terms arising from the beating of the suppressed band and the shifted one produce a mirrored
replica of the signal within the same Nyquist zone. When the SBSR exceeds 15 dB, the power
of this mirrored contribution is sufficiently reduced to make this effect negligible, preserving
the accuracy of the spectral reconstruction. Notably, for frequency shifts below 100 MHz, the
present F'S exhibits SBSR values above 15 dB, further minimising this effect.
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Overall, the experimental results demonstrate that the integrated F'S performs as a viable
functional subsystem for dual-comb detection. It could effectively mitigate spectral overlap
that arises in unshifted configurations and provide the signal translation required for accurate
retrieval of spectral features in dual-comb interferometric systems.

6.3 Conclusions

A fully monolithic and reconfigurable dual-comb generator has been experimentally demon-
strated. The system overcomes the absence of optical isolators in generic integration platforms
by exploiting the inherent unidirectionality of the SRL emission under OI, achieving stable
operation and mutual coherence between the combs. CFs of up to 50,000 have been obtained
at repetition rates of 500 MHz, confirming the capability of the integrated source to generate
dual-comb signals suitable for low-bandwidth detection and high-resolution interrogation.
Moreover, the system has been proved to be reconfigurable as a dual-comb generator in
terms of the repetition rate ranging from 2 GHz to 500 MHz and in terms of CF ranging
between 20 and 50,000. The interference of the dual combs features a SNR of around 20 dB,
which demonstrates that the system already provides sufficient signal quality for spectroscopic
measurements, with sensitivity compatible with the detection of typical molecular absorption
features in the C and L bands. The flexibility of the design and the GS implementation
enables operation across a wide range of conditions and repetition frequencies.

The on-chip SG-DBR did not ultimately succeed as the ML for dual-comb operation due to
its unexpectedly limited continuous tuning range and broad linewidth. This limitation made
the optimisation of dual-comb generation with the integrated ML difficult. Nonetheless, the
SG-DBR served as a valuable proof of concept. It enabled OI and comb generation at GHz
repetition rates, and it remains a promising route for full integration.

Furthermore, baseband detection of the dual-comb signal complicates the retrieval of spectral
information from interrogated samples due to the overlap between positive and negative
frequency components. Although gas-absorption measurements were attempted, the resulting
spectra could not be reliably extracted under these conditions. To overcome this limitation in
future implementations, we proposed and demonstrated a monolithically integrated F'S realised
on the same generic InP platform as the dual-comb generator. An extensive analytical model
of the device, based on measurable parameters obtained via on-chip PDs for calibration, was
developed and validated through layout-level simulations using PDK models. Experimentally,
the device achieves SSB-CS operation with CSR and SBSR values above 10-15 dB for frequency
shifts up to 300 MHz, with improved performance below 100 MHz. This frequency-shift
range is sufficient for dual-comb interferometric applications, and the measured results agree
qualitatively with both the analytical model and the simulations, supporting the validity of
the proposed approach.

Although both implementations are proofs of concept, they establish a clear path to co-
integration on the same platform to realise a fully integrated dual-comb spectrometer. A
revised design with improved characteristics has already been completed and is expected
to enable gas-sensing measurements in subsequent runs. Particularly in the case of the FS,
process updates towards semi-insulating substrates offering dual-drive modulators should
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enhance modulation bandwidth and device performance, enabling more efficient frequency
shifting and broader operational flexibility.

Integrating the frequency shifter with the dual-comb generator would inevitably increase
system complexity and electrical interconnection requirements. Nonetheless, the compact
footprint achievable by merging both subsystems remains compatible with dense packaging
strategies, which can be carried out in the laboratory with the electrical packaging system
proposed in Section 4.2. Such integration would unlock the full potential of the system, offering
a compact and fully integrated dual-comb platform for high-resolution optical spectroscopy
and sensing.
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Chapter 7

Conclusions and future lines

7.1 Conclusions

This thesis has focused on the development of integrated OFC sources based on semiconductor
lasers for dual-comb generation, as well as on the design and characterisation of the subsystems
required for a complete DCI implementation. The OFCs are generated by optically injected,
directly modulated semiconductor lasers. Accordingly, this work has investigated their
realisation on PICs fabricated through generic InP integration platforms using MPW runs.

With respect to OFC generation in PICs, mechanisms for generating OFCs in PICs through
direct modulation of semiconductor lasers have been investigated, with a dedicated review
addressing GS OFC generation within integrated photonic platforms. A rate-equation model
describing the dynamics of an optically injected semiconductor laser under QS modulation
was developed. The simulations predict that OFCs generated using the QS technique exhibit
broader spectral coverage than GS OFCs for similar excitation conditions. This is primarily
attributed to the larger dynamic chirp induced by modulation. Furthermore, QS operation
benefits from repetition rates in the MHz range, determined by the modulating signal, which
allows for wide combs with high spectral resolution and flexibility in the repetition frequency.

The proposed implementation can be realised in open-access foundries employing generic
integration processes. It consists of a three-section DBR laser with an EAM embedded
within the cavity to modulate the internal losses and achieve QS operation. Simulations
based on the rate-equation model and using realistic parameters reported in the literature
predict optical bandwidths of approximately 200 GHz for repetition frequencies around 100
MHz, corresponding to about 2,000 optical lines. Several lasers were fabricated through
SMART Photonics following a design derived from these simulations, optimised to maximise
the comb bandwidth. However, higher-than-expected cavity losses prevented experimental
demonstration. Despite this, the rate-equation model employed has previously shown good
agreement with experimental results for GS lasers, and future implementations are expected
to confirm the QS technique experimentally. Implementing these lasers as sources for DCI
would enable broader spectral coverage while maintaining high resolution.

Regarding GS OFC generation in PICs, although previous demonstrations exist, implementing
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master—slave configurations in generic foundry platforms remains challenging due to the
absence of optical isolators, which can lead to mutual perturbation of the ML. In this work,
a master—slave system for generating GS OFCs has been proposed and realised on a PIC
fabricated through a Fraunhofer HHI MPW run. The scheme consists of two mutually coupled
DFB lasers, exhibiting rich locking and mutual coupling dynamics. CW characterisation
revealed stable locking regimes with improved emission characteristics of the coupled system.
These insights provide foundations for OFC generation under asymmetric and symmetric
coupling regimes. OFCs with repetition rates between several GHz and 500 MHz were
successfully generated using excitation signals from a SRD. Although the mutual coupling
perturbs the ML, the scheme is able to generate flat and relatively broad combs with an
acceptable CNR. The CNR is mainly limited by the low off-chip optical power. A systematic
study of the comb generation as a function of the driving parameters, such as the modulation
signal amplitude, the OI power, and the bias current of the SL, has been conducted. The
results demonstrate that generating GS OFCs with repetition rates below 1 GHz on PICs
fabricated through generic integration platforms is feasible, offering characteristics comparable
to those of discrete semiconductor lasers.

