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1. Introduction

1.1. Silicon photonics for the information society

Modern information society is fundamentally rooted in two pivotal technologies that e-
merged over 50 years ago: electronic integrated circuits and high-capacity optical commu-
nications. These technologies have played a vital role in shaping our modern world. One
notable aspect of these technologies is their rapid evolution, as evidenced by Moore’s Law in
the realm of microprocessors, where the number of transistors in a microprocessor doubles
every two years [1]. Similarly, optical communications are experiencing remarkable growth
in link capacity, increasing by a factor of 10 every four years [2]. These continuous advance-
ments have been instrumental in propelling relentless progress and fostering innovation,
thus defining the ever-evolving technological landscape we navigate today.

In 1969, shortly after the invention of the transistor and the demonstration of the first
optical fiber transmission systems, the scientific community drew, for the first time, atten-
tion towards the idea of integrated photonics. The integration of optical devices has been
always prone to revolutionize the field by seamlessly merging various functionalities into
a compact photonic integrated circuit (PIC). This strategy capitalizes on the manifold ad-
vantages of scalability, such as the significant reduction in size, weight, and manufacturing
costs. Moreover, integration empowers the realization of intricate functionalities that would
otherwise be unfeasible with separate components. Until the beginning of this century, the
development of PICs has been relatively slow when compared to the advancement of mi-
croelectronics, with only a few dominant niche applications, such as III-V semiconductor
lasers [3], lithium niobate modulators [4], and wavelength multiplexers [5-7]. However, the
landscape has undergone a dramatic shift in recent years with the emergence of Silicon Pho-
tonics (SiPh) [8-10].

Silicon is the fundamental material of SiPh technology, which has the property of being
transparent in a wide wavelength range used in optical communications. Figure 1.1 shows
a typical photonic-wire waveguide on the silicon-on-insulator (SOI) platform, in which the
silicon core (ns; ~ 3.45) is surrounded by silicon dioxide (7si0, ~ 1.45). The high index con-
trast (An ~ 2) implies the use of very small waveguide cross-sections (hundreds of nanome-
ters) to maintain the single-mode regime, and leads to very compact bending radii, of the
order of only 5pum, which reduces the size of the integrated circuits. For wavelengths be-
low 1100nm, where silicon is not transparent, or when high power levels are needed, other
technological platforms are used. For example, silicon nitride (ngin ~ 2), which is compati-
ble with complementary metal-oxide-semiconductor (CMOS) manufacturing processes.

SiPh exhibits two fundamental advantages over other photonic technologies. First, it
enables an extremely high integration capacity, allowing for the incorporation of numerous
devices within a small chip area. Second, its materials are compatible with the CMOS man-
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400 nm

Si core ;
Si core

SiO2 buried oxide SiO2 buried oxide

Figure 1.1.: SEM images of a conventional photonic-wire waveguide on SOI. a) 3D perspective of
the waveguide prior to having a SiO; cladding deposited on top. b) Cross-sectional image of the
waveguide. Source of the images [11, 12]

ufacturing processes employed in the field of microelectronics. This has great relevance in
practice since it allows to leverage existing technologies and fabrication processes from the
microelectronics industry. These two characteristics are key to provide low unit costs when
mass fabrication is required, making silicon photonics the perfect technology for many ap-
plications that are expected to experience significant market growth. Currently, the silicon
photonics market is experiencing exponential growth, with an estimated compound annual
growth rate (CAGR) of 49% for the period 2021-2026 according to analysis at Yole Développ-
ment (see Fig. 1.2) [13]. This growth estimate is primarily due to a set of groundbreaking
applications, including transceivers for data centers (which currently represent over 95%
of the market) [14, 15], 5G transceivers [16, 17], health monitors for consumer applications
such as smartwatches [18], photonic biosensors [19], photonic quantum computing and ar-
tificial intelligence (AI) [20, 21], automotive light detection and ranging (LiDAR) [22-24], and
optoelectronic integration (co-packaged optics) [25, 26], among others.

SOI suffers from a lack of flexibility when envisioning its use with other materials in
standard manufacturing processes. This, together with its high index contrast, poses some
challenges when designing complex high-performance devices. Significant efforts have been
devoted to developing technologies that allow the implementation of artificial metamateri-
als compatible with standard manufacturing processes in silicon photonics. Among several
possible approaches, the most successful one is based on sub-wavelength grating (SWG)
structures [27-29]. An SWG is a nanostructured artificial material, also called metamate-
rial, with optical characteristics determined by its geometry, that, when properly designed,
improves device performance. This may include increased efficiency, bandwidth, and po-
larization handling, while also maintaining compatibility with standard fabrication tech-
niques. Designing appropriate metamaterials for each specific application is the natural
approach in academia and, recently, has also been implemented in industrial products.

In this thesis, SWG materials are used for the design of surface-emitting antennas. By
leveraging new metamaterial structures, we are able to synthesize millimeter-scale anten-
nas (L > 1000A) that are compatible with standard manufacturing processes. The Photon-
ics & RF Lab, in collaboration with the National Research Council of Canada (NRC), has
conducted pioneering research focused on integrated optical devices using SWG metama-
terial structures. These devices include: i) fiber-chip edge and surface grating couplers, ii)
high-bandwidth and polarization-insensitive multi-mode interferometers (MMIs) used for

2 Photonic & RF Research Laboratory
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2020-2026 silicon photonics die forecast by application

Datacenter transceivers Immunoassay
Long haul transceivers Consumer health
@ 5G transceivers Fiber-optic gyroscope 2026
Co-packaged engines Automotive LIiDAR $1.1B
Photonic computing
Optical interconnects $478M
CAGR, ., 81%
2020
$87M
$115M
$84M 168% CAGR 26%
$2.9M 21-26 250
® CAGR;z;2¢ 12%
$0.6M $6.5M
$1.5M CAGRz 125 43%
CAGR 021202649% o

CAGRz5.25 321%
(Yole Développement, May 2021)

Figure 1.2.: Yole Développement report of Silicon Photonics in the next years. Study of the forecast
for the next few years of SiPh chips per application to be manufactured, and the global proportion of
money invested in each application. Source of the image [13]

efficient on-chip power splitting or coherent receivers in communications [30, 31], iii) inte-
grated polarization splitters, essential for the proper functioning of conventional integrated
optical systems where devices are sensitive to light polarization [32], iv) integrated optical
antennas, highly useful in LiDAR and remote metrology by providing the capability to create
millimeter-sized antennas with highly directive and steerable optical beams [33], v) metal-
enses, used in a wide range of applications by enabling on-chip lens functionality [34], and
vi) spectral filters, providing efficient wavelength filtering for a variety of applications, in-
cluding the ability to achieve extremely narrow spectral filters with this type of technology
[35].

This Thesis focuses on the integrated optical antennas for the generation and con-
trol of highly collimated beams emitted from SiPh chips. Integrated optical antennas are
fundamental building blocks for many applications such as optical interconnects, on-chip
light detection and ranging (LIDAR), remote sensing, and free-space optical communica-
tions. Typically, integrated optical antennas are designed as dielectric gratings with a spe-
cific topology to achieve a particular radiation behavior in terms of directivity, radiation
direction and angular divergence. Other mechanisms for controlling the emission of optical
beams from solid-state antennas include plasmonic nano-antennas [36-38], liquid crystal
gratings [39, 40] or emitters controlled by microelectromechanical systems (MEMS) [22, 41].

A solid-state solution that has been gaining traction in recent years is the use of di-
electric antennas forming optical phased arrays (OPAs) to emit highly focused beams and
electronically manipulate the radiation direction without the need of any mechanical sys-
tem. Different architectures can be used to implement OPAs, as the one-dimensional arrays
(1D-OPAs) [42-47], two-dimensional arrays (2D-OPAs) [48-51], spares arrays [52-54], focal

Pablo Ginel Moreno 3
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plane arrays [22, 55], circular arrays [56], etc. A significant number of compilation works
have been published in recent years, substantiating the growing importance of this tech-
nology [57-60].

The two most common architectures used in the state-of-the-art are the 2D-OPAs and
the 1D-OPAs (see Fig. 1.3). The main differences between them are as follows: The 2D-OPA
typically comprises an array of N x N antennas arranged uniformly in both transverse (y)
and longitudinal (x) directions. As a result, the antennas used in 2D-OPAs are usually short
and require high radiation strength. On the other hand, the 1D-OPA consists of an array of
antennas grouped only in the transverse direction (y), necessitating weaker antennas with
large lengths, usually a few millimeters to emit highly collimated beams. The 2D-OPA allows
for manipulation of the radiation pattern in both the vertical and azimuthal directions (46,
Ag), and enables beam steering towards any desired direction in space (6y, ¢b9) through elec-
tronic phase shifting. In comparison, the 1D-OPA requires electronic phase shifting along
with wavelength tuning to steer the radiated beam in different directions. 2D-OPAs can
achieve beam steering and beam shaping without wavelength tuning, making them advan-
tageous for monochromatic systems such as optical communication links. However, their
feeding scheme and phase-shifting mechanism pose high complexity, which grows quadrat-
ically with the number of antennas (N?). 1D-OPAs are a simpler approach with the same
potential to radiate highly collimated beams and control the direction of radiation with N
phase shifters for IV antennas.

a Array elements b
3q . (SamessimucO)
s P
MR Fe et .
ns 5
33 “;"'..-':-::‘ Grating couplers

Titanium electrode

3 ™~
= i
Input
| Grating

Coupler

Lensed fiber input

Figure 1.3.: Two main configurations of optical phased arrays (OPAs). a) 2D-OPA composed of 4 x4
radiating elements (short gratings with high radiation strength) and 16 phase shifters for steering
control [61]. b) 1D-OPA composed of 16 one-dimensional antennas (large gratings with low radia-
tion strength) and 16 phase shifters for azimuthal beam steering (¢). Vertical steering () requires
wavelength tuning [42].

1.2. Overview of the Thesis

The primary goal of the research conducted in this Thesis is the development of SiPh surface-
emitting antennas with millimeter-scale apertures designed for one-dimensional optical
phased arrays. In high-contrast silicon-on-insulator waveguides, it is extremely challenging
to implement long weakly radiating antennas using impractically small lithographic fea-
ture sizes on the order of tens of nanometers [62, 63]. In this work, we demonstrate for
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the first time a metamaterial antenna in silicon waveguides with lengths of several millime-
ters. Furthermore, a radically new concept for a 1D-OPA is proposed and experimentally
demonstrated. It uses a novel antenna array feeding scheme, based on a distributed Bragg
deflector to efficiently radiate steerable collimated beams from silicon photonic chips with
a single control element.

The main contributions of this Thesis have resulted in three publications in journals in-
dexed in the Journal Citation Reports (JCR) and six national and international peer-reviewed
conferences, four of which the candidate has been the first author. Additionally, the candi-
date is a co-inventor of a patent related to the topologies for surface-emitting antennas pre-
sented in this Thesis. In accordance with the regulations for doctoral studies at the Univer-
sity of Malaga, the above-mentioned publications are proposed to support the presentation
of this Thesis as a compendium of publications.

1.2.1. Contributions

All the contributions of the Thesis are summarized in Fig. 1.4, where the main characteris-
tics of each design is briefly presented. Including the publications that endorse this Thesis.

Metamaterial surface-emitting antennas

In this Thesis, a novel topology for the development of weak radiating antennas in high-
contrast platforms like SOI is presented. This topology leverages an SWG waveguide core
in conjunction with evanescently coupled lateral segments that are arranged periodically
along the propagation direction, enabling the radiation of the waveguide mode off-chip.
The separation of the lateral segments from the SWG core gives a precise mechanism to
control the radiation strength of the antennas. With this innovative approach, millimeter-
scale antennas can be designed without being constrained by fabrication limitations, as the
minimum feature size of the device can be significantly increased.

Several antenna designs have been developed throughout the Thesis (see Fig. 1.4).
These designs include: i) Highly efficient surface-emitting antennas specifically designed
for TM polarization (out-of-plane), ii) surface-emitting antennas optimized for TE polar-
ization (in-plane), iii) slow-light surface-emitting antennas specifically tailored for TE po-
larization (in-plane). Each design possesses distinct characteristics, but all the antennas
share a common topology enabling the realization of compact, large-scale antennas on SOI
platforms while emitting highly collimated beams with beam divergences on the order of
AB = 0.2° or lower. Most of the ideas developed in this Thesis have been successfully demon-
strated experimentally with a satisfactory agreement with the modeling and simulation re-
sults.

Metamaterial antenna array fed by distributed Bragg deflector (DBD)

The final goal of the research conducted within this Thesis involved the development and
experimental evaluation of a complete functional 1D-OPA, as a proof of concept. An an-
tenna array comprising 112 metamaterial surface-emitting antennas was designed and fab-
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ricated. It presented a directivity of 53 dBi with a Gaussian far-field spot and an angular
divergence of 0.2° x 1.8°. Moreover, the 1D-OPA included a novel feeding scheme using a
distributed Bragg deflector (DBD) beam expander. This configuration enables beam shap-
ing in the far-field region and beam scanning using a single control element, as opposed
to conventional OPA architectures where a phase shifter is needed for each antenna in the
array. The OPA was successfully fabricated and experimentally evaluated.
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4 Highly Efficient Optical Antenna )

* Designed for TM polarization.

* Two designs (single-etch and double-etch
fabrications).

+ Simulated beamwidth: A6 = 0.025°.
+ Simulated directionality:

= Single-etch design: D = 0.55.
= Double-etch design: D = 0.72.

\ (Ginel et. al. Highly efficient optical antenna with small beam divergence in silicon waveguides. Optics Letters (2020)) j

9

Experimental characterization of the
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\ (Ginel et. al. Millimeter-long terial surf: itting ant in the silicon photonics platform. Optics Letters (2021D j

. Array of antennas for TE polarization
4 Optical Phased Array fed with DBD - )

* Array of 112 antennas with a length 1.5 mm.

* Novel feeding scheme based on a compact
beam expander using a distributed Bragg
deflector (DBD).

* Measured beamwidth: 0.2° x 1.8°.
* Measured scanning sensitivity:

= 06/0A=0.13°.
= 9¢/oA =0.23°.
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\ Laser & F (2022) j j

Figure 1.4.: Overview of the contributions presented in this Thesis.
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1.2.2. Methods
Development of numerical tools for the design of optical antennas

The design of surface-emitting antennas required specific numerical methods to reduce the
simulation time. This is due to the large dimensions of these antennas, which can make
electromagnetic simulations computationally unfeasible. Therefore, an important achieve-
ment in this work is the development of a Floquet-Bloch analysis tool that can analyze
the behavior of the entire antenna without the need to simulate the entire structure. An-
other significant contribution to reducing simulation time was the development of software
methods for calculating the radiation pattern of the antennas. Typically, calculating the far-
field distribution requires applying mathematical methods to the near-field data. Tradition-
ally, a simulation of the entire structure is required for this process. One of the goals of this
Thesis is the development of a numerical method that leverages the results obtained from
the Floquet-Bloch analysis, which simulates a single period of the structure. This method
enables the calculation of the radiation pattern of the antennas without the need to com-
pute the entire near-field.

Design and assembly of experimental setups to characterize antennas

Two different setups were designed and built for the characterization of the radiation pat-
tern of the fabricated antennas. The setups comprise an optical lens imaging system and
an infrared camera. In the first setup, a single lens is used to observe the far-field radia-
tion pattern and assess the scanning capability of the antenna. The second configuration
involves two lenses to achieve a magnification of the far-field radiation pattern, enabling
precise measurement of the beamwidth. Using these two configurations, the antenna can
be characterized by measuring different figures of merit such as radiation direction, scan-
ning sensitivity, and beam divergence. Both configurations are shown in Fig. 1.5.

1.3. Organization of the Thesis

According to the normative, the Thesis manuscript must include a brief description of the
objectives of the Thesis, a summary of the state-of-the-art, a description of methodology
aspects not included in the papers, a compilation of the publications as they were pub-
lished, the conclusions, and the bibliography. These contents are organized within the The-
sis manuscript as follows:

Chapter 1 presents an introduction, providing a comprehensive overview of the challenges
to be addressed and the contributions and methods presented in the manuscript.

Chapter 2 provides an in-depth discussion of the topic of study and a summary of the state-
of-the-art, where all the information about integrated optical antennas is collected. Section
2.1 delves into the fundamental principles of antennas, with a specific focus on two prin-
cipal aspects of this research: the radiation pattern of antennas and the fundamentals of
antenna arrays. In Section 2.2, a review of optical phased arrays is provided, highlighting
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4 Software methods to efficiently design )
surface-emitting antennas

* Floquet-Bloch analysis for efficient FDTD simulations (one period).

» Concatenation of near field using Fourier properties and synthesis of far-field
\_ radiation pattern. /

4 Design and assembly of experimental setups )
Single-lens setup ouble-lens setup

 Fourier optics for the
characterization of the radiation
pattern of the antennas.

 Single-lens setup: For the
characterization of radiation
angle and scanning sensitivity.

* Double-lens setup: For the
characterization of the beam
divergence. /

Figure 1.5.: Overview of the methodology of this Thesis. Brief summary of the methods and proce-
dures used for the design and experimental characterization of the different antennas.

their characteristics and emphasizing the architecture studied in this work. Sections 2.3
and 2.4 encompass the physical operation and key parameters that describe integrated op-
tical antennas.

Chapter 3 outlines the methodology employed to undertake the design of surface-emitting
antennas. For this purpose, dedicated software tools were developed to efficiently sim-
ulate these devices and obtain accurate results substantially faster compared to conven-
tional simulation methods (Section 3.2). Additionally, different experimental setups were
designed to facilitate the experimental characterization of the antennas in the laboratory
(Section 3.3). Finally, in section 3.4 a complete description of the fabrication mask is pre-
sented, listing the different devices which have been prototyped.
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Chapter 4 encompasses the published articles that support this Thesis, showcasing the re-
search conducted throughout the work and presenting the results obtained during the re-
search process.