In systems where mutual coupling can degrade performance, such as in dual-comb generators, a
mechanism is required to suppress perturbations from the SL to the ML. This thesis introduces
an effective strategy to overcome the absence of on-chip optical isolators by exploiting the
intrinsic emission dynamics of SRLs. By applying OI in one of the two possible propagation
directions, unidirectional lasing is enforced, thereby preventing any disturbance of the ML.

This approach has been experimentally validated in a monolithic PIC fabricated through a
MPW run. Under OI, the SRL exhibits strictly unidirectional emission, and when GS, the
resulting OFC is emitted exclusively in the injection direction. OFC generation has been
demonstrated for a wide range of repetition rates, from several GHz to 500 MHz, confirming
stable low-repetition-rate operation without perturbing the OI. To the best of our knowledge,
this constitutes the first demonstration of OFC generation from optically injected SRLs.

In relation to integrated dual-comb interferometers, the unidirectional emission observed
in SRLs enables the implementation of a fully integrated monolithic dual-comb generator
based on GS OFCs, in which a common ML injects two SRLs. In this work, BBs from SMART
Photonics have been employed to realise a dual-comb system where both SRLs can be injected
from either an integrated laser or provided externally. The integrated ML is a SG-DBR laser,
which is not part of the standard PDK of the foundry but was custom designed for this work.
In previous studies using the same foundry, this type of SG-DBR demonstrated a tuning
range of up to 40 nm and a linewidth in the kHz range, both advantageous for coherence and
noise performance. The availability of external injection provides additional robustness in
case the SG-DBR does not exhibit the expected characteristics. In both internal and external
injection configurations, unidirectional comb emission is preserved without perturbation of
the master laser. SOAs have also been incorporated at the SRL inputs to control the injection
power and to reinforce unidirectional operation through spontaneous emission in the injected
direction.

CW characterisation showed that the SRLs predominantly emitted in one direction over the
other, a behaviour attributed to the SOAs injecting spontaneous emission into the SLs mainly
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in the favoured direction. However, an unexpected plateau appeared in the PI curve beyond
a certain current level. Analysis of an isolated laser with similar characteristics revealed that,
above this same current, the ring emitted in both directions in an anticorrelated manner.
When OI was applied to one of the SRL longitudinal modes, even at low power, that mode
was favoured while the others were suppressed. The SG-DBR laser exhibited mirror detuning,
and no tuning of the mirrors was achieved upon current injection, which hindered proper
wavelength tunability and limited the ability to generate two OFCs in the SRLs simultaneously
with optimised characteristics. As a result, it was not possible to adjust the OI conditions
to obtain well-performing combs from both lasers at the same time. Moreover, the mirror
misalignment resulted in a broader linewidth. Nevertheless, OFCs were successfully generated
in one of the rings under internal injection, with repetition frequencies ranging from 1 GHz
to 4 GHz, without any perturbation from the SL to the ML.

Using an external master laser, the system successfully demonstrated dual comb generation,
with both the interferogram and the down converted RF comb clearly detected, representing
the first time this has been achieved in an integrated implementation with GS OFCs. This
configuration enables a flexible dual-comb generator with repetition frequencies between
500 MHz and 4 GHz and compression factors as high as 50,000, allowing high-resolution
optical-domain measurements to be mapped into electrical bandwidths of only a few kHz. This
greatly simplifies the detection scheme and reduces system costs while achieving performance
comparable to bulk implementations. The two SRLs exhibit largely independent behaviour,
with minimal mutual influence. The detected SNR, around 20 dB, would allow information
retrieval from samples. However, spectral overlap at the baseband and in successive Nyquist
zones led to partial masking of the absorption features, since the mirrored negative-frequency
components overlapped with the positive-frequency spectrum. Although gas absorption
measurements were attempted, no unambiguous detection could be achieved under these
conditions. To overcome this limitation, the system can be integrated with a F'S to displace
the signal away from DC and avoid spectral overlapping.

A compatible F'S has been proposed and implemented on an early version of the same platform,
operating within the frequency-shift range typically required for DCI, with CSR values above
10 dB and SMSR consistently exceeding 15 dB. The system, based on an 1) modulator,
provides frequency shifts of up to 250 MHz. An extensive theoretical model was developed,
supported by measurable system parameters obtained through two integrated PDs at the
outputs of the MZM. After appropriate system calibration, the MZM could be operated in
a mode analogous to push—pull operation. Although the EOPM bandwidth was not fully
optimised for high-frequency operation, the concept was successfully demonstrated.

The measured CSR and SMSR were found to be adequate for dual-comb operation. A CSR of
around 10 dB results in a small residual carrier that produces partial beating of the unshifted
comb with its frequency-shifted replica and with the other comb in DC. The former gives
rise to a weak low-frequency component, while the latter introduces a small DC term in
the detected signal. For large CF, both effects result in negligible power loss. The SMSR,
always above 15 dB and improving under 100 MHz frequency shift, ensures that the unwanted
sideband remains well suppressed, yielding a clean, single-sided RF comb with minimal
mirror artefacts. This circuit was fabricated prior to the DCI system using an older PDK
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version with lower high-speed performance and fewer MZM features. Consequently, newer
fabrication processes would enable higher bandwidths and improved overall performance.
Joint integration of the F'S and DCI would substantially enhance system capability and enable
a fully functional and robust on-chip DCI.

Finally, with respect to open-access foundries, extensive work has been devoted to the design
and characterisation of PICs fabricated through these platforms. They have demonstrated
significant potential for implementing complex systems and enabling cost-effective prototyping
of advanced photonic architectures. The work presented in this thesis contributes to this
progress by demonstrating the feasibility of realising complete photonic subsystems within
open-access foundries.

Several limitations related to the maturity of these technologies have been identified. The
long fabrication times restrict the number of possible design iterations within the timeframe
of a PhD thesis. The development of advanced systems typically requires multiple feedback
cycles, where each characterisation informs the next design. Fabrication times in the employed
foundries can reach up to one year, and full characterisation may take several months, thus
extending the feedback loop. Additionally, device reproducibility between runs is not yet at
the expected level, with variations observed from one MPW to another. Although this can be
mitigated through design redundancy, it still complicates the iterative process.

These limitations particularly affected the QS laser implementation, as the long fabrication
cycle prevented an additional MPW run to address the issues identified during its charac-
terisation. The SG-DBR laser was also impacted, since its performance did not meet the
expected specifications, and further iterations would be required to diagnose and resolve
these deviations. Despite these challenges, this work demonstrates that complex photonic
systems can be successfully realised in open-access foundries, achieving promising levels of
performance. Additional results presented in the Appendix further highlight the potential of
MPW runs for the prototyping of advanced integrated photonic systems.

In conclusion, this thesis has demonstrated the feasibility of generating and integrating
dual-comb interferometers using semiconductor lasers and generic InP photonic platforms. It
provides both theoretical and experimental validation of novel schemes for OFC generation
and DCI integration, paving the way towards low-cost, compact, and fully integrated DCI
systems.
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Chapter 7. Conclusions and future lines

7.2 Outlook

The work conducted during this doctoral thesis can be further extended to address remaining
challenges and to explore new research directions of scientific and technological interest. Some
of the lines of future investigation are outlined below.

With respect to OFC generation in PICs:

« Experimental validation of the QS technique for OFC generation. Future work
should focus on the experimental realisation of the QS technique to validate the predictions
obtained from the rate-equation simulations. This would enable direct comparison between
simulated and measured comb spectra, particularly in terms of spectral bandwidth, flatness,
and repetition-rate tunability. The fabrication of optimised devices with reduced cavity losses
will be essential to demonstrate the full potential of QS operation for integrated broadband
comb generation.

o Master—slave DFB system. Further research should address the enhancement of GS
OFCs in the master—slave DFB configuration. In particular, exploring the symmetrical coupling
regime and optimising the mutual injection dynamics could lead to broader comb bandwidths
and improved power uniformity.

« Extension to other wavelength bands. The fabrication of future devices in alternative
wavelength bands, such as the O band now offered by SMART Photonics, would extend the
application range of these OFC sources.

With respect to integrated dual-comb interferometers:

e Spectroscopic measurements of gases. Although the integrated DCI has been suc-
cessfully demonstrated, its validation as a GS dual-comb spectrometer for the detection of
absorbing species remains a key next step. Future work should include the measurement of gas
samples such as COy, HCN, CO or NH, to experimentally confirm the system’s spectroscopic
capability. Implementing an asymmetric configuration to extract absorption information from
phase analysis could further enhance sensitivity under low-SNR conditions. Improvements in
the detection scheme and the use of a fully functional SG-DBR would also enable multi-gas
operation.

e Full monolithic integration of the DCI. A natural continuation of this work is the full
integration of the DCI and F'S on the same chip. This would eliminate residual DC components
and enable complete on-chip generation and detection of frequency-shifted interferograms. The
compactness of such a configuration could be complemented by dense packaging techniques
developed in our laboratory, leading to a portable dual-comb system. Moreover, improving
the ML design could remove the need for an external laser source.

e Reduction of system cost. The development of dedicated, low-cost, and portable
electronics is essential for the viability of integrated dual-comb systems outside the lab. Future
implementations should exploit compact and low-cost components such as SRDs for pulse
generation, SDR platforms for simplifying the detection, and FPGA-based architectures for
real-time digital processing. Such an approach would significantly reduce system complexity
and cost while maintaining high performance.
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o Improvement of the FS performance. Although the FS demonstrated in this work
already exhibits characteristics sufficient for the intended applications, its performance could
be further enhanced. The updated PDK versions available in the current platform provide
faster modulators and improved high-speed components, which would allow higher frequency
shifts and greater sideband suppression. These improvements would directly translate into
cleaner RF spectra and increased SNR in dual-comb measurements.

e  On-chip comb filtering as an alternative to FS. An alternative approach to mitigate the
baseband overlap observed in the down-converted RF comb is to implement an on-chip optical
filter that removes the frequency components to the left of the injection frequency (including
the injection itself), thereby preventing the appearance of negative-frequency mirrored replicas
in the detected spectrum. Realising such a filter within a PIC could simplify the overall system
architecture by eliminating the need for an active FS. However, designing a filter with the
required spectral selectivity and low insertion loss would be challenging and would require
careful optimisation of the integrated photonic structure, as well as means to accurately tune
the filter response.

« Exploration of applications for the integrated DCI. The integrated DCI concept
could be extended to a variety of applications beyond spectroscopy, including optical ranging,
coherent imaging, and precise distance measurement. Such implementations would benefit
from the compactness, stability, and reconfigurability of the on-chip dual-comb architecture.
In addition, the detection stage could be enhanced through the use of highly sensitive or
single-photon detectors, which would compensate for the limited optical power typically
available from PIC-based OFC sources.
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Appendix A

Additional PIC designs and

experiments

This annex presents additional PIC designs developed throughout this thesis. In Section A.1,
the design and characterisation of a random modulated continuous wave (RMCW) light
detection and ranging (LiDAR) system with coherent detection for distance measurement are
described. This PIC was fabricated at SMART Photonics through an MPW run. It represents
a complete system implementation aligned with the objective of developing complex photonic
systems within open-access foundries.

In Section A.2; the results obtained during a three-month research stay at the Institute
of Photonics (IoP) of the University of Strathclyde in Glasgow are presented. During this
period, PICs were designed, fabricated, and characterised on a SiN platform in the IoP
facilities. These chips contained ring and racetrack microresonators, and the goal was to
enhance their nonlinearity through micro-transfer printing of a membrane made of a highly
nonlinear material onto the resonators. This approach aims to enable efficient OFC generation
in microresonators through a heterogeneous integration technique.

These works are currently under further development. Although they have not been included
in the main body of this thesis due to their stage of progress or because they fall outside
its primary scope, they form part of the research carried out during this doctoral work and
outline potential directions for future investigation.
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A.1 LiDAR systems

LiDAR is an active sensing technique that operates by detecting the laser light that is scattered
back from a target after interacting with matter within a medium. The basic principle involves
illuminating an object and analysing the reflected signal to retrieve information about the
observed environment. Depending on the implementation, parameters such as time of flight
(ToF), phase shift between emitted and received signals, or variations in absorption and
scattering can be measured to determine the target’s distance or position. Although LiDAR
and radar share the same fundamental operating principle, LIDAR has intrinsic advantages
because it uses optical frequencies rather than radio waves. The much shorter wavelength
of light results in significantly reduced beam divergence, enabling higher spatial resolution
and more accurate distance measurements. For this reason, LiDAR has become an important
technology for high-precision applications such as autonomous navigation, topography, 3D
imaging, and environmental sensing.

LiDAR technology enables distance measurements [260]. Moreover, Doppler LiDAR systems
can determine the velocity of particles or objects by measuring the frequency shift of the
backscattered light. Similarly, differential absorption lidar (DIAL) instruments can quantify
the concentration of aerosols and trace gases in the atmosphere by comparing the absorption
of two laser wavelengths tuned to different spectral lines.

It is because of these capabilities that LiDAR is now a widespread technology. Topographic
mapping was the dominant application area for LiDAR in 2021. However, the leading sector
is projected to shift towards advanced driver-assistance systems and autonomous vehicle
technologies by 2027.

LiDAR can be qualitatively described by the LiDAR equation [261], given by the convolution
of the transmitted signal with the response of the medium:

u(t) = | Tt = )(E)dE + b(e), (A1)

—0o0

where z(t) represents the transmitted signal, h(t) represents the temporal impulse response
of the medium, b(t) represents background noise, and y(t) represents the received signal. The
response function is often expressed as [262]:

h(t) = kG(2)B6(2)T(2), (A.2)

Where K is a performance factor for the system, G(z) describes range-dependent geometry,
and f(z) is a backscattering coefficient for aerosols and molecules as a function of distance.
T(z) is the transmission through the medium, defined as the fraction of light reaching the
detection system after being backscattered by the target. More details on these terms and
how to extract them can be found in [262].