The Thesis ends in Chapter 5 with the conclusions and prospects for future research.
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2. Integrated optical antennas for beam
steering applications

2.1. Introduction

The ability to emit highly collimated and steerable light beams from a compact and efficient
device is crucial for the development of next-generation optical devices for a wide range
of applications, including free-space optical communications (FSO) and optical switching
[47, 64-66], quantum processing [67, 68], remote sensing [69, 70], and light detection and
ranging (LIDAR) [23, 24, 55, 71, 72].

Optical beam steering can be achieved through a variety of mechanisms. The most
commonly used approaches involve utilizing scanning mirrors or active materials and ex-
ternal optics to direct a laser beam in the desired direction. While these solutions are effec-
tive, they tend to be bulky and may not be suitable for applications where space is limited.
In addition, a mechanical solution is not optimal in terms of performance due to its degra-
dation related to acceleration, temperature, vibration, and inertial forces [58]. The leading
commercial applications of integrated optical systems are related to automotive LIDAR, to
scan the environment of intelligent vehicles and detect possible obstacles and, Space Opti-
cal Communications (SOC). The latter seeks a solution that offers an optical wireless com-
munication (OWC) channel with high data rates, high bandwidth and good security by us-
ing optical frequencies to transmit information. Figure 2.1 shows currently deployed LIDAR
systems used for the above-mentioned applications. Fig. 2.1.a,b shows the SOTA (Small
Optical Transponder) system, a specialized LIDAR for space-based optical communications
[73, 74], while Fig. 2.1.c depicts a typical LIDAR system for an autonomous car, backed by
camera and RADAR driven systems [75]. In both configurations, it is seen that currently
available commercial solutions are bulky and require the support of external optics, me-
chanical rotation systems and gimbals. For this reason, there is an intense research interest
in the search for new beam steering mechanisms that obviate the need for bulky mechanical
systems. One promising area of research is the use of integrated optical antennas and op-
tical phased arrays (OPAs), which offer a compact and efficient solution for emitting highly
collimated light beams and steering them electronically without the need for mechanical
scanning. This solution is typically employed in the radio frequency (RF) field, where the
use of phase-coupled antennas to control the steering of the radiation pattern is very com-
mon [76].

In the following, a classification of different approaches that are currently being inves-
tigated to achieve precise optical beam steering is presented according to the technology
used, while all of them share the common feature of being compatible with solid-state sys-
tems and employ integrated optical emitters.
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Figure 2.1.: Optical beam steering systems implanted with mechanical elements. a) Receiving and
transmitting subsystems onboard SOTA including their main elements as: telescopes, lenses, gimbal
systems, rotary motors, mirrors, etc. [74] . b) Photograph of the SOTA system. Total weight of the
SOTA is 5.7 kg [73]. ¢) Schematic of an autonomous LIDAR system developed by OUSTER, INC. [77],
a LIDAR company that has recently acquired the VELODYNE LIDAR, INC [78].

2.2. Classification of current approaches

There are various classifications of integrated optical antennas, based on the type of ma-
terial used, the geometry of the structure, and the fabrication process employed. In the
following, we briefly discuss three optical beam steering architectures, compatible with the
technology developed in this Thesis.

* Liquid crystal (LC) based beam steering devices. This emitter scheme exploits the use
of LCs whose state of matter changes through the use of external inputs such as heat,
light, electricity, or magnetism [80]. This material is used to form substrates to redirect
light to specific directions or as optical elements which allow high-performance beam
steering working as gratings, prisms, or lenses [39, 40]. In this way it is possible to redirect
the incident light in different directions, achieving real-time beam scanning by using
external control. However, this technology has limited energy efficiency, as LCs tend
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Figure 2.2.: Solid-state solutions for optical beam steering applications. a) Schematic of a holo-
graphic 3D display system based on a tunable liquid crystal grating [40], b) a MEMS laser scanner
and c¢) SEM image of [79]. d) A packaged dielectric optical phased array with 512 elements [23]. e)
Scanning of the radiated beam direction by electrically controlling the phase shift between the ele-
ments of the array [23].

to exhibit high absorption in the IR region (n =~ 60%). Furthermore, it is difficult to
achieve a continuous scan of the emitted beam without angle discretization, and LCs
also have comparably long response times (~ 1 ms). Figure 2.2.a shows a schematic of an
LC grating working as a holographic system, controlled by external voltage.

* Microelectromechanical systems (MEMS). The use of MEMS mirrors to steer the op-
tical beam of a laser or an array of lasers yields highly efficient systems with a large
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scanning area. However, there is a trade-off between the scanning area, the effective
size of the mirror plates, and hence the resonant frequency and velocity of the MEMS
mirror [81]. A larger detection area implies using larger mirror plates, decreasing the
resonance frequency by having a device with higher mass, thus reducing the scanning
speed. The detection area or field of view (FoV) typically achieves ranges from 25° to
180° with millimeter-size mirrors that rotate at frequencies of hundreds of hertz. Figure
2.2.b,c shows a schematic of a MEMS mirror configuration for directing the light from
the source, and its SEM image [79]. In addition to using MEMS to move the mirrors,
integrated optical circuits are also being used to form integrated optical antennas con-
trolled by mechanical actuators, enabling further integration of mechanically controlled
emitters compatible with CMOS fabrication processes [22, 41].

¢ Dielectric optical phased arrays (OPAs). An OPA comprises an array of integrated op-
tical antennas or diffractive gratings, which allows the radiation of highly collimated
beams and the steering of the radiation angle in a stable, fast, and precise way without
the need for mechanical parts [58]. By achieving full control of the phase and amplitude
of the light feeding each antenna in the array;, it is possible to control the pointing direc-
tion of the radiated beam and perform beam shaping, thus achieving a more complete
solution for beam steering applications. However, this is still an emerging technology
and some major challenges needs to overcome. These include achieving high radiation
efficiency without increasing the complexity of the system, being able to synthesize ra-
diating apertures of the order of millimeters or centimeters to radiate highly collimated
beams, and achieving large angular scans without the need to use external optics or me-
chanical systems. Figure 2.2.d shows a fully integrated LIDAR system with a radiative
aperture made by an OPA [23] that can emit a collimated beam with a full-width at half-
maximum (FWHM) diffraction angle of less than 0.04° and control its direction in a range
of 56° x 15° as shown in Fig. 2.2.e.

The work carried out here encompasses of the design and fabrication of new types of in-
tegrated optical antennas that allow the synthesis of large radiating apertures to achieve
the emission of highly collimated beams. A comprehensive study has been conducted,
resulting in the successful fabrication and characterization of a new type of OPA. The de-
vice is capable of emitting collimated beams with a FWHM divergence of 0.1°. Further-
more, the OPA developed in this study introduces a novel feeding scheme, which pro-
vides a compact and efficient solution for the individual feeding of each antenna within
the array.

2.3. Antenna fundamentals

One of the fundamental parameters in antenna design is the radiation pattern, which de-
termines how the antenna distributes the emitted power in space and provides important
information about the far-field behavior of the antenna and its interaction with a receiver.
When multiple antennas are grouped together the radiation pattern undergoes changes,
allowing for the modification of the radiation direction by optoelectronic means (phase
shifters). This section aims to elucidate the underlying principles governing the behavior
and characteristics of antenna radiation patterns.
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2.3.1. Radiation pattern of a single antenna

The radiation pattern is a mathematical function or a graphical representation of the radi-
ation properties of the antenna as a function of space coordinates [76]. In most cases, the
radiation pattern is determined in the far-field region, sufficiently far away from the radia-
tion source. Figure 2.3.a depicts the angular convention followed in this work to represent
the radiation pattern of antennas, using spherical coordinates. Following this angular con-
vention, we consider that the antennas are contained in the XY plane. The radiation pattern
can be defined in terms of electromagnetic field or intensity (power).

In the far-field region, also referred to as the Fraunhofer region, the angular divergence
of the distribution of the radiated field is independent of the distance from the antenna. The
condition is typically satisfied for [76]:

Rp > 1 2.1)

where RFr is the distance from the antenna, D is the antenna size, and A is the wavelength.
Figure 2.3.b shows the variation of the radiated field at different distances, eventually reach-
ing the Fraunhofer region, where the angular divergence is constant with the distance. There
are different regions before reaching the Fraunhofer limit. The first is the reactive near-field
region, where the radiation pattern is expanded and has a field distribution resembling the
near-field. Further away from the antenna, the Fresnel region is found, where some lobes
begin to form and the field envelope starts to smooth out. Finally, the Fraunhofer region
starts where the main lobe is already well formed and the angular divergence is distance
invariant [76]. A schematic representation of the different regions is showed in Fig. 2.3.c.

The calculation of the far field radiated by an integrated optical antenna can be done
analytically by using the Fraunhofer transformation [82]. In the field of Fourier optics, a
complex monochromatic wave traveling in free space can be decomposed into harmonics
with different spatial frequencies, each harmonic corresponding to a plane wave. In the
near-field region of an antenna, when the amplitude of the wave is represented in a constant
z-plane, it can be decomposed into different plane waves that overlap with each other. At a
sufficiently long distance (far-field region, |r| > RF), they contribute to the total amplitude
of each point at the far field as the harmonics of the Fourier transform of the radiated wave.
Therefore, the complex amplitude in the far-field region of the wave radiated by an antenna
with a physical aperture D in the XY plane can be calculated as a two-dimensional Fourier
transform of the near field by using the Fraunhofer diffraction equation [83]:

U(¢,0) o< f(¢p,0) fo Ea(x,y)e/ &5 dxdy, (2.2)
D

where U(¢,0) is the far-field radiation pattern, f(¢,0) is a complex radiation vector of the
antenna, E, is the electric field vector in the antenna aperture that only includes the com-
ponents contained in the constant z-plane, and k, and k, are the components of the wave
vector, which will be defined in more detail in Section 2.5. The complex vector f(¢p,0) can
be resolved to calculate the far-field pattern, and hence the radiation intensity U(¢,0). Ap-
pendix A provides a detailed explanation of the procedure for calculating the radiation pat-
tern of an antenna using the complex vector derived from the Fraunhofer equation.

As previously explained, the Fraunhofer diffraction equation represents the two-di-
mensional Fourier transform of the near field. Consequently, we can apply properties of
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Figure 2.3.: Antenna radiation pattern. a) Coordinate system used in this Thesis for the analysis
of antennas. b) Radiation pattern of a waveguide antenna as a function of elevation angle (8) for a
fixed azimuthal angle (¢b¢) at different diffraction regions. c) Schematic of the different regions that
radiated waves evolve trough before reaching the far-field region.

the Fourier transform to analyze the behavior of the radiation pattern. For instance, if an
antenna has a large physical aperture in a particular direction of space, the resulting far-
field radiation pattern in that same direction will exhibit a narrow beamwidth. This implies
that the beam will be collimated in that specific direction. Conversely, when an antenna
has a short physical aperture in a given direction of space, the far-field radiation pattern
in that direction will feature a wide beamwidth. This indicates that the radiated beam in
that direction will be divergent or less directive. These aspects will be of great importance in
Section 2.4 when a classification of antennas according to the physical size of their radiating
apertures is made.

2.3.2. Antenna array characterization

It is supposed that a given antenna will have an invariant radiation pattern for a given feed-
ing configuration. Under this assumption, the radiated wave will propagate in a particular
direction of space (¢g, 89) with a specific beamwidth or angular divergence (A¢, A6). If there
is a need to vary the radiation direction of the emitted wave or achieve a more directional
radiation pattern, one approach is to create an array of antennas. This involves grouping
several antennas of the same type together and allowing them to interfere with each other.

When antennas are uniformly-spaced in a certain dimension and they interfere, the far
field radiated by the whole array can be calculated as the product of the far field of a single
element of the array Egjngle(¢b,0) and a new function resulting from the grouping, the array
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factor F(¢,0), thus the far-field radiation pattern is defined as:

Earray((Pye) = Esingle (¢,0) - F(¢,0). (2.3)

In terms of power, the far field radiation intensity then is calculated as:
Uarray(¢,0) = Usingle ($,0) - |F(¢,0)1, (2.4)

showing that the far-field radiation pattern resulting from the array of antennas Uayray (¢b,0)
will be modulated in amplitude by the radiation pattern of a single element of the array
Usingle (¢,0). Furthermore, the array factor provides the capability to dynamically and elec-
tronically modify the radiation pattern of the antenna array in real-time. This feature proves
to be highly advantageous and beneficial for numerous applications.

The array factor F(¢,0) is defined as a mathematical function dependent on the com-
plex amplitude of each antenna (C = |Cle™/?) and the separation between them inside the
array (d). For a generic case in which the grouping is done in two dimensions and there are
N x M antennas, the array factor is defined as follows [76]:

N-1M-1
F((/), 0) = Z Z Cnmejko(mdxsin(B)cos(¢)+ndysin(9)sin((p))’ (2.5)

n=0 m=0

where ky is the wavenumber in the vacuum and the parameters dy and d are the distances
between antennas in x direction and y direction. By manipulating the module and phase
of the complex amplitude of each antenna, it becomes feasible to alter the array factor, and
consequently, engineer the radiation pattern of the antenna in the far-field region.

In this Thesis, the antennas are specifically optimized to form 1D-arrays. Therefore, as
the antennas are going to be arrayed in a single direction (y), Eq.2.5 can be abbreviated and
the array factor can be defined as:

N_l . . . N_l . . .
F(¢p,0) = Z Cne]kondysm(e)sm((p) - Z |Cn|e]n(kodySln(H)stn((/))—A(p), 2.6)
n=0 n=0

where Ag is the phase shift applied between adjacent antennas. In 1D-arrays to achieve a
scanning of the radiated beam without altering the beam shape, the phase shift along the
array must be linear. This means that the phase shift between two consecutive antennas
must be constant A@, = @,+1 — @, = Ap. In antenna theory, there is an interesting param-
eter to study this type of array known as digital wavenumber (Y), which defines the phase
constant of the array factor [84]:

Y = kodysin(0)sin($p) — Agp. 2.7

When this parameter becomes zero, the array factor is maximized. Taking this into account,
it is clear that in a 1D-array in which the vertical direction is determined by the single ele-
ment of the array (6y), adjusting the phase shift between adjacent antennas (A¢) allows the
azimuthal direction (¢b9) to be controlled to steer the radiation pattern in the desired direc-
tion. As mentioned earlier, the complex amplitude of the antennas in the array affects the
radiation pattern. However, two other important parameters also influence the array factor:
the distance between elements (d,) and the number of antennas in the array (N). Figure
2.4.a illustrates the radiation pattern of an antenna array and its decomposition into the

Pablo Ginel Moreno 17



Chapter 2. Integrated optical antennas for beam steering applications

element pattern and array factor. It is observed that the width of the main lobe beam is in-
versely proportional to the product N x dy, indicating that a narrower main lobe is achieved
when more antennas are grouped together. Additionally, the distance between antennas
(dy) is inversely proportional to the spacing between the lobes of the array factor. Thus, an
increase in the distance between antennas leads to the emergence of more side-lobes near
the main lobe. In Figure 2.4.b, the impact of controlling the phase shift between antennas
is shown. It can be observed that when the phase shift is controlled, the array factor is dis-
placed, and this displacement can result in the emergence of lateral lobes, known as grating
lobes, which are side-lobes that have the same amplitude as the main lobe.

The array factor is a periodic function in ¥ with a period 27 and the maximum value
can be found at Y = m2n, where m is an integer. A representation of the array factor in the
Y domain is shown in Fig. 2.4.c-d. There is a set of Y values defined as the visible region,
which defines the region that is able to scan an array of antennas by modifying the phase
shift between adjacent elements of the array. Depending on the size of the visible region,
there could appear in the array factor the so-called grating lobes. Therefore, the ratio of
wavelength (1) to element spacing (d), which is included in the digital wavenumber, is im-
portant to ensure that no grating lobes appear in the radiation pattern. The most interesting
cases are summarized here:

A
kd<n=d< > (Grating lobes will never appear)
A
n<kd<2nm 35 sd<A (Grating lobes may appear)
kd=z2n=>d>A (There will always be grating lobes)

Since the basics related to antenna radiation and antenna arrays have been explained,
the following sections will show what types of aperture antennas can be realized on silicon
photonics platforms and what is the physical principle behind them.

2.4. Optical phased arrays in silicon photonics

An optical phased array consists of a set of integrated optical antennas. In addition to the
antenna array, it is composed of several stages before reaching the emitters, a schematic
diagram of all the necessary stages of an OPA is represented in Fig. 2.5. It needs to receive
light from a laser source, either integrated in the chip itself or external, using specific de-
vices to couple light into the silicon photonics (SiPh) chip. The first stage is responsible for
distributing the power from the laser source into different paths to feed every single emitter
of the array. Feeding schemes such as MMI trees, star couplers, or directional couplers are
normally used. This stage will grow in complexity as more antennas are added to the array.
The next stage is responsible for controlling the phase of the light that will reach each an-
tenna, this can be done on conventional silicon photonics platforms using thermo-optical
or electro-optical phase shifters placed over interconnection waveguides. Electronic con-
trol is necessary to achieve the required phase shift in each emitter, therefore the optical
packaging between SiPh chip and CMOS chip is important in this type of devices. Finally,
once the light reaches each emitter that conforms the OPA with a specific phase and am-
plitude, these radiating elements will radiate light off-chip with a specific radiation pattern,
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Figure 2.4.: Radiation pattern and its decomposition into the single element radiation pattern and
the array factor. The radiation pattern of an array with N = 10 elements with a separation d = 51
between them, when a) there is no phase shift between antennas and b) when a phase shift is applied
between adjacent antennas. c) The visible region of an array when the distance between elements is
less than half the wavelength. In this case, the entire space can be scanned without any grating lobes
appearing. d) The visible region of an array when the distance between elements is greater than the
wavelength, grating lobes will always be present in the radiation pattern.

depending on their topology. In this Thesis the research is mainly focused on the antenna
array block and new solutions for power routing are also studied.