Of the various LiDAR techniques and architectures used to measure distances, ToF is one of
the most notable. This method is based on estimating the time it takes for a signal to travel
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to a target, be reflected back to the system, and arrive. The delay in the signal provides an
indication of the distance.

d:

02'15 (A.3)

Where d is the distance between the target and the transmitter, ¢ = ¢q/n is the speed of light
in the medium (where n is the refractive index), and t is the travel time. The factor of 2
arises from the fact that light travels the distance twice.

Since the backscattered optical signal is often strongly attenuated and the desired return signal
can easily be masked by noise, improving the SNR has become one of the principal drivers
in LIDAR implementations. The most significant factors contributing to this degradation
of the SNR are the inverse square law and the albedo, or reflectivity, of the target, which
determines the proportion of incident light reflected back towards the detector. Depending
on how distance information is encoded, ToF LiDAR systems can be categorised as pulsed,
frequency-modulated continuous-wave (FMCW), or RMCW. In pulsed LiDAR, distance is
measured from the round-trip time of short optical pulses. In contrast, FMCW LiDAR
employs a continuous-wave laser whose frequency is swept linearly over time, and the distance
is extracted from the beat frequency between the transmitted and reflected waves.

The RMCW technique [261] involves periodically modulating the amplitude [263] or phase
[264] of a continuous optical wave using a pseudo-random binary sequence (PRBS). A PRBS
is a deterministic sequence of binary values (typically 0 and 1) that repeats after a defined
period. Such signals can be generated using linear feedback shift registers (LFSRs), which can
be implemented in field-programmable gate arrays (FPGAs). The main advantage of PRBS
modulation is that its statistical properties closely approximate those of random signals,
providing excellent autocorrelation characteristics. The length of a PRBS is given by 2V — 1,
where IV is the number of stages in the LFSR.

In RMCW LiDAR, the received backscattered signal is cross-correlated with a replica of
the transmitted PRBS to retrieve the time delay corresponding to the target distance. The
position of the cross-correlation peak provides distance information. This technique has the
advantages of low optical power requirements (typically in the mW range) and high immunity
to interference and crosstalk, thanks to the low cross-correlation between independent PRBS
sequences [265]. The sequence length determines the maximum unambiguous measurement
range, i.e., the range in which a measurement can be taken without ambiguity. This is given
by

Te N,
Runamb = 7 = 9 (A4)

where T' = N, is the period of the PRBS, and . is the bit rate (or chip time). The spatial
resolution is defined as the minimum distance at which two close targets can be distinguished.
It can be derived from the Nyquist theorem to avoid aliasing when sampling.
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Az = — (A.5)

The RMCW technique can be implemented by directly modulating a laser or by modulating
it externally. External modulation offers several advantages, such as avoiding frequency chirp
and the associated distortions that arise from directly modulating the laser drive current.

Further improvement of the SNR can be achieved through coherent detection, in which the
received optical field is mixed with a strong LO. This approach enables simultaneous recovery
of the amplitude and phase of the backscattered signal, unlike direct detection, which measures
only intensity. Two configurations are typically used: homodyne and heterodyne detection.

In homodyne detection, the LO frequency matches that of the received signal, leading to a
baseband output that directly encodes phase and amplitude information with high sensitivity.
In heterodyne detection, the LO is offset by a small frequency from the signal, generating an
intermediate-frequency beat that shifts the detected signal away from DC. This facilitates
selective detection around the intermediate-frequency and improves immunity to low-frequency
noise. In both cases, coherent mixing enhances the detected signal proportionally to the LO
amplitude and strongly suppresses background noise, resulting in a significantly higher SNR
and improved sensitivity.

In coherent LiDAR systems, detection is typically implemented using an optical 90° hybrid
followed by BPDs, enabling the extraction of both the I and Q components of the received
optical field. The resulting complex signal, 1+jQ, represents the demodulated baseband
waveform. By performing a cross-correlation between this signal and the reference PRBS
used for modulation, the time delay corresponding to the target distance can be determined.

PICs have enabled LiDAR systems to be miniaturised. Distance-measuring FMCW LiDAR
systems have been demonstrated in SiP platform [266], [267]. A monolithically integrated
DIAL based on a generic InP platform has been reported targeting a CO, absorption line
[242].

Regarding coherent receivers on PICs, one alternative to 90° hybrids is 120° hybrid coherent
receivers. They offer improved fabrication tolerance, broader optical bandwidth, and a simpler
architecture based on 2 x 3 MMIs coupler and three PDs. Due to its reduced complexity, it is
particularly well suited for monolithic photonic integration [268], [269], [270].

When a 120° hybrid is used, the complex signal I+jQ can be obtained directly by multiplying
the photocurrents from the PDs by a constant-coefficient matrix, as expressed in [269]:

1 -1 h

0 \%1 < | 1o (A.6)
2

where I, I, and I3 are the generated photocurrents in the three PDs respectively. A

calibration is required to correct for imbalances induced during fabrication. This calibration

is typically done once at a central wavelength using a least-squares fit. Due to the broadband

and tolerant behaviour of the 2 x 3 MMI, this calibration remains valid across a wide spectral

132



Appendix A. Additional PIC designs and experiments

range, enabling operation over the S, C, and L bands with minimal additional calibration
[269].

Building upon these developments, this work presents a coherent RMCW LiDAR architecture
for distance measurement, implemented on a PIC fabricated through a MPW run provided
by SMART Photonics. It is worth mentioning that in the field of LiDARs in PICs, a DIAL
design has also been developed within this thesis for CO5 sensing applications through an
HHI MPW run. However, the details of this implementation are not disclosed here due to
confidentiality agreements.

Circuit design and fabrication

The proposed design is schematised in Fig. A.1, together with the characterisation setup.
The system includes a LO implemented as an ECL following the design proposed in [104].
This laser consists of a DBR laser, comprising a SOA embedded between two DBR mirrors,
coupled to an external cavity that includes an EOPM for fine cavity-length tuning and a
third DBR at the end. By properly aligning the three DBR mirrors, the laser can operate at
the point of minimum linewidth, where [104] reported a value below 10 kHz. The laser also
provides an independent output for direct characterisation.
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Figure A.1: Description and characterisation setup of the proposed integrated coherent LiDAR for
distance measurements. The PIC integrates a LO based on an ECL that beats with
the signal modulated by an EOPM driven by a PRBS sequence. After propagating
through an in-fiber path of length L, the returned signal interferes with the LO,
generating photocurrents in the three on-chip PDs, from which the complex signal
I+ jQ can be reconstructed. Two SOAs, labelled SOA-LO and SOA-IN, control the
optical power of the LO and the injected signal, respectively.
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Achieving narrow linewidths is essential in coherent LIDAR systems, as the laser linewidth sets
the minimum achievable modulation speed and thus limits the maximum unambiguity range.
If the phase modulation rate is lower than the laser linewidth, the resulting phase noise will
dominate, masking the modulation of the PRBS and thereby degrading the cross-correlation
between the phase of the complex I + jQ signal and the PRBS.