Grouping antennas provides two main advantages, as mentioned in the previous sec-
tion: first, it enables the steering of the radiated beam through the electronic application of
phase shifts between adjacent antennas; second, it offers the possibility to have a large aper-
ture size compared to the operational wavelength, which results in the radiation of highly
collimated beams. The characteristics of the radiation pattern of the elements that con-
forms the OPA depend to a large extent on the topology chosen for its design. In addition,
the distribution of these elements in space affect the radiation pattern of the antenna array;,
as it modifies the array factor. For this reason, there are numerous alternatives for form-
ing an OPA, e.g., sparse arrays [53, 54], circular arrays [56], focal plane arrays [22, 55, 86],
etc. However, the two most common architectures used in the state-of-the-art are the ones
shown in Fig. 2.6, which in this work are referred as 2D-OPA (Fig. 2.6.a) and 1D-OPA (Fig.
2.6.b).
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Power
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Laser
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Example of 1D-OPA Example of 2D-OPA

Figure 2.5.: Block diagram of the optical phased arrays architecture. a) Schematic of an OPA with
all the necessary stages to implement it. The integration of photonic chips with electronics platforms
in a single package is needed to have control of the phase shift between adjacent antennas. b) c)
Examples of real implementation of OPAs on the SiPh platform [49, 85].

~N  ~\ A

a

Radiation
Z direction

Figure 2.6.: Schematic view of the two main architectures used to implement an integrated OPA
in silicon photonics. For the sake of illustration, the top cladding is removed. a) 2D-OPA with N?
short strong antennas that are arrayed in both longitudinal (x) and transverse (y) direction. For this
configuration the control of the phase shift between antennas (¢,;;) permits to scan the azimuthal
and vertical angle of the radiation direction (9, ¢¢), presenting full control of the radiation direction
with phase shifts only at the cost of having a complex feeding scheme. b) 1D-OPA with N long weak
antennas that extends in the longitudinal direction (x) and are arrayed in the transverse direction
(). For this configuration, the control of the phase shift between antennas (¢,,;) permits to scan the
azimuthal angle of the radiation direction (¢y).

¢ A 2D-OPA comprises an array of antennas arranged in a uniform manner along both
transverse (y) and longitudinal (x) directions. It is crucial to maintain small distances
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between the antennas (d < 1/2) to prevent the appearance of grating lobes in the radia-
tion pattern. Consequently, the antennas used in 2D-OPAs are typically short and require
a high radiation strength [48]. Since the antennas are arranged in two dimensions, the
array factor influences the radiation pattern in both vertical and azimuthal directions. By
controlling the amplitude and phase shift between adjacent antennas, it becomes pos-
sible to manipulate the shape of the radiation pattern in both (A¢, Af) directions and
achieve beam steering towards any desired direction in space (6o, ¢). This allows 2D-
OPAs working as a monochromatic system (single wavelength), useful for applications
in optical wireless communications (OWC) and free-space optical interconnects. Never-
theless, this type of architecture grows quadratically in complexity, as it necessitates N2
phase shifters for N? antennas, which causes the OPA phase shifters and feeding scheme
to be extremely complex and space consuming. Furthermore, achieving a 2D-OPA so-
lution without the presence of grating lobes is challenging due to the complexity of the
feeding scheme and the sizes of the antennas in conventional silicon photonics (SiPh)
technological platforms. Various solutions have been investigated in the literature to ad-
dress the complexity of the system. For instance, there are approaches proposed for im-
plementing 2D-OPAs with a reduced number of phase shifters, such as using 2N phase
shifters for N? antennas [87]. However, even with these optimizations, complexity re-
mains a significant limiting factor in the design and implementation of 2D-OPAs.

¢ A1D-OPA is formed by an array of antennas grouped in the transverse direction (y). This
architecture tries to simplify the complexity of 2D-OPAs by using only N antennas with
N phase shifters. In the same direction of the array (y), the antennas will need to be
narrow, to get them closer avoiding grating lobes in the radiation pattern. In the lon-
gitudinal direction (x), the antennas will need to have a large length, usually around a
few millimeters or thousand of wavelengths (> 10001) to emit highly collimated beam:s.
For this purpose, contrary to the previous case, the antennas must have a low radiation
strength to radiate light in more space. Since the phase between antennas is only con-
trollable in the transverse direction (y), the steering mechanism of the radiated beam is
different from the 2D-OPAs. In this case, the array factor is only affected by the com-
plex amplitudes of the antennas arrayed in the transverse direction, thus the phase shift
between antennas will only control the azimuthal direction (¢by) of the radiatend beam.
To achieve a scanning in the vertical direction (6y) a wavelength tuning will be neces-
sary. It is crucial for the antennas to be highly sensitive to wavelength variations in order
to achieve a large range of steering angles. Therefore, this type of OPA should be used
in applications where the wavelength can change without compromising system perfor-
mance. The effect related to the scanning with a wavelength tuning is will be explained
in detail next in Section 2.5.

To be able to radiate highly collimated beams from a 1D-OPA, two main requirements
must be met. First, the array should consist of a large number of antennas in the trans-
verse direction. Second, each antenna in the array should be physically large in the lon-
gitudinal direction (L > 10001). Achieving a weakly radiating antenna on conventional
SiPh platforms such as silicon-on-insulator (SOI), is often complicated. This is because
it needs to have periodic perturbations extremely weak. To achieve this, a common ap-
proach in SiPh is to use a conventional photonic-wire waveguide to which a lateral mod-
ulation is added, as the one shown in Fig. 2.6.b. The lateral modulation is usually very
small to achieve very weak antennas, resulting in periodic perturbations with sizes in
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the order of tens of nannometers [62, 63]. This type of minimum feature sizes (MFES) are
only possible with specific lithography processes, not compatible with the immersion
deep-UV lithography [88], typical from commercial foundries.

Each solution has its own set of benefits and limitations, making each approach suitable
for a specific application. In Table 2.1, a concise overview of the key differences between
these two architectures is provided, along with a comparison to the OPA presented in this
Thesis. The OPA discussed in this work is a 1D-OPA comprising 112 surface-emitting an-
tennas. It employs a novel feeding scheme based on a distributed Bragg deflector, which
enables 2D-beam steering by controlling the phase shift between antennas using a single
control element. This design will be explained in more detail in Chapter 4 together with its
corresponding publication.

2D-OPA 1D-OPA Our proposal
# of antennas N? N N
Feeding complexity | Extremely high High Medium
Steering in 0 Phase shift Wavelength tuning | Wavelength tuning
. . . Phase shift /
Steering in ¢ Phase shift Phase shift Wavelength tuning
# of phase shifters N? N 1
Antenna size in x Very short Very long Very long
Antenna size in y Very short Very short Short
Grating lobes Almost always Avoidable May appear

Table 2.1.: Comparison between different approaches for OPAs. The proposal presented in this
Thesis is a 1D-OPA with a novel feeding scheme that allows 2D-beam steering with only a control
element (phase shifter) for N antennas.

2.5. Physical principles of integrated optical antennas

An integrated optical antenna is a type of surface diffraction grating whose topology is opti-
mized to achieve a particular radiation diagram that fits the required application. The sur-
face diffraction grating is a planar device that consists of a sequence of periodically spaced
segments distributed along the propagation direction of the fundamental mode (x). The
distance between these segments is referred to as the period (A) of the grating, and each
segment will have a length a = DC- A, where DC is the duty cycle of the period (see Fig.
2.7). The mode that travels through this periodic structure will be diffracted into a plane
wave, propagating through the medium that surrounds the grating and achieving off-chip
radiation.

The modes propagating through such devices are different from conventional x-invari-
ant waveguide modes, and, therefore, will have special characteristics that allow the diffrac-
tion of light outside the SiPh chip.
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Figure 2.7.: Schematic view of a conventional grating on the silicon-on-insulator (SOI) platform.
Surface diffraction grating usually has an invariant geometry in the transverse direction (y). For
the sake of illustration, only the silicon layer and substrate together with the bottom oxide (BOX) of
thickness Hpox (silicon dioxide) are shown. Each segment that conforms the grating is periodically
separated with a period A. By controlling the geometry of the segments (DC, etch —depth, A) the
radiation pattern of the grating can be altered.

2.5.1. Floquet-Bloch modes in periodic structures

Periodic structures support what are called Floquet-Bloch modes, which are the solution
of Maxwell’s equations for waves propagating in structures with periodic lattices [89]. In a
general way, the refractive index of a crystal lattice in dielectric periodic structures can be
expressed as a function, as follows:

n)=nx+R), (2.8)

where R = A X+ A,y + A.Z is the lattice vector, assuming Cartesian coordinates, and rep-
resents the periodicity of the structure in each dimension where the structure exhibits pe-
riodic behavior. Since in this work, all the periodic structures studied will only have peri-
odicity in the longitudinal direction (x), and hence the lattice vector will only have a single
component (R = AX), all the formulation on Floquet-Bloch modes will be done for the sim-
plified case of periodicity in a single dimension.

Assuming the case of a Floquet-Bloch mode propagating in x direction through a struc-
ture periodic in the same direction with a period A and an invariant geometry in the y di-
rection, the field distribution of the Floquet-Bloch mode can be expressed as follows:

¥(x,2) = Ppp(x,2)e K%, 2.9)

where ¥Ygp(x,z) is the mode profile in the X Z plane, because it will be constant in the trans-
verse direction (invariant geometry), and k, is the only component of the wavevector of the
mode. Hereafter, since the modes under study propagate only in the longitudinal direc-
tion (x), the wavevector of the modes will have a single component (kgg = k4X), hence the
wavevector will be defined as a constant (kgp).

Aninteresting characteristic of the Floquet-Bloch mode, that makes them different from
the conventional modes, is that its mode profile is periodic, having the same periodicity as
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the structure (A), proving that:
W(x+A,z) = Ppp(x+ A,z)e T kBE+N) —weo (4 7y~ ikesA (2.10)

This phenomenon is of great interest since it will enable the mode propagating through the
periodic structure to be coupled to a plane wave propagating in space outside the plane of
the chip, as it will be explained later. The wavevector of a mode can be defined as:

ke = kongg = Pre — jars, (2.11)

where kg =27/ is the wavenumber in the vacuum, ngg is the effective index of the Floquet-
Bloch mode, Bgp is the phase constant and arp is the attenuation constant. If the effective
index of the mode has a complex term, it causes the attenuation constant (agg) to appear
in the wavevector of the mode. The attenuation constant (apg) represents all energy losses
that the mode experiences through the propagation. Sources of losses can come from many
physical phenomena, such as diffraction of the Floquet-Bloch mode itself caused in each
segment of the periodic structure, from material losses in the medium through which it
travels at a specific wavelength, or even from leakage to the bottom substrate, e.g., when
SiPh platforms are used and there is a finite bottom oxide between the grating and the sili-
con substrate. On the other hand, the phase constant (Sgg) describes the phase shift expe-
rienced by the mode as it propagates through the periodic medium and is inherent to the
mode.

In the following, it will be explained the phase matching condition, which governs the
power transfer between a Floquet-Bloch mode and a plane wave traveling through an infi-
nite medium, e.g., the top cladding and bottom substrate surrounding the grating.

2.5.2. Phase matching condition for conventional gratings

A special characteristic of the Floquet-Bloch modes, inherent to their periodicity, is that
their field distribution can be represented as a Fourier series expansion of a sum of weighted
complex exponentials. Therefore, the Fourier series expansion of the field distribution of a
Floquet-Bloch mode can be expressed as:

[e.e]
Y2 =| Y W, (2)e I TMY| g iPrmx g amx 2.12)
m=—oo

This expression indicates that a Floquet-Bloch mode can be decomposed into a series of
infinite harmonics of m-th order. The same attenuation constant that includes all energy
losses is used for all the harmonics (agp), assuming that is equivalent to the partial sum of
the attenuation constant of each harmonic [90]. However, each of the infinite harmonics
will have a different phase constant defined as:

2n 2m
Pre,m = —-Relngg} + —-m. (2.13)
Notice that the phase constant of the Floquet-Bloch mode that travels through the periodic
structure (Eq.2.11) corresponds to the phase constant of the 0-th order harmonic (Bgg =
Bre,0).In the case of surface diffraction gratings this assumption is very interesting because
it lays the foundation of the radiation of light off-chip in a specific direction in space. Each
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of these harmonics that is radiated out of the grating structure as a plane wave will be known
as a diffraction order. The dielectric medium that is around the grating supports the prop-
agation of an infinite continuum of plane waves each radiating to a specific angle in space
(89). Each of this plane waves will have a wavevector defined as (see Fig. 2.8.a):

kpw = kcsin(@)x + k.cos(0)z, (2.14)

where k. is the wavenumber of a plane wave propagating in a medium with a refractive in-
dex n.. In this case, the wavevector will only have real phase constant, since the dielectric
media around the grating is assumed to be lossless. Figure 2.8.a schematically depicts how a
periodic structure with a period A can radiate the mode propagating through it into the sur-
rounding media. In this case, it can be observed that the grating, which supports a Floquet-
Bloch mode with a wavevector kgp, radiates light into a plane wave with a wavevector kpy
and the radiated field has an exponential decay as stated in Eq.2.12 . The same effect will
occur with the material under the grating, but for better understanding it has been omitted
in the figure.

AIN AIN
A4 A
Ney . 6.
n l
FB,-2 PW nFB i
“n n> _n 7—> k/k,
c PW,x c FB

Figure 2.8.: Phase matching condition for 2D-structures. a) Schematic of a conventional planar
diffractive grating (side view) radiating exponentially the Floquet-Bloch traveling through it. b) Nor-
malized k-diagram for a problem with an invariant solution in the transverse direction (y). All the
m-th harmonics that fall under the semicircle that represent the effective index of a plane wave prop-
agating in a medium with refractive index n, will be radiated into a plane wave with an angle 6 rela-
tive to the normal of the chip.

It is said that, the phase matching condition is fulfilled when Bgg ;;, = kpw,x, the phase
constant of any harmonic equals the longitudinal component of the wavevector of a specific
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plane wave with a radiation angle 8., this equality can then be defined as:

27 2n 2m .
TRe{nFBH—Im: Tncsm(ec). (2.15)
In the case of grating couplers and antennas, it is typically desired that only one diffraction
order satisfies the phase matching condition. By achieving this condition, all the power can
be effectively radiated into a single wave propagating in a specific direction, rather than be-
ing distributed among multiple waves. This allows for a more focused and efficient radiation
pattern. Additionally, from Eq. 2.15 it can be obtained the grating equation [82]:

. A
n.sin(@.) = Re{ngg} + mz. (2.16)

In this equation it can be clearly observed the dependence that exists between the wave-
length and the vertical angle of the radiated order. This is why in the case of 1D-OPA, to
steer the radiated beam in the vertical direction (0) it is necessary to tune the wavelength.
Also, from Eq.2.16 it can be obtained the condition that the phase constant of a harmonic
must satisfy in order to be able to be radiated to the medium with index n., which is:

A
|Re{ngg} + mZI < ne. 2.17)

Since the real part of the effective index of the propagating mode will always be greater
than the refractive index of the material surrounding the periodic structure (Re{nggs} > n.),
the diffraction orders must be negative integers (m = —1,—-2,-3,...). This condition can be
easily illustrated with the k-diagram represented in Fig. 2.8.b, which depicts the case of a
conventional grating surrounded by a material with a refractive index of n.. The k-diagram
is a mathematical abstraction to easily understand why some harmonics can be radiated as
diffraction orders and how their behavior is modified with variations on the period of the
structure and the wavelength. For better comprehension, Fig. 2.8.b shows the k-diagram
normalized by the vacuum wavenumber (ky), thus representing exactly the condition of Eq.
2.17. All diffraction orders whose phase constant falls inside the semicircle, of radius n.,
will be radiated to that medium as a plane wave with a specific angle (6,,). For the sake
of clarity, the k-diagram is only shown for the upward radiation of the grating. However, if
the phase matching is also satisfied with plane waves in the lower medium, then the grating
mode could also be radiated downward. In this case, another k-diagram needs to be drawn
to show the diffraction orders in the downward direction.

The antennas that will be studied in the next chapter (Chapter 3) work in a similar way
to a conventional surface grating, except that the topology will be designed specifically to
achieve certain characteristics. The emitted beam achieved with those antennas will be
radiated into a plane wave with a vertical angle dependent on a specific wavelength 8(A).
These antennas will need to be arrayed in one dimension forming a 1D-OPA to achieve scan-
ning in the azimuthal direction by applying phase shifts between the antennas of the array
¢(Ap). However, there is an alternative approach to achieve radiating beams in a direction
with vertical and azimuthal components without the need to form arrays. This is the use of
large surface gratings where the Floquet-Bloch mode that is propagated through them, can
do it in an arbitrary direction, different from the longitudinal direction (x) [91]. Therefore,
phase matching can be achieved between the Floquet-Bloch mode and a plane wave radiat-
ing in a direction (¢bg, 8p). The following section analyzes how phase matching is produced.
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2.5.3. Phase matching for large-scale radiative apertures

a
= kPW,x
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Figure 2.9.: Phase matching condition for large-scale radiative apertures. a) Schematic of a con-
ventional planar diffractive grating (3D view), as the wavevector of the fundamental mode has more
than one component, all the possible plane waves that fulfill the phase matching condition can be
radiated into the near media with a radiation direction (¢b9,68p). Normalized k-diagram with two dif-
ferent views: for b) xz plane and c) xy plane. As the structure is only periodic in the longitudinal
direction (x) the m-th harmonics of the Floquet-Bloch will be repeated in that direction and no har-
monics would appear for the transverse direction (y).

Assuming a conventional grating with periodicity A only in the longitudinal direction
(x), and a large extension in the transverse direction (y), when an arbitrary Floquet-Bloch
mode travels through the periodic medium in a different direction from (x), its wavevector
will contain multiple components (kpg = kgp X+ kg, ,¥), as shown in Fig. 2.9.a. As a result,
the direction of propagation of the mode will deviate from the direction of the periodicity of
the structure, and depending on its polarization, the mode will perceive the periodic struc-
ture as an anisotropic medium. The primary implications are that the phase constant and
attenuation constant can have different directions. The former will be determined by the
direction of the real part of the wavevector, while the latter will be determined by the direc-
tion of the Poynting vector of the propagating mode. Also, another significant outcome of
this example is that now the diffraction order can fulfill the phase matching condition with a
planewave with both vertical (6y) and azimuthal (¢y) components. In the present scenario,
to radiate the Floquet-Bloch mode into different plane waves the phase components of the
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wavevector must be matched (B, m,x = kpw,x and Bgs,, = kpw,) as:

27 .
koRe{npp x} + m7 = koncsin(Bg)cos(¢py), (2.18)

koRe{ngp y} = koncsin(By)sin(go). (2.19)

The longitudinal component Srp, ,;,x 0f the phase constant has the possibility of decompos-
ing into harmonics, because it is the only direction where the structure is periodic. In this
case we are assuming that the structure is invariant in the transverse direction (y), which
implies that the field in that direction cannot be expressed as a Fourier harmonic series. As
the propagation direction of the mode is different from x, the effective index can be decom-
posed as a vector into different directions provided that npg? = N, e B, y2 is satisfied.
If we solve the system of equations from above, to calculate the direction of propagation of
diffraction orders, the results are the following:

NEB,y

tan(¢g) = — (2.20)
nFB,x+mZ

ICHE ! MV, e 2.21

sin( 0)_ﬂ_c nFB,x+mZ +nFB,y' (2.21)

This result yields the general solution of plane waves radiated by a conventional planar
diffractive grating for any mode propagating through it in different directions. Whereas the
previous case is contained in this result when the wavevector of the Floquet-Bloch mode
has no transverse component (7gg,, = 0).

The k-diagram in this case can be represented by a semisphere, where the three com-
ponents of the mode wavevector can be represented. Fig. 2.9.b-c shows the normalized
k-diagrams for the last example. Several conclusions can be drawn from this graph: i) As we
are using conventional spherical coordinates to indicate the direction of the plane waves
radiated out of the grating plane, the semicircle that indicates the radiation zone also rep-
resents the azimuthal and vertical angles of the diffraction order depending the position
inside of it. ii) If the transverse component of the Floquet-Bloch mode wavevector is suffi-
ciently large, it is possible to frustrate the radiation because the harmonic will go out of the
semicircle. It is the same as saying that, if the mode propagates in a direction far away from
the periodic axis of the grating, its phase matching may be canceled and therefore it will not
be radiated.

2.6. Fundamental parameters of integrated optical
antennas

Integrated optical antennas are planar diffraction gratings whose topology is designed to
obtain specific performance parameters that fit a required application. As the work of this
Thesis is focused on the design of novel topologies to implement antennas for 1D-OPAs, the
parameters presented in this section will be adapted for this type of antenna. Each of the
following parameters will be related to specific physical parameters dependent on long and
weak antennas for 1D-OPAs. The following table attempts to summarize the relationship
between antenna parameters and the physical phenomena that affect them.
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Parameter Antenna Array
Beamwidth Radiation strength | Separation and number of antennas
Radiation efficiency Directionality X
Scanning sensitivity 00/0A 0p/0Ap
Field of view Radiation pattern Separation between antennas

Table 2.2.: Fundamental parameters of integrated optical antennas and the physical phenomena
that affects them. There are two type of physical phenomena, those related to the antennas and
those related to the array of antennas. The x means that there is no physical phenomena in relation
with the parameter.

2.6.1. Beamwidth

Integrated optical antennas are used in critical applications where the beamwidth of the
radiated beam is of great importance. For example, in LIDAR applications it is extremely
important to have a high resolution of the emitted beam, sufficient to distinguish two closely
spaced objects [58]. Another example where highly collimated beams are necessary is in free
space optical communication links where the distances are extremely large, in this case, it is
required that the transmitter beam does not expand too much before reaching the receptor,
achieving a highly efficient and secure communication link [59].

The beamwidth or angular divergence is usually defined as the angular separation be-
tween two points where the radiation pattern drops to a value. There are different defini-
tions of beamwidth depending on the convention followed to measure it. It is common to
measure the beamwidth in the far-field radiation pattern at half its maximum value, in these
cases, it is called FWHM (full width at half maximum) beamwidth. Another interesting type
of definition is the beamwidth measured between the first nulls of the radiation intensity
around the main lobe radiated by the antenna, denoted in this case by FNBW (first null
beamwidth).

Assuming the case of a 1D-OPA, the beamwidth of the radiated beam in the far-field
region can be separated into the two principal planes of the radiation pattern (¢ and 8). The
angular divergence in the vertical direction (A0) will be affected by the radiation strength of
the antenna, and the angular divergence in the azimuthal direction (A¢) will be affected by
the number of antennas in the array and the separation between them.

Vertical beamwidth (A6)

The vertical beamwidth is imposed by the radiation strength of the antennas and the shape
of the near field radiated by them. The radiation strength is a parameter that indicates how
much power an antenna can radiate per unit of distance traveled by the Floquet-Bloch mode
through the aperture. The total radiated power can be determined after the propagation of
the Floquet-Bloch mode over a distance L as:

Prag = Pinll - e_zaFBL]» (2.22)

where P, ., is the total radiated power, P;, is the input power fed into the antenna, agp is
the attenuation constant of the mode in units of [mm~!] and L is the distance over which
the mode has propagated. With the apodization of the antenna periods, it can be obtained
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arbitrary shapes of the radiated near field. In Fig. 2.10 two different antennas are shown,
one with constant perturbations where an exponential field profile is radiated and the other
apodized specifically to obtain a Gaussian field profile. According to [92], it is possible to
determine the radiation intensity distribution necessary along the structure to create an
arbitrary radiated field profile as:

B?(x)
2[A2- [ BX(ndt]

a(x) = (2.23)

In this case the structure is periodic in x direction, A is the electric field of the guided wave
at the beginning of the antenna (x = 0), and B(x) is the arbitrary field profile radiated by the
antenna, normalized as ffzo B2(t)dt) = 1. For the case of integrated optical antennas for
1D-OPAs, very weak radiation strength is needed to achieve antenna lengths in the order of
millimeters.
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Figure 2.10.: Different apodizations of a surface diffraction grating. a) Uniform planar diffractive
grating where the fundamental mode has a constant radiation strength, as the attenuation constant
remains the same on each segment. b) Apodized planar diffractive grating where the duty cycle and
period of each segment have been designed to modify the attenuation constant of the mode and
hence achieve a radiation pattern with a Gaussian shape.

In the case of weak antennas for 1D-OPAs, if we assume that the periodic structure is
constant (no apodization is introduced), it will radiate an exponential field profile in the
near-field region, thus the far-field intensity will have the shape of a Lorentzian function,
i.e., the Fourier transform of an exponential function. The general expression of the far-
field radiation intensity in the vertical plane (8) of an antenna with a length L extending
along the propagation axis (x) and a radiation strength (a) which is radiating at an angle 6,
is:

1+ e_gLa —2e_L“COS [Lk() (Sii’l(e()) —sin(0))]

10) =
© a?+ k2 (sin(6o) — sin (0))*

(2.24)

Assuming that the length of the antenna L is sufficiently large to radiate almost all the power
introduced to it (P;aq > 0.999P;,), this expression can be simplified, and then the FWHM
beamwidth can be calculated approximately as:

_ 2a A
- kocos(®y) cos(Bo)

FWHM, g (2.25)
b2

This result corresponds to the scenario where a periodic structure with an exponential near-
field profile. However, there are additional interesting cases in which the antenna periods
can be apodized to achieve different beam divergences in the far-field radiation pattern.
Two particularly interesting cases are as follows: i) Apodization of the antenna periods to
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Vertical beam divergence (A0)

E dal A 11
xponenti p——
P cos(@y) L
. A 0.886
Uniform —
cos(Bo) L

. A 15
Gaussian c—
cos(@y) L

Table 2.3.: Vertical beam divergence (A0) for different aperture radiations. For the case of an ex-
ponential near-field profile the antenna radiates the 99.9% of the input power after propagating the
length L. For the case of the Gaussian near-field profile the length of the antenna is assumed 4 times
the beam waist radius L = 4wy.

achieve uniform power radiation along the structure, resulting in a radiation pattern with
a sinc distribution. ii) Apodization of the antenna periods to achieve power radiation with
a Gaussian profile, leading to a far-field radiation pattern characterized by a Gaussian pro-
file. For each of these cases, the FWHM beam divergence in the far-field region has been
calculated and is presented in Table 2.3.

The beam divergences can be compared for the same antenna length. In the non-
apodized case with a near field with exponential decay the attenuation constant () is se-
lected to radiate the 99.9% of the input power over an antenna length L. While in the case
of Gaussian radiation, the antenna length is estimated to be 4 times the beam waist radius
of the Gaussian pulse (L = 4wy). In conclusion, it can be determined that the uniform dis-
tribution of the field yields the narrowest beam in the far field. However, it is important to
note that designing the apodization for extremely long structures can become complex.

Azimuthal beamwidth (A¢)

When antennas are grouped in a specific dimension, the beamwidth in that dimension will
be collimated, due to the effect of the array factor in the radiation pattern of the whole sys-
tem. When all antennas are fed with the same amplitude (uniform array), which is a typical
solution in state-of-the-art [45, 62, 63], the FWHM beamwidth of the radiation pattern can
be estimated as:

FWHM, = 0.886 (2.26)

cos(@y)dN’

where A is the wavelength, d is the separation between antennas, N is the number of anten-
nas and the term cos(6y) is an obliquity factor, necessary when the radiation is not normal
to the plane of the aperture in the same direction of the array. This result is the same as
mentioned earlier for apodized antennas that achieves uniform radiation, except that in
this case the aperture size is N - d. In this case, the Eq.2.26 defines the FWHM beamwidth
for an OPA of antennas arrayed in the transverse direction (y), which is why the affected
beamwidth is in the azimuthal direction (¢p). If the amplitude of each antenna in the OPA is
arbitrary, then the Fourier transform of the near field is needed to estimate the beamwidth
of the far-field emitted beam. In the third publication presented in this Thesis (Chapter 4) a
theoretical formula is presented for the estimation of the beamwidth of a beam radiated by
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an OPA with a Gaussian illumination of the antennas.

2.6.2. Radiation efficiency

The radiation efficiency is defined as the ratio of the total power radiated by the antenna
in the desired direction to the total radiated power, and is directly related to the topology
of the antenna. The parameter that controls the quantity of power radiated out of the chip
compared to the power radiated to other directions is called directionality. For the case of
on-chip planar diffractive antennas, the directionality is defined as:

Pyp

= ) (2.27)
p up Pgown + Pleft + P right

where Py is the fraction of power radiated off-chip into the air, Pgown is the fraction of
power radiated to the substrate, and Pjef and Prigh are the fractions of power radiated to the
sides, usually very small. Figure 2.11.a-b shows schematically how the power is radiated in a
conventional surface grating. Conventionally in a symmetrical structure where the cladding
material and the bottom oxide (BOX) are the same material, the antenna would have a direc-
tionality of D = 0.5. However, in the lower substrate, there are reflections that can construc-
tively or destructively sum to the power that is radiated upwards (see Fig. 2.11.a). Therefore,
in geometries where there is a symmetry around the antenna, the directionality will oscillate
around 0.5.

One of the most commonly used techniques for the optimization of directionality is the
use of etching techniques. Etching techniques are a commonly used method to optimize
directionality. This technique involves breaking the vertical symmetry of the antenna’s ge-
ometry to take advantage of the "blaze effect” of the blazed grating [93]. Blazed gratings are
a specific type of grating with perturbations with a sawtooth shape that maximizes radia-
tion efficiency towards the desired direction of radiation (see Fig. 2.11.c). Nevertheless, this
technique complicates the fabrication process, so echelle gratings are used [94, 95], which
are the discretization of the sawtooth with several levels. The first publication that endorses
this Thesis (Chapter 4) includes a detailed study of an antenna with two etch-steps, achiev-
ing directionalities over 0.7 on a silicon-on-insulator platform.

2.6.3. Scanning sensitivity

The scanning sensitivity is a much more widely used parameter for 1D-OPA antenna design.
It indicates the ratio between an angular shift in the direction of radiation of the main lobe
and the minimum necessary change in the parameter used to perform the scan. For the case
of surface diffractive gratings, where the vertical radiation angle is controlled with a wave-
length tuning (6y(1)), the scanning sensitivity can be estimated from the grating equation
(Eq.2.16):

00 1 an}:B 1 Onc

- = - _Z%in®
91~ necos@y) | on A gp S0

1

necos(@p) (2.28)

oA A

ongg 1 ]

As can be observed, the variation of the vertical angle depends on the pointing angle (),
the Floquet-Bloch mode dispersion (dngg/dA), the period of the structure (A), and the dis-

32 Photonic & RF Research Laboratory



2.6. Fundamental parameters of integrated optical antennas

C

£ Ssio,

L, #PPPP
B A A AAAAAAADL|
Heox ¥ Y% % & & 9

Figure 2.11.: Radiation directionality of gratings in SOI. a), b) Schematic of how a planar integrated
antenna radiates. The blue color represents the power radiated upwards, the red color the power
radiated downwards and the green color represents the power radiated to the left and right of the
structure. c) A blazed grating design optimized to achieve constructive interference in the upwards
direction.

persion of the material medium to which the light is radiated (0n./0A), which is usually not
taken into account since it is orders of magnitude smaller than the rest of the terms.

There are some mechanisms to achieve large variations of the vertical angle scan with
small wavelength tuning. One is directly related to the direction of radiation of the main lobe
in the vertical direction (). If the antenna radiates far away from the normal to the plane
where the aperture is placed, the variation of the vertical angle is amplified [62, 63]. Another
technique, which is widely used with the so-called slow-light antennas [96-98], exploits the
use of diverse topologies to achieve Floquet-Bloch modes with a large group index and thus
amplify the scanning sensitivity since the dispersion of the effective mode index is related

to the group index as:
ongg

oA’
where nyg is the group index of the mode. Because of this, antennas designed for 1D-OPA
have a higher scanning sensitivity for in-plane (TE) polarization than for out-plane (TM)
polarization. If Eq. 2.29 is inserted in Eq. 2.28, it is obtained that:

% 3 1
0L nccos(0)

Ng = NFB — A (2.29)

ngp—hHg 1
A A

) (2.30)

where the group index is directly proportional to the scanning sensitivity, thus the higher
the group index, the greater the sensitivity to wavelength variations.

Weak antennas in SOI platform usually presents scanning sensitivities of ~ 0.15°/nm
[58], except some works that presents higher numbers, radiating at large angles (6 > 45°)
[62] or using topologies for slow-light antennas. In Chapter 4 we will present a slow light
antenna design that takes advantage of the use of metamaterials, demonstrating a scanning
sensitivity double that of conventional antennas. It was designed within the framework of
this Thesis despite not appearing in any of the publications that support this work.
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The scanning sensitivity can also be defined for the tuning in the azimuthal direction.
It will be measured as the quantity of azimuthal angle that the beam is steered when the
phase shift between antennas changes. From Eq.2.7 the azimuthal scanning sensitivity can
be calculated as:

10 1

dAg ~ kodsin(@)cos(@)’ (2.31)

2.6.4. Field of View (FoV)

The field of view represents the whole area where the main lobe can be scanned without
any interference from other grating lobes of the radiation pattern. In the case of an OPA
with a distance between elements that achieves no grating lobes in the far-field radiation
pattern (d < A/2), then the FoV is the maximum scanning area that the antenna can physi-
cally achieve. This area is typically divided into two parts: the vertical FoV and the azimuthal
FoV, as schematically illustrated in Fig. 2.12.a. If the radiation pattern has grating lobes, the
FoV is defined as the maximum scanning area of the main lobe before a grating lobe enters
the radiation area, an example is represented in Fig. 2.12.c. When antennas are arrayed the
FoV of the whole radiative aperture can be calculated as [63]:

A
FoV=+tasin|—]. 2.32
0 asm(zd) ( )

It will only estimate the FoV in the same dimension as the array grouping, i.e., if the an-
tennas are only arranged in the transverse (y) direction, as in the case of 1D-OPAs, Eq.2.32
will indicate the azimuthal FoV (FoVy), the vertical FoV (FoVy) being then dependent on the
wavelength scan and the diffraction orders of the antenna in this case. Eq.2.32 is only valid
when the distance between antennas is greater than half the wavelength. The larger the dis-
tance between antennas the smaller the FoV would be since a much larger number of grat-
ing lobes will appear near the main lobe limiting the scanning range without interference.
Table 1 shows the FoV requirements for different applications where optical technology has
a large research niche.