The EOPM employed is a high-speed TWE modulator, used to modulate the phase of the LO
according to the PRBS generated by an FPGA. The modulator is operated under reverse bias
and terminated in 50€2 to ensure proper impedance matching. The FPGA used is a Digilent
Eclypse Z7. For an M-sequence of length 255, the system achieves range resolutions of 15 m, 6
m, and 3 m at chip rates of 10 MHz, 25 MHz, and 50 MHz, respectively. These correspond to
maximum unambiguous ranges of approximately 3.8 km, 1.5 km, and 0.76 km, respectively.

The LO is mixed with the modulated signal after the latter has propagated through the
medium. Both signals can be independently amplified by SOA (SOA-LO and SOA-IN,
respectively). The modulated signal is divided into two branches: one is directed to the
alignment stage, which includes the OSA and the PM, while the other propagates through an
optical fiber of known length L. This fiber represents the distance to be measured, and the
signal emerging from it is re-injected into the PIC, where it is mixed with the LO.

The receiver consists of a 2 x 3 MMI coupler followed by three PDs. The photocurrents
generated by the PDs are recorded using an oscilloscope and subsequently processed using
the coefficients from Eq. (A.6), after calibration. The optical paths from the MMI outputs
to the three PDs have been designed to be identical in length, ensuring path balance and
preventing differential delays that could introduce phase errors or amplitude imbalances in
the detected signals.

The 2 x 3 MMI coupler was not available as a standard BB in the SMART Photonics library.
Although the foundry provided access to FDTD simulation tools for passive component design,
our group did not yet have practical experience with their use at that time. Consequently,
the design of this coupler was carried out in collaboration with AG Photonics, a company
with extensive experience in the design and optimisation of integrated photonic components.
This collaboration enabled the development of a 2 x 3 MMI coupler that was included in the
present PIC design.

In subsequent fabrication runs, the design capabilities for integrated components were incor-
porated into our group, and 1 x 3 and 2 X 3 couplers were designed using Tidy3D. The design
process followed the standard self-imaging theory for MMIs, using 3D FDTD simulations to
fine-tune the device dimensions and optimise power balance among the output ports. The
input and output tapers were adjusted to minimise transition losses and ensure efficient
coupling between the access waveguides and the multimode region. The resulting devices
exhibit well-defined interference patterns and uniform power distribution across the output
ports, confirming the correct operation of the designed structures. These results validate the
use of Tidy3D as an accurate and flexible tool for the design of passive components compatible
with the SMART Photonics platform.

In subsequent fabrication runs, the design capabilities for integrated components were in-
corporated into our group, and new 1 x 3 and 2 x 3 devices were designed using Tidy3D.
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Figs. A.2 and A.3 present representative simulation results for these MMIs, which employ the
deep-etched waveguide structure of the SMART Photonics platform. Fig. A.2(a) shows the
optical field magnitude of the injected fundamental TE mode along the waveguide structure,
featuring a width of 1.5 um. Fig. A.2(b) displays a top view of the simulated structure. The
simulation process included the design of adiabatic tapers for the inputs, the definition of
the MMI region, the positioning of the input and output ports, and the optimisation of the
device length. The resulting lengths were 232 pum for the 1 x 3 MMI coupler and 320 um for
the 2 x 3 MMI coupler, both with a multimode section width of 18 pm.

The simulated optical field distribution, obtained in the frequency domain at a wavelength of
1.55 pm, is shown in Fig. A.2(c). The results clearly illustrate the splitting of the injected
optical power into three well-defined output branches, confirming the expected multimode
interference behaviour and validating the design approach.

Fig. A.3(a) shows the simulated results for the 1 x 3 MMI. The figure presents the optical
power flux at output ports 1 and 2, as well as the optical field magnitude at the three output
ports. The flux values have been normalised so that 0 dB corresponds to the reference
wavelength of 1.55 pum, where the insertion loss is approximately 6 dB. At this wavelength,
the power imbalance between the output ports is below 0.2 dB. Owing to the structural
symmetry with respect to the propagation axis, ports 1 and 3 exhibit identical behaviour, so
only ports 1 and 2 are shown for clarity.

Fig. A.3(b) shows the simulated optical power flux at output ports 1 and 2 and the back-
reflected signal for the 2 x 3 MMI. At 1.55 pum, the power imbalance between the output ports
is below 0.1 dB, confirming highly uniform splitting. The flux has been normalised to 0 dB
at this wavelength, corresponding to an insertion loss of approximately 7 dB. The reflected
signal is attenuated by about 24 dB with respect to the transmitted power, demonstrating
good return loss performance.

@
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Figure A.2: Simulation results of the 1 x 3 and 2 x 3 MMI couplers designed using Tidy3D. (a)
Optical field magnitude of the injected fundamental TE mode along the MMI structure
(1.5 pm waveguide width). (b) Top view of the simulated layout. (c) Simulated optical
field distribution at 1.55 pm showing power splitting into three output branches.

Both devices have been included in a new layout that has been submitted for fabrication
through the SMART Photonics platform in a MPW run. Their integration will allow for
on-chip experimental validation of the simulated performance and further optimisation of the
devices.
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Figure A.3: (a) Simulated optical power flux and field magnitude at the output ports of the 1 x 3
MMI. (b) Simulated power flux and back-reflected signal for the 2 x 3 MMI

Experimental results

The LiDAR PIC was encapsulated using the setup described in Section 4.2 for characterisation.
Fig. A.4 summarises the results obtained for the LO narrow-linewidth laser. The PI curve,
shown in Fig. A.4(a), was measured by sweeping the SOA current from 0 to 100 mA in 1 mA
steps while keeping all other sections unbiased. The optical power, recorded through the
integrated monitor PD and normalised to its maximum value, reveals a threshold current of
approximately 18 mA. Above this value, the output power increases steadily, and beyond

78 mA the slope efficiency rises noticeably, reaching a maximum detected photocurrent of
about 0.8 mA.

The spectral properties of the LO were analysed under the same bias conditions. The optical
spectrum, displayed in Fig. A.4(c), confirms single-mode emission centred at 1565 nm. To
quantify the linewidth, the self-delayed heterodyne technique [244] was employed, as shown
in Fig. A.4(b). The laser output was delayed by 25 km of fibre and recombined with itself,
producing an uncoherent self-beat signal that was fitted to a Voigt profile. The full width at
half maximum (FWHM) of this fit yields an estimated linewidth of approximately 1 MHz,
measured with the SOA biased at 40 mA and the remaining sections left unbiased. Linewidths
below 1 MHz were obtained under certain conditions of the bias of the mirror and phase
sections (not shown here).
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Figure A.4: Characterisation of the LO laser. (a) PI curve measured by sweeping the SOA current
while keeping all other sections unbiased. (b) Linewidth measurement using the
self-delayed heterodyne technique with a 25 km fibre delay. The Voigt-profile fit yields
a linewidth of approximately 1 MHz for Ispa = 40 mA. (c¢) Optical spectrum under
the same bias conditions, showing single-mode emission centred at 1565 nm.