Application Field of view (deg)
Autonomous vehicles (blind spot) >120
Face recognition 50
Airborne LIDAR 30
Terrestrial robotics 25

Table 2.4.: Field of view required for different LIDAR applications The applications are ordered
from the most demanding to the least challenging.
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Figure 2.12.: Definition of Field of View (FoV). a) 3D schematic of an aperture radiating at different
directions, the area covered by the antenna is the FoV, and it is segmented into azimuthal FoV (FoV)
and vertical FoV (FoVy). b) Field of view when the antenna array does not present grating lobes
(d < A/2). In this case the FoV will be the convention of the user’s choice, usually measured as the
maximum angle until the amplitude of the main lobe falls below a determined value. c) Field of
view when the antenna array presents grating lobes. In this case, it will be measured as the distance
between two grating lobes, i.e., the maximum steerable angle before a grating lobe has the same

amplitude as the main lobe.
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3. Characterization of optical integrated
antennas: simulation and
experimental methods

Before presenting the publications that supports this thesis, a brief description of the an-
tenna developed during this work will be provided. Furthermore, the simulation method
used to accurately calculate the Floquet-Bloch mode supported by the antenna, and the
computation of a far-field radiation pattern generated by a millimeter-scale structure, will
be explained. Another important section will detail the different lens system configurations
designed to characterize the antenna radiation pattern in the laboratory. Additionally, an
explanation of the structures fabricated on the chip to validate the simulations will be given.
Finally, the topology of the OPA developed during this thesis, including the feeding scheme,
will be presented.

3.1. Metamaterial surface emitting antennas

3.1.1. Geometry and basic foundations

As explained in the previous chapter, the antenna developed in the framework of this thesis
(see Fig. 3.1), offers several advantages over conventional designs: i) It is compatible with
monolayer photonics platforms (SOI, SiN, LNOI,...) using single etch step. This avoids the
need for specific fabrication processes. ii) The geometry allows the synthesis of extremely
weak antennas (millimeter scale) using large MFS compatible with commercial foundries,
hence offering the possibility to be fabricated using deep-UV immersion lithography tech-
nology. iii) The use of metamaterial subwavelength gratings (SWG) provides more degrees
of freedom in antenna design, e.g., it allows for the synthesis of slow-light antennas that can
improve scanning sensitivity (08/01).

A schematic view of the antenna developed during the Thesis is shown in Fig. 3.1 to-
gether with two SEM images of different fabricated prototypes. It consists of a main core
where a mode is propagating and a series of lateral segments which are physically separated
from the core with a gap (g). The lateral segments are spaced periodically with a period (A)
in the propagation direction (x), while the core needs to support a propagating mode, in
this case by a subwavelength grating waveguide (SWG). The principle of operation of the
antenna is based on the interaction between the evanescent field of the mode traveling
through the core and the lateral segments. As a result of this interaction, the Floquet-Bloch
mode supported by the whole structure is radiated in a diffraction order at an angle 6,, de-
termined by the grating equation (Eq. 2.16).
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Figure 3.1.: Metamaterial surface-emitting antenna. a) 3D schematic. The design parameters in
relation with the antenna are also represented. b) SEM image of the conventional design studied in
detail in the second publication of next chapter (Chapter 4). c) SEM image of a slow-light antenna
design optimized to achieve an improvement of x2 in the scanning sensitivity with the wavelength
(0010A).

A subwavelength grating waveguide is a periodic structure that supports the propaga-
tion of Floquet-Bloch modes with no losses [27, 28]. To work in the SWG regime the period
of the structure must fulfill the following condition:

A
Aswg < T (3.1

where A is the operating wavelength (in vacuum), Aswg is the period of the structure and
ngg is the effective index of the Floquet-Bloch mode. Therefore, if the period of the meta-
material is below the Bragg condition (Eq. 3.1), it is said that the structure is operating in
the SWG regime. In this regime, the periodic waveguide acts as a homogeneous waveguide
with an equivalent refractive index (neq). The effect of homogenization in the SWG regime
is schematically shown in Fig. 3.2.a. The properties of the Floquet-Bloch like refractive in-
dex and group index can be controlled with the geometry (see Fig. 3.2.b). Also, the use of
SWG material allows for precise control over the electromagnetic field distribution of the
propagating modes (see Fig. 3.2.c) [29].

The main designs presented in this thesis are focused on the use of SWG metamate-
rials for the waveguide core to achieve better interaction of the mode field and the lateral
segments. Also, the use of an SWG core results in a larger gap size (g) that does not limit
the design in the MES. This type of geometry allows to design antennas with a radiation
strength (apg) extremely low (~ 1mm™'). This phenomenon can be explained by the per-
turbation theory [99]. Perturbation theory studies how the field distribution, and hence
the properties of a mode propagating through a medium change when weak periodic per-
turbations are introduced in the refractive index of the structure. Applying the perturba-
tion theory to analyze the antenna presented in this thesis, we define the SWG core as an
unperturbed waveguide that supports the propagation with no losses of a Floquet-Bloch
mode that has a real wavevector k, = konpp,,. When it is perturbed, i.e., lateral segments
are placed periodically (A) and interact with the evanescent field of the mode, the prop-
erties of the Floquet-Bloch are affected. The phase constant is modified and losses ap-
pear, as the mode fulfills the phase matching condition to be radiated outside the antenna.
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Figure 3.2.: Subwavelength grating metamaterial fundamentals. a) Conventional SWG waveguide
(top view) where the mode propagates in the same direction as the periodicity and its equivalent
homogeneous metamaterial. b) Refractive index and group index of a Floquet-Bloch mode with TM
(out-plane) polarization as the duty cycle of the periods changes. ¢) Comparison between cross-
sectional field distributions of a TM-mode when the duty cycle varies. The dashed lines in the figure
represent the transverse limits in the transverse direction of the waveguide (y). It is evident that an
SWG metamaterial waveguide enables the engineering of field distribution delocalization of modes,
thereby controlling the exponential decay of the evanescent field.

Therefore, the wavevector of the Floquet-Bloch mode can be defined after perturbation as
kp=pBp—jap=(ky+AP)— jap. According to perturbation theory, if the perturbations are
weak, these two parameters (Af,a ) are directly proportional to the coupling coefficient (x),
defined as [99]:

(AB, ap) x K=/A€(y,z)|E|2dS. (3.2)
N

Here, Ae(y,z) represents the difference in the refractive index between the unperturbed and
perturbed structure for a constant x, value, and E corresponds to the field profile of the
unperturbed structure. From this equation, several statements can be made. Firstly, the
strength of the perturbation increases proportionally with the area of the lateral segment
(W x Lg), resulting in stronger radiation from the diffracted mode. However, the lateral seg-
ments are placed away from the core, in the evanescent field region, where the perturbation
becomes extremely weak because E decays exponentially with the gap (g). Therefore, as
the SWG lets to control the mode delocalizaton from the core (Fig. 3.2.c), it enables precise
control of the radiation strength.

In the following sections, we will discuss the simulation of a millimeter-scale antenna
using the 3D-FDTD (Finite Difference Time Domain) method and the analysis of its far-
field radiation characteristics. It is important to note that simulating large-scale structures
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(L > 1000A) using the 3D-FDTD method is not possible due to the high memory require-
ments. However, we will outline the necessary steps and considerations to ensure an accu-
rate and computationally efficient simulation, by using only the 3D-FDTD simulation of a
single period of the antenna.

3.2. Computational design of surface-emitting antennas

3.2.1. Floquet-Bloch analysis

The characterization of long devices (L > 10001) often involves a large computational bur-
den, especially if it is required to measure the performance of a device using the FDTD
method in electromagnetic simulations. Running a complete 3D-FDTD simulation of an
entire millimeter-scale antenna with a grid resolution of tens of nanometers can be com-
putationally unaffordable. To overcome this limitation, we propose the use of a method
that involves simulating a single period of the structure using periodic boundaries with 3D-
FDTD simulation. This computational method allows to calculate a Floquet-Bloch mode
and analyze the modes in periodic geometries without the need for a complete 3D-FDTD
simulation of the entire structure, obtaining the mode profile in a period together with the
complex effective index, which will indicate the phase constant (Bgg) and attenuation con-
stant (app) of the mode, as well as the group index (ng) at a specific wavelength. The method
is based on the theory explained in [100] to calculate band structures in photonic crystals.
During this thesis, the Floquet-Bloch analysis method has been programmed in Python to
be used together with MEEP [101], an open source package for electromagnetic simulations
using the FDTD method, developed by the Massachusetts Institute of Technology.

The method iteratively searches for the Floquet-Bloch mode of a structure propagating
at a desired wavelength A¢nq. It provides at the end of the computation the effective index
of the mode neft(Aend), the group index ng(Aend), and the attenuation constant a(Aenq) if
there are any losses present in the system. To understand how the method works, a list
of important elements and required information is provided, offering an efficient way to
calculate Floquet-Bloch modes in periodic structures:

¢ Simulation cell: Figure 3.3.a shows a 3D-schematic of the simulation cell of the antenna
together with the boundary conditions. The main simulation cell should have a size of a
single period A in the propagation direction (x). In the other dimensions, the cell should
be large enough to contain the calculated mode without reaching the boundary limits.
The boundary conditions at the beginning (x = 0) and end (x = A) of the simulation cell
in the propagation direction must be periodic, which causes the field leaving at one end
of the simulation cell to be injected back at the opposite end with a phase shift e/?, where
Y = 2n/A)npgA. In the other dimensions, the boundary condition will be a perfectly
matched layer (PML) to prevent reflections from affecting the simulation.

» Field monitor: Before exciting the structure with a source, it is necessary to place a field
monitor in the cell that will store the fields during the simulation. It is important not to
place the point monitor at or near a node where the fields associated with a mode go
to zero because the contribution may be too low, and it may not find the correct mode.
Similarly, the component of the field used to measure the field monitor should be the
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major component of the mode being analyzed.

* Source: The excitation source profile used inside the unit cell (period) must be similar
to the field distribution of the modes we want to compute. It is recommended to use a
Gaussian pulse in time as excitation, reducing the frequency band of study and making
it easier to find the desired resonance (mode).

* Method starting point: Before running the FDTD simulation, the method needs a start-
ing point to iteratively reach the mode propagating at the desired wavelength (Aenq). The
initial guess is an effective index ng;lfess that will adjust the phase shift of the periodic

boundaries to:

21

0 (guess)

Yevess = 7Tt A 3.3)
end

¢ Signal processing: After launching the source and waiting enough time of simulation,
the phase shift of the periodic boundaries and the simulated geometry will impose the
resonance of several modes, between them one will have a major contribution. The sig-
nal stored in the field monitor will be processed with the Filter Diagonalization Method
(FDM) [100]. It consists of a spectral analysis of the signal using FFT (Fast Fourier Trans-
form) to determine the resonating frequency of the mode propagating in the cell, and
hence the wavelength of the mode found (A,eg0). Also, if the mode found exhibits losses,
the attenuation constant (ayeso) can be calculated with the decay of the field stored in
the monitor.

If the found mode in iteration i, is not resonating at the desired wavelength (Aﬁé)so # Aend),
an iterative process begin, where the next value of phase shift imposed in the periodic
boundaries (yéﬂess) is the result of a linear regression between the two last results. This
iterative method allows to calculate between iterations the variation of the effective index
with wavelength, allowing to estimate the group index (ng)). An example of the iterative
process is schematically shown in Fig. 3.3.b, where three iterations where needed to find

the Floquet-Bloch mode at the desired wavelength.

A flow diagram is shown in Fig. 3.3.c where the full method of Floquet-Bloch analysis is
explained. The initial effective index is referred to as né%?ess), the effective index of the mode
resulting from an iteration i is defined as nié)so, and the final desired wavelength is Aepq.

3.2.2. Far-field computation with FDTD simulation

One of the most crucial properties to analyze in antenna simulation is the far-field radiation
pattern. For antennas with physical apertures much larger than the wavelength, the far-field
region begins at very long distances (Eq. 2.1). To measure the far-field radiation pattern of
a millimeter-scale antenna in simulation using the FDTD method, it is necessary to place a
field monitor at distances of several meters, which is computationally infeasible. The Fraun-
hofer approximation is commonly used in simulation for this reason, obtaining the far-field
radiation diagram through a mathematical processing of the measured near field. To do so,
it requires simulating the entire antenna to store the whole near field in a field monitor, and
then do the Fourier transform processing to obtain the far field. However, for the case of
the antennas presented here, it is not a feasible solution as it needs to simulate the entire
millimeter-scale antenna and it will require a lot of computational memory. To address this
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Figure 3.3.: 3D-FDTD Floquet-Bloch analysis. a) Simulation unit cell, with boundary conditions ap-
plied in the y and z directions as perfectly matched layers (PMLs) to minimize reflections and their
impact on the results. In the x direction, a periodic boundary condition is employed, applying a
phase shift e/? to the field that travels thought it. b) Example of the method where three iterations
were needed to found the mode at the desired wavelength. The green markers represent the esti-
mated effective index, indicating the step where the phase shift in the periodic boundaries is modi-
fied, while the blue markers depict the results obtained from an FDTD simulation. In the first phase
shift, the result obtained from the simulation using the initial guess and the phase shift applied to
the boundary conditions coincide. Each iteration yields the effective index of a mode resonating at
a specific wavelength. The method concludes when the last computed mode resonates at Aepg. €)
Flux diagram illustrating the step-by-step computational method for Floquet-Bloch analysis.

issue, we developed a mathematical method to construct the near field of a large-scale an-
tenna using the 3D-FDTD simulation of only a single period of the periodic structure. This
solution reduce the simulation time from several days to only a few minutes.

For the simulation of a single period of the antenna we use the Floquet-Bloch analysis
explained before (Section 3.2.1). While using this iterative method, the near field of the
Floquet-Bloch mode is measured by a field monitor placed near the antenna at a distance
lower than the wavelength (typically z = 0.5 um -1 pm) occupying the entire simulation cell
in the XY plane, a schematic is shown in Fig. 3.4.a. The components of the near field that
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will participate in the far-field radiation pattern will be those whose direction is included in
the plane of the aperture. The near-field distribution captured by the field monitor placed
in an XY plane at a certain height from the antenna, is defined as:

¥ monitor (X, Y) = Pep (X, ) e I ¥ = g (x,y) e~/ Pro—jarm)x, (3.4)

The near field of the antenna will have the same field distribution of a Floquet-Bloch mode,
with a periodic component Ygg(x,y) and the effect of the complex wavevector k = Bpg —
jarp. The first part of the method consists of synthesizing the whole near field of the an-
tenna only with the captured field resulting from the simulation of one period. To do so, it
will be important to obtain the periodic component of the near field multiplying the field
captured with the monitor by:

¥¥B(X,)) = Wmonitor (X, ) e+jkx = ¥ monitor (X, ) e+]'(ﬁys—j061-‘s)x, (3.5)
where Wmonitor(X,)) is the field distribution of a single period captured by the field monitor
and fBrp and arp are the phase constant and attenuation constant obtained with Floquet-
Bloch analysis. Once we have the periodic distribution of a single period, it needs to be
concatenated as many periods as the antenna has. Assuming that, everything outside the
area occupied by the field monitor has a value of zero, the concatenation of the periodic
component in N periods can be defined as:

N-1
¥ periodic (%, )) = Z (lPFB (x+ mA;J/)) ) (3.6)

m=0

where N is the number of periods in the antenna and A is the period length. Finally, to con-
struct the near field of the antenna (W) the effect of the complex wavevector k is applied
to the periodic field distribution of the whole antenna:

¥nr(x,y) = 'Ilperiodic(x;,)/) e_j(ﬁFB_jaFB)x. 3.7)

Finally, in order to calculate the far-field radiation pattern of the antenna, the Fraunhofer
integral will be applied to the synthesized near field. By leveraging the Fourier properties
and efficiently concatenating the near field in the Fourier domain, the far-field can be ob-
tained through a single period Fourier transform. Applying Fourier properties to Eq.3.7 and
developing the integral, the far-field can be expressed as:

N-1
U((/),H) x f(gb,G) — (f[ ‘I’(x,y,z)ej(kxx+kyy)dxdy) . ( Z e—nA[aFB+jko(an—sin(9)cos((p)] . (3.8
D

n=0

The equation shows the product between the Fourier transform of the near field of a single
period of the structure and a factor that symbolizes the effect of grouping different periods
in the longitudinal direction (x). The similarity of this equation with the far-field pattern of
an array of antennas (Eq.2.4) indicates that this type of periodic antenna can be considered
a travelling-wave antenna, which is a very common type of antennas used in telecommuni-
cations for radio-frequency (RF), where a travelling mode is emitted by several holes arrayed
in the propagation direction.
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Finally, the complex wavevector is
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Figure 3.4.: Near-field synthesis method. Schematic of the method of the concatenation of the sim-
ulated near field of one period for an antenna of N periods.

3.3. Experimental characterization of the antenna

Over the years, numerous techniques for antenna characterization have been developed,
particularly in the RF domain. The main challenge lies in measuring far-field radiation pat-
terns, which are often situated far from the antenna, making it difficult to set up a fully
controlled experiment. The three most commonly used techniques in antenna theory for
estimating the far-field using near-field measurements are [102]:

1. Using a probe to measure the phase and amplitude of the near field. With this informa-
tion, the far-field radiation pattern can be estimated through a Fourier transform with
post-processing. However, this technique is not applicable in the field of optics since
it is not possible to measure the phase of a radiated beam with a probe. Only the am-
plitude can be measured using infrared (IR) cameras, thus it is not a valid approach for
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integrated optical antennas.

2. Generate a quasi-uniform plane wave to feed the aperture at different angles and mea-
sure the power obtained by the antenna to be characterized. In the RF domain this tech-
nique is tedious due to the size of the plane wave that would have to be generated to
characterize large aperture antennas. However, in the field of optics, it is a technique
that can be used with a fiber and lenses, where the angle of the fiber with respect to the
antenna is very well controlled and it is far enough to create a plane wave that impinges
into the integrated antenna [49].

3. The last technique is based on refocusing the antenna radiation to infinity to obtain the
far-field radiation pattern in the near-field region. In the RF domain, a parabolic reflec-
tor can be used to refocus the radiation diagram placing the antenna under test in the
focus of the parabola. This ensures that near the parabola an electromagnetic probe
can be used to measure the radiation pattern of the antenna without having to do the
measurement in the far-field region. In optics, a similar solution can be achieved by us-
ing optical lenses and an IR camera. Optical lenses can project the far-field radiation
pattern of an antenna onto their focal plane when the lens captures the near field. To
measure the amplitude of the radiation pattern, an IR camera needs to be placed in the
focal plane of the lens. A schematic of how the lens works to project the image of the far-
field radiation pattern onto the IR camera sensor is shown in Fig. 3.5(b). This approach
is simpler than the previous one because a large part of the radiation pattern is projected
onto an image, without the need to move the probe at different angles and measure mul-
tiple points. An example of the result obtained with this approach is shown in Fig. 3.5.a,
where the most important part of the far-field radiation pattern is captured in an single
image. Accordingly, this is the approach that has been developed during the thesis for
the characterization of the radiation pattern of the fabricated antennas.

¢ (deg)

Figure 3.5.: Far-field characterization for integrated optical antennas a) Far-field radiation diagram
of a rectangular radiative aperture with a physical size of 100 um x 100 um projected into the sensor
of the IR camera. b) Schematic of the main approach used in this thesis to characterize the radiation
diagram of the fabricated antennas.

3.3.1. Fundamentals of optical lenses

A lens is an optical device made of transparent materials at optical wavelengths that mod-
ify the wavefronts of optical beams that impinge on them from one side causing a focus or
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defocus of the light beam into the other side. There are many types of lenses with different
behavior depending on their geometry. Conventional lenses can be analyzed as a Fourier
transform system that converts waves from the spatial domain into the angular domain and
vice versa. Therefore, a conventional convex lens will transform a plane wave into a spher-
ical wave focused on a point in the so-called lens focal plane, placed at a focal length f [82]
(see Fig. 3.6.a). When the plane wave enters the lens with a certain angle (8) the focused
point in the focal plane is displaced from the center of the optical axis (d) inside the focal
plane, as it is shown in Fig. 3.6.b. This displacement depends on the focal length of the lens
as:

d=tan(@)-f=0-f. 3.9)

The displacement d in the focal plane depends directly on the input angle 6 and the focal
length f. Assuming paraxiality (0 = 0), it can be approximate as the product between these
two parameters. Therefore, a lens is a system that transforms angles into displacements
and vice versa. A lens can also function as an image relay, which is an optical system that
takes an object and relays its image to another plane at the other side of the lens with a
certain magnification. The incoming light rays from the object are refracted by the lens
and converge to a point, creating a real inverted image. This image can be viewed directly
magnified or reduced at a different distance from the first image plane. The ability of a lens
to form an image relay depends on the distances between the object, the lens, and the image
plane. When images are further away from the focal length of the lens at a distance u on one
side, it relays the image into the image plane situated at a distance v, and the focal length of
the lens relates these two distances as:

1
—+—=, (3.10)
u

the projected image will be inverted and will have a magnification M depending on the
distances v and v as: )
M=——. (3.11)
u

The negative sign indicates the inversion of the image in the image plane. In many optical
systems, lenses are used in conjunction with other optical components or more lenses to
create a desired image size, position, and orientation. In Fig. 3.6.c it is shown a schematic
of a conventional convex lens working as an image system.

3.3.2. Lens systems for far-field characterization

As previously mentioned, a conventional convex lens can be analyzed as a system that
projects the Fourier transform of an incident field into his focal plane. This property is very
interesting for radiation-pattern characterization of emitters. Very similar to the solution of
parabolic reflectors in the RF domain [102], lenses can be used in optics to bring the far-field
region near to the antenna, specifically in the focal plane of the lens. Using an IR-camera the
far-field radiation pattern of antennas can be captured with high fidelity if the lens captures
the entire near field. In this work, for the design of the lens systems to measure the radiation
pattern of the antennas, it has been used the software OSLO (Optics Software for Layout and
Optimization) [103]. It is a powerful ray optics simulator that allows modeling complex lens
systems using commercial elements and obtaining accurate results.
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Figure 3.6.: Schematic of lens operation. a) Conventional convex lens focusing a plane wave into a
spot at a focal length f. b) The effect of lenses transforming angles into displacements in the focal
plane. Two plane waves that enters a lens with different angles 6 will be focused at different distances
d in the focal plane. c) Lens working as an image system where the object separated a distance u from
the lens is relayed into the image plane placed at a distance v with a certain magnification.

Two different lens systems have been designed during this thesis. The first configura-
tion is designed with a single lens that provides an overview of the far-field radiation pattern
and allows characterization of the antenna’s scanning behavior. This system projects a far-
field image onto the IR camera sensor, covering a wide angular range, albeit with a lower
image resolution. The second configuration has a more complex design, where two lenses
are involved. This lens system is designed to provide a large magnification of the far-field
radiation pattern, thus allowing for accurate characterization of the beamwidth of the main
lobe. Unlike the previous design, the far-field image projected onto the camera will have
a very narrow angular range but an extremely high image resolution. Both systems are de-
signed to project an image of the radiation pattern of the antenna onto a plane, where the
sensor of an IR camera should be placed to measure the far-field intensity. For all the mea-
surements in the thesis the same infrared camera has been used, the GOLDEYE P-008 SWIR,
which has an InGaAs sensor with 320 x 256 pixels at a pitch of 30 um. The total size of the
sensor is 9.6 mm x 7.68 mm and it is found 1.5 cm inside the housing of the camera. To adapt
the system to the IR camera, a tube lens system is used. The tubes must be of sufficient
diameter to accommodate the lens of choice, and they are attached to the camera housing
through a C-mount. In the following, we will discuss the design of these two different lens
systems and the characteristics they offer.
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Single-lens setup

The single-lens setup is designed to measure the far-field radiation diagram at various wave-
lengths to characterize the scanning sensitivity of the antennas. Since the mechanism to
steer the radiated beam in the vertical direction (0) involves wavelength tuning, it is neces-
sary to design an optical lens system without chromatic aberrations. The chromatic aber-
ration arises because the refractive index of a material varies with the wavelength of light, a
phenomenon known as dispersion. As per Snell’s law, the angle of refraction for light of dif-
ferent wavelengths or colors will vary due to the non-uniform nature of the refractive index.
This effect causes a variation of focal length with wavelength in conventional lenses (f(A)).
Therefore, the single-lens setup consists of an achromatic doublet designed to have its focal
plane constantly over the sensor of the IR camera at different wavelengths. An achromatic
doublet is a type of lens consisting of two individual lenses with different types of glass and
different dispersions. The combination of these lenses helps to minimize chromatic aber-
ration.

The selection of the lens considers many factors as the size and thickness of the lens,
separation from the camera housing, length of the tube lens, etc. Even if the design of a
lens is obtained by simulation (size, focal length, position,...) then it is necessary to find
a commercial lens with similar specifications, which in most cases is not simple. For the
single-lens setup there are several commercial lenses that can be used to measure the far
field with a wide angular range. However, for this experiment, a particular achromatic dou-
blet was selected based on the availability of lens tubes with exact lengths that could achieve
the focal plane over the sensor plane of the IR camera. The chosen lens is the achromatic
doublet AC254-035-C from Thorlabs, with a diameter of D = 1" compatible with commercial
lens tubes and a focal length of f = 35.1mm and a back focal length of f;, = 27.4mm. Fig.
3.7.a shows a schematic of the complete system, including the achromatic doublet AC254-
035-C, the lens tube SM11.03, and the SM1 to C-mount adapter SM1A9 from Thorlabs. The
total length of the lens tube system is 29.1 mm. With the focal length (f = 35.1 mm) and the
size of the IR camera sensor (9.6mm x 7.68mm) the FoV available for the far field can be
estimated using Eq.3.9:

180° 9.6
FOVQ = . ﬁ
180° 7.68
Fovy = "35.1

The achromatic doublet can project into the sensor the radiation pattern with an angular
range of 15.7° x 12.5° and a minimum resolution of A8 = A¢ = 0.05°/pixel. This FoV will
be the maximum angles that could be measure from the far-field radiation pattern, which
are sufficient to demonstrate the antenna scanning in the wavelength band of operation
(A =[1500nm — 1640 nm]). In Fig. 3.7.b it is shown a simulation in OSLO of the lens, and in
Fig. 3.7.c its behavior with wavelength, presenting a maximum focal shift from the central
wavelength of 50 um in the entire wavelength band, which is negligible for this measure-
ment. In the following table (Table 3.1) an overview of the specifications that offers the
single-lens system is collected.
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Figure 3.7.: Schematic of the single-lens system. a) Schematic of the achromatic doublet together
with its case and the necessary tube lenses to measure the far-field patter in the IR camera sensor.
b) Ray tracing simulation in OSLO of the commercial achromatic doublet. c) Behavior of the system
with a wavelength tuning, presenting a negligible effect in the focal distance of the system.

Length (mm) | Field of View (°) | Resolution (°) | Focal shift (um) | D (mm)
29.1 15.7x12.5 0.05 50 1"=25.4

Table 3.1.: Main specifications of the single-lens setup. The focal shift is obtained from a wave-
length sweep of 100 nm from 1.5 pum to 1.6 pm.

Double-lens setup (magnification system)

The magnification system consists of two lenses: a plano-convex lens that will perform the
Fourier transform of the near field radiated by the antenna, and a bi-convex lens that will
be responsible for relay the image of the far field from the focal plane of the first lens to the
sensor plane of the IR camera with a certain magnification (M). Fig. 3.8.a shows a simula-
tion in OSLO of how these two lenses work to achieve the far-field image magnified in the
plane of the camera sensor. As can be seen in Fig. 3.8.a, the final displacement (z,) will de-
pend on the focal length of the first lens (f1), the input angle (8) and the magnification (M).
The use of a large magnification in the measurement system will enable the characteriza-
tion of highly collimated beams with increased resolution compared to the previous setup.
However, this comes at the expense of a reduced angular range available in the far-field im-
age. The system is designed to target a resolution of A8 = 0.01°/pixel, which is sufficient to
characterize the beamwidth of the emitted beams of the antennas studied in this thesis. To
achieve this, the following condition needs to be fulfilled:

Az= 1AM = fiM =171.88mm/rad, (3.12)
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where Az is the physical size of a pixel of the camera (Az = 30 um), A6 is the target resolution
we want to achieve, fj is the focal length of the first lens in the system and M is the magni-
fication of the second lens. If the first lens is chosen with a large focal distance, the second
lens will be less restrictive as the magnification M will be lower. After performing simu-
lations in OSLO and reviewing the catalog of available commercial lenses and lens tubes
at Thorlabs, the final system is composed of the following components: The plano-convex
lens LA1509-C with a focal length of f; = 100mm and a diameter of D = 1" packaged in a
lens tube SM1L40. This will be the first lens of the system placed near the antenna, and it
will project the far-field radiation diagram in its focal plane at a distance f;. The second lens
is the bi-convex lens LB1761-C with a focal length of f, =25.4mm and a diameter of D =1"
packaged in alens tube SM1L25. The distance between the lenses is adjusted to be 140.5mm
between last and first surfaces of the lenses. Therefore, the distance between the far-field
image and the second lens will be © = 40.2mm and the distance between the second lens
and the magnified image on the camera sensor will be v = 69mm. A schematic of the com-
plete system together with the necessary tube lens is shown in Fig. 3.8.b. The designed dis-
tances for u and v theoretically result in an image system with a magnification of M =1.72.
However, the validity of Eq.3.11 is limited to ideal lenses (planar devices), and since the
lenses in this case have thickness, the performance of the system degrades. To measure the
magnification of the second lens, a Gaussian beam was propagated through the system us-
ing OSLO, as shown in Fig. 3.8.c. The input Gaussian beam has a radius of W;;, = 1mm,
and after being focused in the focal plane of the first lens, it has a radius of W;, = 50.7 um.
After passing through the second lens, it is focused into a beam of W), = 76.4 um. Therefore,
the effective magnification of the second lens is M = W,,/ W, = 1.42. The system’s resolution
in the simulation is ABgmulation = 0-012°/pixel, which is very similar to the theoretical value
of ABheory = 0.01°/pixel. Finally, as the lenses used in the system are made with the same
material NBK-7, they suffer from chromatic aberration, and the system is not tolerant to
wavelength tuning. In Fig. 3.8.d the behavior of the system when the wavelength changes is
represented, having a maximum focal shift from the central wavelength of 1.25mm, which
is going to blurry the projected image in the camera sensor. However, this is not a limiting
factor since the section between the second lens and the IR camera is made of an adjustable
lens tube SM1V15 and a conventional lens tube SM1L15 to have the possibility of focusing
the image on the sensor when the wavelength of the emitted beam is changed. The double-
lens system presents a resolution of A6 = 0.01°/pixel, which is ~ 5x more than the previous
lens system. However, as the sensor has 320 x 254 pixels, the available FoV for the far-field
image is reduced to 3.2° x 2.54°. In the following table (Table 3.2) an overview of the specifi-
cations that offers the single-lens system is collected.

Length (mm) | Field of View (°) | Resolution (°) | Focal shift (mm) | D (mm)
221.3-259.4 3.2x2.54 0.01 0.8 1"=254

Table 3.2.: Main specifications of the double-lens setup. The length of the system is inside a range
as there is an adjustable lens tube. The focal shift is obtained from a wavelength sweep of 100 nm
from 1.5 um to 1.6 pm.
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Figure 3.8.: Schematic of the double-lens system. a) Ray tracing simulation in OSLO of a double lens
system, where the first lens works as a Fourier transform system and the second lens acts as an im-
age relay with a specific magnification factor M. b) Schematic of the double-lens system, including
the necessary commercial tube lenses, used for measuring the far-field pattern of integrated optical
antennas with an IR camera. c) Simulation in OSLO demonstrating the propagation of a Gaussian
beam through the system. The observed magnification closely aligns with the theoretical estimation,
although slight deviations are present due to the non-ideal characteristics of the lenses. d) Behav-
ior of the system with wavelength tuning, showcasing pronounced variations in focal length arising
from the chromatic aberration present in both lenses.

3.4. Mask layout and fabrication of the prototypes

This section describes the last step in the prototyping cycle before the experimental char-
acterization of the integrated optical antennas. So far, all the necessary tools for designing
integrated optical antennas have been explained. Software methods such as Floquet-Bloch
analysis and far-field calculation have been used to reach the final designs. Additionally,
different lens systems have been developed in this Thesis to characterize the radiation pat-
tern of the antennas in the laboratory. However, in order to measure the performance of the
designed devices, fabrication of the prototypes is required. This entails the need for a well-
controlled environment, such as a clean room, with highly specialized fabrication processes
to precisely pattern the materials used for the devices through CMOS-compatible protocols.
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This Thesis was conducted at the Photonics & RF Lab at the University of Malaga, a re-
search group equipped with the necessary tools and expertise to undertake nearly all stages
of prototyping, encompassing design, modeling, and experimental characterization of in-
tegrated optical devices. However, as a fabless research group, the chip manufacturing pro-
cess is outsourced to external facilities. All the devices fabricated during this Thesis were
made in the commercial foundry Applied Nanotools Inc (ANT) [104]. This Canadian com-
pany provides fabrication services for solid-state chips on various platforms, such as silicon-
on-insulator (SOI) and silicon nitride (SizN4). All the integrated optical antennas designed
in this Thesis have been developed for the SOI platform. ANT offers a fabrication service
for multi-project wafers (MPW) of SOI chips, with a fabrication run scheduled every two
months. The chips fabricated in these MPW runs have a dimension of 9mm x 9mm, and
they are patterned in a 220-nm thick silicon layer with a 2-pum buried oxide (BOX) layer us-
ing electron beam lithography and anisotropic ICP-RIE etching process, with a single fully
etch step. The minimum feature size they offer is 60 nm, which allows the synthesis of deep-
SWG metamaterials. The cladding is optional and they are able to fabricate a 2.2-pum thick
upper SiO» cladding deposited by chemical vapor deposition. Finally, depending on the de-
vices used to couple light into the chip, chip facets can be defined with a deep-etch process.

To carry out the fabrication at ANT, they require what is known as a fabrication mask.
The mask is a file that geometrically indicates the location of the devices on the chip. In the
case of ANT, it is necessary to specify the portion of silicon that does not need to be fully
etched. The delivery time for the fabricated chips using MPW runs is approximately 2-3
months. Given the considerable time it takes to characterize the designs experimentally, the
process of creating the fabrication mask becomes crucial. In order to maximize efficiency
in the group, researchers often share a single mask, allowing them to incorporate as many
designs as possible on a single chip.

The fabrication mask not only includes the main designs to be tested but also incor-
porates additional structures known as auxiliary devices. The inclusion of these auxiliary
devices is a crucial aspect of the mask design process, as they are responsible for guiding
the light to test the correct functioning of the device under test (DUT). The antennas pre-
sented in the three publications of this Thesis were fabricated on the same chip along with
many auxiliary structures to characterize their performance. The chip mask includes weak
metamaterial surface-emitting antennas designed for TE (in-plane) and TM (out-plane) po-
larization, as well as antenna designs to maximize the scanning sensitivity by using slow-
light metamaterial waveguides and arrays of antennas fed with distributed Bragg reflectors.
A schematic representation of the mask is depicted in Fig. 3.9, highlighting specific de-
vices with corresponding scanning electron microscope (SEM) images. These SEM images
are captured prior to cladding deposition at the foundry and serve as a valuable tool for
quantifying fabrication errors. Understanding these errors is crucial in comprehending the
behavior of the DUT as measured in the laboratory.