The LO laser was successfully employed to perform distance measurements. The EOPM was
driven with a PRBS at a rate of 50 MHz and with an amplitude close to the modulator’s
V.. Fig. A.5(a) shows the photocurrents detected by the three on-chip PDs (phase 1, 2, and
3) when the modulated light was reinjected into the PIC after propagating through a fiber
of length L = 500 m and subsequently beating with the on-chip LO. Although the detected
signals exhibit a low SNR, coherent detection allows accurate distance retrieval. This is
shown in Fig. A.5(c), where the normalised cross-correlation between the amplitude of the
reconstructed complex signal 1+ jQ, obtained from Eq. (A.6), and the original PRBS sequence
produces a clear correlation peak at a delay corresponding to 500 m. The upper panel displays
the result without averaging, while the lower panel shows the same measurement averaged
over 100 acquisitions, yielding an SNR improvement of 12.6 dB.

A second measurement was performed using a 1 km fiber link under identical operating
conditions. As expected, the detected photocurrents showed reduced amplitude due to the
increased propagation loss. The cross-correlation analysis again produced a distinct peak at
the corresponding delay, confirming correct distance retrieval. However, the higher attenuation
led to a lower SNR of approximately 6.5 dB, demonstrating the sensitivity of the system
performance to optical path loss.

These results demonstrate that the integrated system can accurately measure distances using
a PRBS-modulated signal generated by an FPGA and coherently detected on-chip. Current
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work focuses on further characterising the system and indicates a promising route for a
monolithically integrated coherent LiDAR.
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Figure A.5: Experimental results of distance measurements using the integrated coherent LiDAR.
(a, b) Photocurrents detected by the three on-chip PDs when a PRBS-modulated
signal propagated through a 500 m fiber and 1 km respectively, and beat with the
on-chip LO. (c, d) Normalised amplitude cross-correlatoon between the reconstructed
complex signal I 4+ jQ and the original PRBS sequence, showing a clear correlation
peak at the expected distances of 500 m and 1 km respectively.
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A.2 Nonlinear enhancement of SiN microring resonators

In Chapter 3, microring resonators were introduced as OFC sources. The generation of comb
frequencies in these devices relies on nonlinear effects that occur within the ring resonator,
resulting in the creation of new frequency lines spaced by the resonator’s FSR. These nonlinear
effects are typically FWM in materials exhibiting Kerr nonlinearity and are only triggered
when the optical power circulating inside the resonator exceeds the parametric oscillation
threshold.

This threshold corresponds to the condition where the nonlinear gain compensates for the
total cavity losses (both intrinsic and coupling-related). The high Q-factor of the resonator
enables significant field enhancement, whereby the optical power builds up within the cavity
and the effective intensity seen by the nonlinear medium increases. Once the intracavity
power reaches the threshold, modulation instability occurs, and sidebands begin to appear
symmetrically around the pump frequency. These sidebands then trigger a cascade of FWM
interactions, resulting in a broadband, coherent optical frequency comb.

The parametric oscillation threshold power Py, can be approximated by [197]

(A7)

where 1 = k. /k is the coupling factor (ratio of external to total decay rate between 0 and 1);
n and ny are the linear and Kerr nonlinear refractive indices, respectively; wp is the pump
angular frequency; D; is the first-order dispersion parameter D; = 27 - F'SR near wo; Acyss is
the effective mode area; Q)1 is the loaded or total Q-factor of the cavity.

From this expression, it follows that high-Q resonators, materials with large Kerr nonlinearity
(n2), and tight modal confinement (small A.fr) are key to minimising pump power and
achieving efficient comb formation. Recently, AlGaAsOI platform has enabled efficient
microcomb generation due to its high Kerr nonlinear coefficient (ny = 2.6 - 10713 cm?*W~1),
around two orders of magnitude higher than that of SiN (ny = 2.5 107" cm?*W™!). Due to
this, microrings in A1GaAsOI have demonstrated superior comb-generation efficiency, even
with loaded quality factors lower than those typically obtained in SiN. (engineered). The key
resonator parameters reported in representative studies are summarised in Table A.1.

Table A.1: Key performance aspects regarding AlGaAsOI microrresonatros in the literature.

Reference Qr Aepp (pm?) | Py (mW) | FSR (GHz)
271 | 15-10°/2-10° | 0.32 x 0.62 | 3/6 095,98
[197] 1.5-10° 0.4 x 0.7 0.036 1000
[272] 3.52 - 10° 0.4 x 0.7 0.02/0.12 1000/90
273] ~ 10 0.29 x 0465 | 0.9 690
274] 7100 0.32 x 0.47 i 710

During this thesis, we explored a heterogeneous SiN/AlGaAs approach to microcomb gen-
eration, taking advantage of the increased Kerr nonlinearity of AlGaAs. This research was
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conducted during a three-month research stay at the Institute of Photonics (IoP) at the
University of Strathclyde in Glasgow, where the SiN/AlGaAs heterostructures were fabricated
and their preliminary characterisation was performed. The approach is based on micro-transfer
printing a thin AlGaAs membrane onto a SiN racetrack resonator, thereby creating a high
n9 interaction region within the cavity. The resulting structure exhibits strong optical mode
overlap with the AlGaAs layer, which predominantly guides the mode thanks to its higher
refractive index. Meanwhile, the underlying SiN racetrack defines the resonant geometry.
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Figure A.6: (a, b) Effective refractive indices of the first four guided modes as a function of the
waveguide width for SiN and AlGaAs/SiN structures, respectively. The SiN core height
is 300 nm, and the indices are referenced to the substrate index (set to zero) to identify
the guided modes. (c¢) Simulated coupling losses due to the AlGaAs membrane.

As a starting point, the optical modes supported by the different waveguide geometries
were simulated using ANSYS Lumerical, a commercial finite-difference eigenmode (FDE)
and finite-difference time-domain (FDTD) solver widely employed for modelling photonic
components. The simulations were used to study both the SiN waveguide and the hybrid
configuration where a 100 nm-thick AlGaAs membrane is placed on top. The refractive-index
data for SiN were taken from the manufacturer, while the AlGaAs indices were obtained
from a material model corresponding to an aluminium composition of 0.7. Figure Fig. A.6(a,
b) shows the effective refractive indices of the first four guided modes as a function of the
waveguide width, for both structures. The SiN core height was kept constant at 300 nm. The
effective indices are shown with respect to the substrate index (set to zero) to verify which
modes fulfil the guiding condition. As expected, wider waveguides support multiple transverse
modes, whereas the narrower geometries remain single-mode. The vertical line in Fig. A.6(b)
indicates the narrower feasible width that can be fabricated in the cleanroom.

A second set of simulations evaluated the coupling losses introduced by the AlGaAs membrane.
In this case, the fundamental mode of the SiN waveguide was injected into a structure where
the AlGaAs layer covered only a section of the propagation path. The transmitted field was
monitored at the output, and the overlap with the injected mode was used to extract the
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total power loss. The results, summarised in Fig. A.6(c), show that losses decrease as the
waveguide width is reduced.