3.4.1. Main aspects for a mask design
Coupling light into the chip

The experimental equipment for characterizing the prototypes used in this Thesis requires
the use of an external laser. In this case, a fundamental device must be included in the mask,
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Figure 3.9.: Fabrication mask for ANT MPW run for SOI platform. a) Mask layout for the fabrication
of metamaterial surface-emitting antennas, with grey and red colors indicating the etched and non-
etched areas, respectively. The dashed line represents the boundary for deep-trench, necessary when
light is coupled to the chip through the edge. Blue areas indicates the region for SEM imaging. b)
SEM image of a Mach-Zehnder interferometer using 2 x 2 MMIs. ¢) Microscope image of an optical
phased array (OPA). d), e), f) Different prototypes for weak metamaterial surface-emitting antennas.
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fiber-chip couplers. The fundamental mode of a single-mode fiber at an operating wave-
length of 1550nm has a mode field diameter (MFD) approximately ~ 20x larger than the
MEFD of a conventional strip waveguide in SOI. In recent years, significant research efforts
have been focused on developing highly efficient couplers with large bandwidths. How-
ever, these solutions often require special fabrication processes that are not compatible with
commercial foundries [105-107]. In the context of silicon-on-insulator (SOI) platforms, two
common methods are used to couple light into the chip: surface grating couplers and edge
couplers.

Surface grating couplers offer the advantage of being able to be placed anywhere on
the chip. However, they typically suffer from poor coupling efficiency, limited operation
bandwidth and a strong polarization dependence. Additionally, grating couplers require a
specific setup that involves tilting an optical fiber to enable coupling of light at the designed
angle of the grating coupler. It is crucial to position the fiber as close as possible to the
grating to minimize free-space beam divergence. In most cases, a conventional fiber with
a straight-cut facet is used for this purpose. An schematic of a grating coupler with typical
size values is shown in Fig. 3.10.a.

Edge couplers, on the other hand, offer a solution with a wider operating bandwidth.
These couplers are positioned near the edge of a chip and work by delocalizing the mode
through an adiabatic waveguide to achieve better matching with the mode profile of a fiber.
Edge couplers can only be used at the chip facets, and for coupling light into them, a lensed
fiber with a MFD of 2 — 3 um is typically employed at a specific working distance from the
edge (~ 15um). The lensed fiber helps to collimate the mode of a single-mode fiber into a
small spot, thereby relaxing the requirements for mode delocalization in the edge coupler.
Furthermore, edge couplers offer a large operation bandwidth and they can be designed
to work for both polarizations TE (in-plane) and TM (out-plane). A schematic of a grating
coupler with typical size values is shown in Fig. 3.10.b.

For the fabrication mask developed in this Thesis, edge couplers were employed to cou-
ple light into the chip. This choice was made considering that the antennas are dispersive
devices with a wide wavelength band of operation (the same band as the laser source). Us-
ing edge couplers is more suitable in this scenario compared to grating couplers, as it allows
for measuring the scanning behavior of the antennas through wavelength tuning. The edge
coupler implemented in the mask is an SWG metamaterial edge coupler [108], which offers
low losses and similar behavior for both polarizations in SOI.

Flavors for fabrication compensation

During the fabrication process of the designed devices, there is always an inherent uncer-
tainty associated with possible fabrication errors. The most common errors encountered in
commercial foundries are under-etching and over-etching of the silicon segments, as well
as small variations in the thickness of the silicon layer. These errors have the potential to al-
ter the refractive index of the supported modes in these devices, resulting in behaviors that
may differ from the originally simulated ones.

To compensate this type of errors, the mask includes variations of the nominal design
known as flavors. The flavors are copies of the nominal design whose size has been scaled
by a factor §. For the fabrication of the prototypes each nominal design has flavors with
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Figure 3.10.: Two commonly used approaches for light coupling into SiPh chips a) Conceptual de-
piction illustrating a fiber positioned over a grating coupler, enabling the coupling of the fiber mode
into the periodic structure. b) Conceptual depiction showing an edge coupler receiving light from a
lensed fiber, where the focused spot size closely matches the delocalized mode achieved by the edge
coupler at its tip.

0 = +20nm.

Auxiliary devices

The auxiliary devices consist of essential structures integrated on the chip to facilitate the
routing of light into the DUT. These devices typically comprise interconnection waveguides,
tapers, and MMIs (Multimode Interference devices) that serve as power splitters.

An interconnection waveguide in a SiPh chip refers to a guiding structure designed to
facilitate the efficient transmission of optical signals between different components or func-
tional elements within the chip. In the fabricated chip for antenna prototyping, optical in-
terconnects with a width of 500nm were used. This dimension is typical for these waveg-
uides, as it ensures that only the fundamental mode for both polarizations (TE and TM) can
propagate effectively, without any leakage to the bottom substrate when a 2 um thick buried
oxide (BOX) layer is used.

In theory, a conventional waveguide should not introduce losses to the propagating
mode if there is no leakage. However, during the fabrication process, there are inherent
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physical phenomena, such as side-wall roughness, that can induce losses. Side-wall rough-
ness losses occur when there is a random modulation in the lateral wall of the waveguide
during the etching process, resulting in some level of attenuation. To measure this effect,
the cut-back technique can be used. This technique requires injecting power into one side
of the chip, passing through the structure to be analyzed, and having enough power coming
out of the chip. By calculating the output power for the same device with different lengths,
the losses introduced by the device can be easily obtained through linear regression of the
output power as a function of the device length. By using this method, we estimated the
losses introduced by the interconnection waveguides for both polarizations TE and TM at
different wavelengths (see Fig. 3.11.a and Fig. 3.11.b). The total losses in units of dB/cm
introduced by the waveguides are represented in Fig. 3.11.c. At an operating wavelength of
A =1550nm a mode propagating through the interconnection waveguide exhibited a loss of
Lrg =0.95dB/cm for TE polarization and Ly, = 1.1dB/cm for the TM polarization, which
were lower than the typical values offered by ANT. Finally, if the linear regression is extended
to a length of zero, the measured loss is the one related with the coupler. In this case, we
used for all the devices a metamaterial edge coupler as mentioned before, whose measured
losses are showed in Fig. 3.11.d
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Figure 3.11.: Cut-back method to estimate interconnection waveguide losses. Measured losses of
an interconnection waveguide for different lengths and wavelengths for a) TE polarization and b)
TM polarization. The measurement of the third waveguide (yellow curve) is not valid. This power
drop may be due to facet damage. ) Total losses in units of dB/cm. d) Losses inherent to the edge
coupler when the linear regression is extended to zero length.

Another widely used auxiliary device is the taper waveguide. A waveguide taper is a
type of waveguide with a gradual change in the width along its length. It is employed to
efficiently couple light between waveguides with different dimensions or geometry, such as
interconnecting a conventional waveguide and an SWG waveguide. In the case of intercon-
necting a conventional waveguide with an SWG waveguide, the taper linearly decrease its
width, while the periods of the SWG material are placed over the taper. This process allows
for efficient mode conversion and avoids excessive mode mismatch, which could lead to sig-
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nificant power loss and degraded device performance. For the case of the fabricated chip,
the taper was designed to couple the light between the interconnection waveguide an the
SWG waveguides of the antenna cores with a length of L = 15 um, ensuring minimal power
loss and maintaining the desired mode characteristics like polarization.

3.4.2. Design of experiments for antenna characterization

The devices developed in this Thesis were fabricated on the same chip along with many
auxiliary structures to characterize the performance of the antennas. The chip mask in-
cluded designs for antennas with TM and TE polarizations, as well as designs to maximize
scanning sensitivity by using slow-light metamaterial waveguides and arrays of antennas
fed with distributed Bragg deflectors. For the characterization of each antenna, three exper-
iments were designed: calculation of the radiation strength, calculation of the group index
of the Floquet-Bloch mode, and characterization of the far-field radiation pattern. In total,
all the following devices were included in the chip:

e 27 test structures to measure the radiation strength of the antennas.

4 MZIs to measure the group index of Floquet-Bloch modes traveling through the anten-
nas and interconnecting waveguides.

9 weakly radiating antennas and 9 antenna arrays with 2, 4 and 8 antennas.

3 1D-OPAs with 112 antennas grouped in the transverse direction, and fed with a dis-
tributed Bragg deflector.

The experiment for characterizing the far-field radiation pattern has been previously
discussed when the lens systems were presented, as it is the only experiment that requires
measurements to be conducted off-chip. However, there are other important parameters
that can be estimated on-chip, such as the radiation strength of the antennas and the group
index of the Floquet-Bloch modes (related to scanning sensitivity). The following is an ex-
planation of the methodology used to determine these parameters directly on the chip.

Radiation strength experiment

To quantify the radiation strength of the different antenna designs, the cut-back method was
employed to determine the losses associated with these structures. In the case of antennas,
there are two primary sources of losses: losses inherent to propagation through an SWG
waveguide and losses resulting from the radiation of light off-chip.

The mask included for each antenna design: i) an experiment with the SWG core of the
antenna with three different lengths. ii) an experiment with the antenna with three different
lengths, the same as the ones used for the SWG core characterization. This allowed for per-
forming a cut-back analysis to estimate the losses associated with the SWG, followed by an-
other cut-back analysis to estimate the radiation strength of the antennas after accounting
for the SWG losses. This resulted in a total of 27 input-output pairs on the chip, considering
three lengths for each design and three different flavors for design.

Conclusive measurements could not be obtained because the selected lengths for the
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cut-back method were too short. As both loss sources exhibited a very weak effect, the power
transmission measurements lacked sufficient resolution to distinguish a significant power
difference between the measurements. However, the radiation strength of each antenna
could be estimated thanks to the far-field characterization experiment, as will be shown in
the next chapter.

Group index experiment

Measuring the group index of the Floquet-Bloch modes propagating through the antennas
is of great interest. The group index directly affects the scanning sensitivity of the anten-
nas, as explained in Chapter 2 (Eq. 2.29). While the far-field characterization experiment
can provide this information about the scanning sensitivity, comparing the on-chip results
with the far-field measurements serves as a valuable cross-validation, ensuring the proper
functionality of both systems.

To measure the group index of the Floquet-Bloch modes interferometric techniques
were used. The design of Mach-Zehnder interferometers (MZI) was realized to obtain these
values. A first MZI is designed to measure the group index of the modes propagating through
the interconnection waveguides. With this information, a second MZI is designed to mea-
sure the group index of the Floquet-Bloch modes of the antennas. Each MZI is designed
with a different approximation.

The first interferometer to be designed aims to obtain the group index of the mode of
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Figure 3.12.: Mach-Zehnder interferometers for group index characterization: a) MZI design for
measuring the group index of the interconnection waveguides. b) MZI designs for measuring the
group index of the Floquet-Bloch mode propagating in the antennas. c) Transmitted power function
of the MZI for the interconnection waveguide on each output. d) Transmitted power function of the
MZI for the antennas on each output.
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the interconnection waveguides. For this purpose, a 2 x 2 multimode interferometer (MMI)
will be used to split the power into two paths of different lengths (L; and L, = L; + AL). Each
arm of the MZI will consist of a photonic wire with the same dimensions as the interconnec-
tion waveguides. These two paths will be recombined at the output using a 2 x 2 MMI (see
Fig. 3.12.a). By scanning the wavelength at the interferometer output, it will be measured
the free spectral range (FSR), which is the distance in wavelengths between two consecu-
tive maxima of the transmitted power, as shown in Fig. 3.12.c. With this information and
knowing the path length difference between the two arms (AL), we will be able to obtain the
group index of the photonic wire, defined as:

AZ

—_—. (3.13)
AL-FSR

Ngpw =

Once the group index of the interconnection waveguide is determined, a new MZI can
be designed to estimate the group index of the Floquet-Bloch mode of the antennas. In this
new MZI configuration, both arms have the same length (L), with one arm consisting of a
photonic interconnection waveguide and the other arm comprises an antenna with a short
length to minimize radiation losses. By measuring the FSR at the output of the MZI (see Fig.
3.12.b), the group index of the Floquet-Bloch mode can be obtained as follows:

Ng antenna = |Ng,pW — (3.14)

/12
L~FSR"

In Fig. 3.12.d, it can be observed that the FSR curves exhibit a gradual decay with increasing
wavelength. This behavior is attributed to the frequency-dependent radiation strength of
the antenna.

3.4.3. Laboratory equipment

All the antenna designs presented in this thesis have undergone fabrication and experimen-
tal characterization at the Photonics & RF Laboratory of the University of Malaga. The ex-
perimental setup used for this purpose is divided into three different stages summarized
with photographs in Fig. 3.13.

Input stage

The input stage is in charge of routing the light from an external laser source to the chip. The
external source is the Agilent 81600B tunable laser that injects the light into a SMF-28 fiber.
Then a polarization controller (FPC561 from Thorlabs) is used to align the linear polarized
light of the laser with a polarization filter. The linearly polarized light at the output of the
filter is then guided to another polarization controller (FPC561 from Thorlabs) which aligns
the polarization of the fiber with the desired on-chip polarization. Finally, before reaching
the chip, the fiber is connected to an optical circulator whose outputs are a fiber injecting
the light into the chip and a photodiode to measure the reflections coming from the chip.
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Chip stage

The chip stage is responsible for coupling light into and out of the chip. For this work, edge
couplers have been used. A lensed fiber is connected to the output of the circulator guiding
the light to the edge coupler at the input chip facet. At the output chip facet another edge
coupler will guide the light to the free space and a microscope objective placed near will
collect the light.

Output stage

The output stage is divided into two different paths. The first path is used for the char-
acterization of on-chip devices using the cut-back method and for the alignment of the
input lensed fiber and the output microscope objective with the corresponding edge cou-
plers. All the light collected by the microscope objective is collimated and guided to a Glan-
Thompson polarizer and then onto a photodetector (818-1R). A folding mirror can be used
to focus the light into a camera to help in the alignment. The second path involves the use
of the lens systems, as explained in Section 3.3.2, which consists of a separate system placed
over the chip for the characterization of antenna radiation patterns.

Input stage Chip stage Output stage
‘Tunable laser

Power meter out
Yt hiRcdmera. 9/5Z

@ /4

Glan-Thomp! % Foiding &
polarizér "

Microscope
view

Chip holder

Figure 3.13.: Different stages of laboratory setup to characterize photonic chips. The input stage
shows photographs of the main elements such as the laser source, the polarization controllers and
the circulator that is placed in the last section before injecting light into the chip. The chip stage
shows the lensed fiber that injects light on one side of the chip and the microscope objective that
collects the light on the other side of the chip. Finally, two different setups are shown in the out-
put stage, the one corresponding to the device alignment and the one designed to characterize the
antenna radiation pattern.
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This chapter provides a comprehensive overview of the diverse designs of metamaterial
surface-emitting antennas developed during the Thesis, showcasing the main research of
this work through a compilation of validated publications. The first and second publica-
tion introduce a novel topology for the development of weak radiating antennas on the SOI
platform, targeting an operating wavelength band within 1500-1640nm, which is the avail-
able wavelength band of the laser source used to characterize the prototypes (Section 3.4.3).
This topology involves employing an SWG core in conjunction with evanescently coupled
lateral segments that are arranged in a periodic manner along the propagation direction, en-
abling the efficient radiation of the mode off-chip (see Fig.4.1). The separation of the lateral
segments with the SWG core (g) gives a highly precise mechanism to control the radiation
strength of the antennas. With this innovative approach, millimeter-scale antennas can be
designed without being constrained by fabrication limitations, as the MFS of the device can
be significantly large. The latest publication in this Thesis centers around the design and
characterization of a complete 1D-OPA. It leverages the use of these metamaterial surface-
emitting antennas to form an array with a large directivity and the ability to electronically
steer the radiated beam, eliminating the need for mechanical adjustments. Moreover, the
publication introduces an innovative feeding scheme employing a distributed Bragg deflec-
tor working as a beam expander, providing a compact and efficient solution that deviates
from conventional approaches. These advancements position these antennas as pivotal
components in several beam-steering applications such as Free-Space Optics (FSO) and re-
mote sensing.

Figure 4.1.: Main topology presented in this Thesis. The topology of a metamaterial surface-
emitting antenna. a) 3D-view shcematic. b) Top view schematic
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Figure 4.2.: Overview of the different designs of antennas developed during the Thesis. The
chronological evolution of metamaterial surface-emitting antenna designs developed during the
Thesis is presented in this figure. a) Highly efficient optical antenna. b) Millimeter-long metama-
terial antenna. c) Slow-light optical antenna. d) Optical phased array fed by distributed Bragg de-
flector.
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4.1. Overview of metamaterial surface-emitting antenna
designs

Figure 4.2 represents an overview of all the antenna designs developed during the Thesis
and the progressive research carried out during this work. The research progress has been
characterized by a series of milestones presented below.