The design of the SiN resonators starts with the design of the coupling section based on
directional couplers. A directional coupler consists of two parallel waveguides brought within
evanescent-coupling distance over a coupling length L.. In this region, the individual waveguide
modes decompose into even and odd supermodes. The refractive indices n; and n, determine
the power exchange between the guides. If all the optical power is injected into waveguide 1
at z = 0, the power coupling ratio is given by

P2 . 9 WLCATL
K =_= — A,
B, sin ( N ) (A.8)

where P, and P, are the input power and the power coupled to the second waveguide,
An = n; — ng and g are the free space wavelengths.

Fig. A.7 shows simulated K = |k|?, where « is the field transmission coefficient, as a function
of the beating length between two identical 2.1 pm-wide SiN waveguides, for three different
gap sizes and \g = 1.55 um. As can be observed, increasing the separation between the two
waveguides weakens the overlap of their evanescent fields, thereby reducing the coupling
coefficient K. Consequently, a smaller K caused by a larger gap requires a proportionally
longer beating length to achieve the same coupling ratio. The length that gives complete
transfer L, = \g/2An.
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Figure A.7: Simulated optical power coupling between two parallel SiN waveguides as a function
of the propagation (beating) length for different separation gaps of 0.5 pm, 0.6 um,
and 1.5 pm.

Circuit design and fabrication

The transmission function of a ring or racetrack resonator can be derived by considering the
interference between the optical fields circulating in the resonator and those propagating
directly through the bus waveguide. Let us first assume a notch racetrack where Ej;; is the
input field, Fy is the field coupled into the ring resonator, E;, is the field after travelling
inside the resonator, and FE;, is the optical field coupled back to the bus waveguide after
propagating through the resonator. These fields are described by the complex field amplitude,
which is normalised so that |E|?> = P, with P being the optical power.?? illustrates the fields
and transmission coefficients of the basic notch ring resonator.
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Figure A.8: Basic schematic of a notch ring resonator showing the relevant fields and transmission
coeflicients.

The analysis assumes a steady-state condition in which, after many round trips, the intracavity
field becomes the superposition of all the successively coupled fields from the bus waveguide,
each attenuated by propagation losses and phase-shifted by the round-trip phase ¢ = L,
where L is the length of the resonator.

The resonator is characterised by its round-trip amplitude factor a = e~*, its coupling

coefficient from the bus to the ring s, and the transmission coefficient between bus and bus r.
Since we are considering a reciprocal network, |r|*> + |x|? = 1, which implies that the optical
power is conserved in the coupling region. Therefore, the term a must include the losses in the
coupling region to ensure that this condition holds and to accurately model the resonances
and transfer function of the resonator.

The factor a is defined as the single-pass attenuation coefficient, i.e. the amount by which the
field is attenuated after one round trip in the resonator. It includes the distributed losses of
the resonator, such as sidewall scattering, material absorption, losses in the coupling section,
and bending losses. The FWHM of the resonances decreases (and the Q-factor increases) as
losses are reduced; therefore, correctly determining a is essential to model the transfer function
of the resonator. Since it is an experimental parameter, several test structures are usually
included in the same PIC, consisting of long waveguides to obtain a statistical estimation of
the losses.

Employing the transfer function of the bus waveguide, the fields can be computed as

Bl = [ [2] "

where * indicates the complex conjugate. More details about the expressions that will be
shown in the following and their derivation can be found in [275], [276]. Here, a basic
description is provided.

Developing Eq. (A.9) leads to the power transmission function and power coupling to the
ring function being
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T ‘Eﬂ 2 _ @+ r* —2alr|cos(¢ + ¢1) (A10)
E; 1+ a?|r|2 — 2alr| cos(é + ;)
and ) | |2
Et2 K
K, = - Al
E; 1+ a?|r|? — 2alr| cos(¢ + ¢¢) ( )

where ¢ = L = kncssL is the round-trip phase and ¢, is the phase for the coupling section.

At resonance, when the round-trip phase satisfies ¢ + ¢, = 2mm (m is an integer), the above
expressions remain:

T, A12
1 —alr|? ( )
and f?
K
Ky Al
1 —alr|? (A.13)

At resonance, constructive interference inside the cavity maximises the circulating power,
and destructive interference at the bus can lead to zero transmission if the critical coupling
condition 7 = v/1 — k2 = a is met. In this regime, the power coupled into the ring exactly
balances the internal round-trip losses, and all the input light is dissipated or stored within
the resonator, resulting in a deep notch in the through-port spectrum.

For the add—drop configuration, where the resonator is coupled to two bus waveguides (the
input or through bus and the drop bus), the same approach can be extended by applying
the field continuity conditions at both couplers. Denoting the amplitude transmission and
coupling coefficients of the input coupler as r; and k1, and those of the drop coupler as
and ko, the resulting power transmissions at the pass and drop ports are given by

_ [72|2a® — 2|71 ||r2| cos(@) + |ri|?
1 — 2ry|ra| cos(@) + (|r1||r2]a)?

(A.14)

p

and
(L=1m) (1 = o) a

d p—
1 — 2|r1||ro| cos(@) + (|r1||r2]a)’

(A.15)

At resonance (¢ = 2wm), the optical field in the ring constructively interferes with itself,
leading to maximum energy build-up and efficient transfer to the drop port.

For symmetric couplers (r; = ro = r), maximum power is extracted at the drop port when

r= a4, (A.16)

corresponding to a power coupling
K=1-a. (A.17)

This is the critical coupling condition for an add—drop resonator.
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Additionally, two distinct coupling regimes can be identified depending on the relative
magnitude of the coupling coefficient and the round-trip loss in the ring. When the self-
coupling amplitude of the coupler is larger than the round-trip transmission amplitude (r > a),
the resonator is said to operate in the undercoupled regime. In this case, only a small fraction
of the input power is coupled into the ring, resulting in a shallow notch in the through-port
transmission spectrum and limited energy build-up within the cavity.

When r < a, the system enters the overcoupled regime, where the coupling to the ring exceeds
the internal losses. Although the resonance depth in the through-port spectrum decreases
again, the linewidth broadens because the loaded quality factor is dominated by the external
coupling rather than by intrinsic propagation losses.

The first fabrication run included both notch and add-drop racetrack resonators with varying
coupling lengths and gaps, covering a wide range of regimes from undercoupling to overcoupling.
In addition, directional couplers were incorporated with coupling lengths corresponding to the
overcoupled rings and to 50:50 in order to validate the simulation results. Figure A.9 shows
the layout of the fabricated PIC, together with microscope photographs of the fabricated
resonators.

4x4
(@ mm (b) 1.6x4 mm

©

1.4x4 mm

Figure A.9: PIC layout designed for the first fabrication run. (a) Notch racetrack resonators with
varying coupling gaps and lengths, alongside a microscope image of one fabricated
device. (b) Add-drop racetrack resonators with different coupling configurations and
a corresponding photograph. (c) Directional couplers with various coupling ratios,
shown together with a fabricated example.

The layout was produced using GDSHelpers instead of NAZCA for practical reasons related
to availability. GDSHelpers is a Python-based environment that allows automated GDSII
generation and efficient parameterisation of photonic components, similarly to NAZCA.
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Alignment slabs were also added across the PIC to aid optical alignment during measurements.

For the resonator design, a round-trip amplitude factor of a = 0.95 was assumed, based on
previous experience within the group. However, an additional PIC containing several passive
test structures was also fabricated to accurately quantify propagation losses; its design is not
shown here. According to FDTD simulations, the critical coupling length varies between 5
and 20 pym depending on the coupling gap.

Regarding the fabrication of the devices presented here, the process consisted of four main
stages: (i) surface preparation and resist coating, (ii) UV maskless lithography using a
Heidelberg writer followed by resist development, (iii) dry etching of the SiN layer to transfer
the pattern, and (iv) resist removal and wafer cleaving. All fabrication steps, as well as the
subsequent micro-transfer printing of the AlGaAs membranes, were carried out in the IoP
cleanroom facilities under the supervision of the researchers Jack Smith and Elise Burns.

Characterisation of the fabricated devices

The fabricated resonators were extensively characterised. A CW tunable external laser was
coupled into the PIC, and the output was monitored using both an IR camera and a PD
connected to an oscilloscope. By sweeping the emission wavelength of the external laser, the
resonance characteristics of the resonators were obtained.
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Figure A.10: (a) Measured transmission spectrum of an overcoupled notch racetrack resonator
showing periodic resonances, and (b) a zoomed-in view of one resonance. (c¢) Measured
transmission spectrum of an overcoupled add-drop racetrack at the through port
and (d) at the drop port, with zoomed-in views shown in (e) and (f), respectively.

Fig. A.10(a) shows the measured transmission spectrum of a representative notch racetrack
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resonator, with a zoomed-in view in Fig. A.10(b). The measured free spectral range (FSR)
is 1.61 nm, corresponding to an optical path length of approximately 0.78 mm, in excellent
agreement with the designed resonator radius of 120 pm.

Fitting the measured resonances with Eq. (A.10) yields Q-factors on the order of 10%, confirming
that the device operates in the overcoupled regime.

Fig. A.10(c, d) show the measured transmission spectra of a representative add-drop racetrack
resonator at the through and drop ports, respectively, together with a zoomed-in view of the
resonances in Fig. A.10(e,f). The measured FSR is again approximately 1.6 nm, consistent
with the results obtained for the notch configuration. Fitting the resonances yields ()-factors
on the order of 10*, indicating that this device also operates in the overcoupled regime.

The ring resonator selected for the transfer-printing experiment was specifically chosen to
operate in the overcoupled regime. The introduction of the AlGaAs membrane modifies the
coupling conditions by increasing the effective refractive index and introducing additional
optical losses in the coupling region, thereby reducing the overall coupling strength and
modifying the coupling obtained in Fig. A.7. This membrane was fabricated in the IoP
facilities by Elise Burns, a PhD student. By selecting an initially overcoupled resonator, the
goal was to compensate for this expected reduction and prevent the device from entering the
undercoupled regime after the membrane transfer.
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Figure A.11: Measured transmission spectrum of an add-drop racetrack resonator after micro-
transfer printing of the AlGaAs membrane. (a) Full transmission spectrum and (b)
Zoomed-in view.

One of the factors contributing to these results is the significant optical power loss observed
after the membrane transfer. For the employed SiN waveguide width of 2.1 pum, the addition
of the AlGaAs membrane alters the modal confinement, causing part of the optical power to
couple into higher-order modes. These modes experience substantially higher propagation
losses, which result in the reduced resonance depth observed in Fig. A.11. In addition to this,
the abrupt appearance of the high-index AlGaAs layer introduces a strong local scattering
point. In the absence of an adiabatic taper, this discontinuity further increases insertion loss
and contributes to the degradation of the resonance.

To further improve coupling efficiency, the design shown in Fig. A.12(a) was proposed. The
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concept consists of narrowing the waveguides in the coupling section and in the ring itself to
a width of 800 pm, while maintaining a wider access waveguide outside the membrane region
to facilitate alignment with external fibers. The AlGaAs membrane is overlaid on the region
where coupling losses are minimised, thereby improving the optical overlap between the SiN
waveguide and the high-index AlGaAs film. To match the different waveguide widths, an
adiabatic taper with a length of 75 ym was designed to maximise transmitted optical power.
The taper simulations were carried out using Lumerical FDTD.

AlGaAs

1.6
R o e—

@

©)

(b)

Figure A.12: (a) Schematic of the proposed racetrack resonator design with a tapered coupling
section for improved alignment with the AlGaAs membrane. (b) Microscope image of
the fabricated taper section. (c) Top-view photograph of the racetrack resonator with
the transferred AlGaAs membrane under red laser illumination, showing significant
propagation losses.

Figure A.12(b) shows a microscope image of the fabricated taper section. At this stage,
however, the full functionality of the fabricated waveguides could not be guaranteed, since the
resolution of the lithography tool was insufficient to reproducibly define the narrow waveguide
widths and small coupling gaps required. Several fabrication runs were therefore attempted,
but the coupling gap remained inconsistent between devices.

During the same period, the equipment required to process the AlGaAs stamps used for
micro-transfer printing suffered a malfunction. As a result, pre-existing AlGaAs membranes
were used, which were not optimised for the newly designed SiN rings. Figure A.12(c) shows
a top-view image of one of the fabricated rings after transfer printing, with red laser light
injected for diagnostic purposes. The low transmitted power clearly indicates suboptimal
coupling and significant losses, attributed mainly to deviations in the fabricated waveguide
dimensions and coupling gaps from the intended design.

When the stay concluded, there was insufficient time to carry out additional fabrication
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runs that could have addressed these limitations. It should be noted that such processes are
inherently complex and require iterative optimisation to achieve reproducible performance.

Despite these challenges, the work carried out during this period advanced the understanding
of heterogeneous integration of AlGaAs membranes on SiN microrings via transfer printing,
aimed at enhancing the nonlinear response of integrated resonators for OFC generation.
The tasks performed included analytical modelling of ring resonator behaviour, numerical
simulations of waveguide and coupling structures, design and layout generation, fabrication of
SiN photonic integrated circuits, and experimental characterisation.

The first fabrication run resulted in devices with good performance, and add-drop racetrack
resonators were successfully demonstrated on the in-house SiN platform. Although the main
objective could not be fully achieved within the available time, the results provided valuable
insight into the reproducibility of the lithography process and the alignment requirements
for transfer-printed membranes. These findings contribute to the development of integrated
nonlinear resonators and lay the groundwork for future fabrication runs with improved
lithographic resolution and membrane compatibility. Despite the limited duration of the three-
month stay, this work established a promising direction for future research and significantly
strengthened my expertise in the simulation, modelling, and fabrication of integrated photonic
devices, complementing the characterisation techniques developed in the Applied Photonics
group at UPM.
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