4.1.1. Simulation and verification of the topology for SOI platform.

The first milestone of the research was focused on the modeling and design of antennas
using the proposed topology (Fig. 4.2) particularized for the SOI platform. Several soft-
ware tools were developed to efficiently design weak radiating antennas (Chapter 3, Section
3.2.1-3.2.2). As aresult, a large variety of antennas were designed (see Fig. 4.2.a-c), demon-
strating the versatility offered by the proposed topology. The main objective in the design
process was focused on achieving weak antennas with an aperture size in the millimeter-
scale (@ < 2mm™2). This design approach enables the antennas to exhibit remarkably nar-
row far-field beam divergences of approximately ~ 0.1°. Another crucial design objective
was related to the radiation angle, which was carefully engineered to be sufficiently far from
the normal of the chip plane (6 = 0°). This deliberate choice helps prevent issues related to
coupling light into the periodic structure within the second Bragg region. Furthermore, the
effective index of the Floquet-Bloch mode is meticulously designed to avoid leakage to the
bottom substrate and ensure sufficient delocalization. This consideration helps mitigate
losses resulting from side-wall corrugation and fabrication errors, particularly in the case of
SWG waveguides.

Figure 4.2.a exhibits the initial results obtained in the Thesis, focusing on the design of a
metamaterial surface-emitting antenna for TM polarization. As the simulation methods be-
came more refined and precise, the potential of the topology was explored further, leading
to the research of innovative techniques such as double-etch step designs to enhance ra-
diation efficiency. The publication titled "Highly efficient optical antenna with small beam
divergence in silicon waveguides" presents the entire design process along with simulated
results for both the single etch-step antenna and its highly efficient counterpart achieved
through the double-etch step process [109]. This publication marks the first appearance
of the proposed topology for weakly radiating antennas, showcasing an unprecedented an-
tenna length of 3.65mm for silicon-based surface-emitting antennas in simulation. The
corresponding design yields a remarkable beam divergence of 0.025° in the far-field region.
Furthermore, it demonstrates that by implementing the double-etch step process, the ra-
diation efficiency of such antennas can be increased up to D = 72%, thereby opening up
promising prospects for the design of 1D-OPAs for applications where the power budget is
critical as communications or remote sensing. A summary of the geometrical parameters
(Table 4.1) and simulation results (Table 4.2) of both designs are given in the following ta-
bles.
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Single-etch | 900 220 180 | 190 | O | 700 | 832 | 208 | 60% | 3.65
Double-etch | 900 | 220/150 | 155 | 190 | 600 | 100 | 832 | 208 | 60% | 3.65

Table 4.1.: Geometrical parameters of TM designs. All parameters are in units of nm, except for the
length of the antenna Lap¢, which is in units of mm. The length of the antenna is estimated as the
required length to radiate 99% of the input power. L represents the length of the shallowed lateral
segment, while L, represents the length of the non-shallowed lateral segment. In the case of the
single-etch step design, the lateral segment thickness does not have a shallowed length.

TM design ngp ng | 6o (°) D apg (mm™) | A0 (°) | 00/0A (°/nm)
Single-etch 1.60 | 2.19 | -15.7 | 58% 0.63 0.025 0.093
Double-etch | 1.579 | 2.15 | -16.5 | 72% 0.63 0.025 0.053

Table 4.2.: Simulation results of TM designs. The simulation results of the TM designs are directly
related to the Floquet-Bloch mode supported by the antennas. The physical parameters are calcu-
lated for the central wavelength A = 1.55 um and the radiation angle (o) is the corresponding angle
in the air. Both antennas are designed to have similar parameters, except for the directionality, which
is superior in the double-etch step design.

4.1.2. Experimental validation of different antenna designs.

The second milestone in the Thesis involved the fabrication and experimental validation
of the proposed designs to verify the consistency between simulations and fabricated pro-
totypes. To accomplish this phase of the research, specialized Fourier optics systems were
designed to experimentally characterize the radiation patterns of the antennas, as discussed
in the previous chapter (Section 3.3.2). All the measurements and experiments realized for
antenna characterization were done with the laboratory equipment described in the pre-
ceding chapter (Section 3.4.3). During this phase, three different designs of the antenna
were fabricated: i) a metamaterial surface-emitting antenna for TM polarization, ii) a me-
tamaterial surface-emitting antenna for TE polarization, and iii) a slow-light metamaterial
surface-emitting antenna for TE polarization. All the prototypes were fabricated in ANT,
patterned in a 220-nm thick silicon layer with a 2-pm buried oxide (BOX) layer using elec-
tron beam lithography using a single fully-etch step and a 2.2-um thick upper SiO» cladding
deposited by chemical vapor deposition.

The prototype of the antenna designed for TM polarization with a single-etch step ex-
hibited a bad performance due to some anomalies observed in the laboratory. The transmit-
ted power measured at the output of the antenna suffered from a periodic behavior when
the wavelength was tuned, resulting in a polarization rotation. This issue can be attributed
to a potential fabrication error of the SWG core leading to air gaps between the segments.
Despite this problem, an apparent radiation pattern could be observed, and a scanning sen-
sitivity of 90/0A = 0.09°/nm was measured, which agrees with the simulation results.

The second antenna designed for TE polarization was successfully characterized in the
laboratory, presenting outstanding results for a millimeter-scale antenna in SOI. Figure 4.2.b
presents an overview of the design including an SEM image. The design process and ex-
perimental testing conducted to characterize this particular antenna are presented in the
second publication of this Thesis titled "Millimeter-long metamaterial surface-emitting an-
tenna in the silicon photonics platform" [110]. This publication presents for the first time
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the experimental results of the proposed topology for integrated optical antennas on the SOI
platform. Through the use of lens systems and an IR camera, a far-field beam divergence of
approximately 0.1° was measured. Furthermore, a scan range of 16° was achieved with a
wavelength variation of 120 nm. The experimental results exhibited remarkable agreement
with the simulations. However, it is worth noting that the measured beam divergence in the
laboratory was slightly wider than the simulation, suggesting a higher radiation strength
due to manufacturing errors. Nonetheless, the achieved beam divergence remains compa-
rable to the state-of-the-art as highlighted in the publication. A summary of the geometrical
parameters (Table 4.3) and simulation results (Table 4.4) of the published design are given
in the following tables.

W H g Ws Ls A ASWG DC Lant
Experimental TE | 650 | 220 | 300 | 200 | 200 | 680 | 170 | 0.55 | 2.3

Table 4.3.: Geometrical parameters of the measured antenna for TE polarization. All parameters
are in units of nm, except for the length of the antenna L,,;, which is in units of mm. The length of
the antenna is estimated as the required length to radiate 99% of the input power.

NEB ng | 6o (°) | A0 (°) | 00/0A (°/nm)
Experimental TE | 1.83 | 3.20 | -26.6 0.10 0.13

Table 4.4.: Experimental results of the measured antenna for TE polarization. The experimental
results of the TE design represented here are the ones measured by experimental characterization of
the antenna. The effective index is the only result measured in an indirect way through the radiation
angle (6p). All the results of the table correspond to the central wavelength A = 1.55 um. The corre-
sponding estimated fabrication error is an under-etching of approximately 20 nm.

The third design that was demonstrated experimentally was the slow-light antenna.
It demonstrated satisfactory performance, validating the concept of slow-light within this
topology (see Fig. 4.2.c), improving the scanning sensitivity by exploiting the use of meta-
materials. The measured scanning sensitivity was 06/9A = 0.198° /nm which agrees with the
simulation results. However, the group index could not be experimentally demonstrated as
the measurements with the interferometric experiment were not conclusive. These results
have not yet been published, but they will be shared in the near future or upon the develop-
ment of a more advanced prototype.

4.1.3. Design and validation of a complete 1D-OPA.

The final milestone of the research conducted during the Thesis involved the development
and experimental evaluation of a complete functional 1D-OPA. In this case, an antenna ar-
ray comprising 112 metamaterial surface-emitting antennas was realized. The antennas
used for the OPA were those that have been previously published (TE design). Moreover,
the 1D-OPA developed here included a novel feeding scheme based in the use of a beam ex-
pander using a distributed Bragg deflector (DBD). The DBD was previously designed as part
of a different Thesis conducted by the same research group (Photonics & RF Lab). Ithas been
successfully employed for different applications, including serving as a mode expander for
low-loss on-chip transitions and as a demultiplexer for communications [111, 112]. The
DBD emits a beam into a silicon slab at a specific angle ¢g,p, which illuminates the entire
antenna array. The on-chip beam radiated by the DBD has a Gaussian amplitude profile
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with a mode field diameter (MFD) of MFD = 40 um. As a result, each individual antenna
within the array receives a unique amplitude and phase distribution due to a tapered re-
gion designed to connect the slab with the antenna array. This configuration enables beam
shaping in the far-field region and facilitates beam scanning using a single control element
for 112 antennas. As the DBD is a dispersive device, with a wavelength tuning both the el-
evation angle (f) and azimuthal angle (¢) will change, but if a thermal phase shifter were
used over the DBD an orthogonal 2D-scanning of the emitted beam could be possible with
this architecture. The OPA was successfully fabricated and experimentally evaluated. Fig-
ure 4.2.d shows the design presented in the third publication of this Thesis titled "On-chip
metamaterial antenna array with distributed Bragg deflector for generation of collimated
steerable beams" [33]. For the first time a 1D-OPA using a DBD as feeding scheme was ex-
perimentally demonstrated. A summary of the experimental results of the published design
are given in the following table (Table 4.5).

Beamwidth | Gain | Directivity | 00/0A op/oA
Experimental 1D-OPA | 0.2°x1.8° | 50dB | 53.8dBi | 0.13°/nm | 0.23°/nm

Table 4.5.: Performance of the measured 1D-OPA for TE polarization. The experimental results
are those related to the far-field radiation pattern as the beamwidth and scanning sensitivity. The
antenna gain and directivity results are estimations based on simulations. The far-field spot has a
Gaussian profile in the azimuthal direction due to the illumination of the OPA.

4.2. Research publications

Almost all of the designs discussed in this chapter are thoroughly documented and elab-
orated in three research publications that validate the Thesis. These publications are ar-
ranged chronologically, demonstrating a favorable progression throughout the development
of the Thesis as it was planned. Each publication is a milestone in the process of the design
of an 1D-OPA for the SOI platform using a novel topology. The publications are presented
below.

1. Highly efficient optical antenna with small beam divergence in silicon waveguides.

Pablo Ginel-Moreno, Daniel Pereira-Martin, Abdelfettah Hadij-ElHouati, Winnie N. Ye,
Daniele Melati, Dan-Xia Xu, Siegfried Janz, Alejandro Ortega-Moiiux, J. Gonzalo
Wangiiemert-Pérez, Robert Halir, fﬁigo Molina-Fernandez, Jens H. Schmid, and Pavel
Cheben, "Highly efficient optical antenna with small beam divergence in silicon waveg-
uides," Optics Letters vol. 45, no. 20, pp. 5668-5671 (2020). DOI:10.1364/0L.404012

The first publication that endorses this work. It introduces the theoretical groundwork,
showcasing the novel application of this antenna synthesis topology in SOI.

Abstract: Optical antennas are key components in optical phased arrays for light de-
tection and ranging technology requiring long sensing range and high scanning resolu-
tion. To achieve a narrow beam width in the far-field region, antenna lengths of several
millimeters or more are required. To date, such long antennas have been impossible to
achieve in silicon waveguides because currently demonstrated technologies do not allow
accurate control of grating strength. Here, we report on a new type of surface-emitting
silicon waveguide with a dramatically increased antenna length of L = 3.65mm. This
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is achieved by using a subwavelength metamaterial waveguide core evanescently cou-
pled with radiative segments laterally separated from the core. This results in a far-field
diffracted beam width of 0.025°, which is a record small beam divergence for a silicon
photonics surface-emitting device. We also demonstrate that by using a design with L-
shaped surface-emitting segments, the radiation efficiency of the antenna can be sub-
stantially increased compared to a conventional design, with an efficiency of 72% at the
wavelength of 1550 nm.

2. Millimeter-long metamaterial surface-emitting antenna in the silicon photonics plat-
form.

Pablo Ginel-Moreno, Alejandro Sdnchez-Postigo, José de-Oliva-Rubio, Abdelfettah Hadij-
ElHouati, Winnie N. Ye, J. Gonzalo Wangiiemert-Pérez, fﬁigo Molina-Fernandez, Jens
H. Schmid, Pavel Cheben, and Alejandro Ortega-Mofiux, "Millimeter-long metamaterial
surface-emitting antenna in the silicon photonics platform," Optics Letters 46(15), 3733-
3736 (2021). DOI:10.1364/0L.431983

The second publication presents the experimental measurements of an antenna, yield-
ing remarkable outcomes compared to the stat-of-the-art and validating the simulation
methods used to characterize this large-scale structures.

Abstract: Integrated optical antennas are key components for on-chip light detection
and ranging technology (LIDAR). In order to achieve a highly collimated far field with
reduced beam divergence, antenna lengths on the order of several millimeters are re-
quired. In the high-index contrast silicon photonics platform, achieving such long an-
tennas typically demands weakly modulated gratings with lithographic minimum fea-
ture sizes below 10nm. Here, we experimentally demonstrate a new, to the best of our
knowledge, strategy to make long antennas in silicon waveguides using a metamaterial
subwavelength grating (SWG) waveguide core loaded with a lateral periodic array of ra-
diative elements. The mode field confinement is controlled by the SWG duty cycle, and
the delocalized propagating mode overlaps with the periodic perturbations. With this ar-
rangement, weak antenna radiation strength can be achieved while maintaining a mini-
mum feature size as large as 80nm. Using this strategy, we experimentally demonstrate
a 2-millimeter-long, single-etched subwavelength-engineered optical antenna on a con-
ventional 220nm SOI platform, presenting a measured far-field beam divergence of 0.1°
and a wavelength scanning sensitivity of 0.13°/nm.

3. On-chip metamaterial antenna array with distributed Bragg deflector for generation
of collimated steerable beams.

Pablo Ginel-Moreno, Abdelfettah Hadij-ElHouati, Alejandro Sdnchez-Postigo, J. Gonzalo
Wangiiemert-Pérez, Ifiigo Molina-Ferndndez, Jens H. Schmid, Pavel Cheben and Ale-
jandro Ortega-Mofiux, "On-chip metamaterial antenna array with distributed Bragg de-
flector for generation of collimated steerable beams," Laser & Photonics Reviews 16(9),
2200164 (2022).D0I:10.1002/1por.202200164

Lastly, the third publication details an antenna array design, highlighting its originality
related to the feeding scheme, paving the wave to future design of 1D-OPAs with a large
number of antennas and a single control element, reducing complexity of the whole sys-
tem and using a extremely highly efficient antenna.
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Abstract: The generation of collimated steerable beams of light is a fundamental func-
tion in optics needed in many applications, including free-space optical communica-
tions, remote sensing, and light detection and ranging. Implementing large-aperture
light emitters directly on a photonic integrated chip without using external optics and
expensive alignment systems is an outstanding challenge in integrated photonics. Here,
the experimental demonstration of a new integrated antenna array architecture that uses
a compact feeding circuit is reported. The design is based on an apodized Bragg deflector
working as a low-loss (<0.3 dB) ultra-compact beam expander, which generates a 40-pum-
wide on-chip Gaussian beam that illuminates a one-dimensional array of 112 optical an-
tennas with a length of 1.5 mm. Each antenna comprises a metamaterial subwavelength
grating waveguide core that is laterally loaded with an array of periodic radiative sili-
con segments. The device is fabricated on a 220-nm silicon-on-insulator platform using
a single etch process with a minimum feature size of 80nm. An antenna array with a
power gain of 50dB, a radiation efficiency of 3.8dB, and a far-field angular divergence of
1.8° x 0.2°, in a wavelength range of 1500-1580nm is presented.
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5. Conclusions and prospects for future
research

This chapter presents the main conclusions and milestones achieved through the comple-
tion of this Thesis (Section 5.1). Furthermore, it will show the current status of the work and
how it will continue in the future (Section 5.2).

5.1. Conclusions

The advancement of integrated optical antennas is crucial for generating highly collima-
ted beams from a chip. Furthermore, by arranging these antennas into arrays and having
control over the complex amplitude of each element, the radiated beam can be electron-
ically manipulated without the reliance on mechanical systems. This capability offers key
characteristics required for various applications, including Free-Space Optics (FSO), Inter-
Satellite Links (ISL), remote sensing, and automotive LIDAR, among others. One emerging
solution gaining momentum is the development and integration of large-scale weak an-
tennas to construct 1D-OPAs. These arrays offer a simpler alternative to their 2D counter-
parts in terms of circuit complexity and power efficiency while providing comparable per-
formance. However, the development of large-scale weak antennas on silicon photonics
platforms such as SOI or Si3N,4 presents challenges, as small perturbations may result in
design incompatibilities with commercial foundries.

In this Thesis, we introduce a novel topology for the SOI platform, which enables the
synthesis of millimeter-scale weak antennas with a MFS compatible with commercial foun-
dries, i.e., a laterally loaded SWG waveguide with a series of segments arranged periodically
along the propagation direction. All the designs in this Thesis have been developed using
this topology, and they have been developed using software tools and characterized by opti-
cal hardware systems specifically designed for this purpose. The prototypes were fabricated
at Applied Nanotools Canada in MPW runs using electron beam lithography on a SOI plat-
form with a 220-nm thick silicon layer, a 2-yum buried oxide (BOX), and a 2.2-pum thick upper
SiO; cladding. All the prototypes did not require any additional processes, and were char-
acterized at the Photonics & RF facilities at the University of Malaga.

As an overview of all the work developed on this Thesis the following milestones were
addresed:

» Software methods were developed to efficiently design large-scale antennas with the
3D-FDTD method and estimate the shape and behavior of the far-field radiation pat-
tern emitted by these antennas.

* Optical systems consisting of lenses have been designed with specialized software to
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facilitate the characterization of far-field radiation patterns of integrated optical an-
tennas.

* Design, fabrication and experimental characterization of different antenna designs
were done, demonstrating the versatility and opportunities of this topology in the de-
sign of integrated optical antennas.

* A complete 1D-OPA was fabricated and characterized in the laboratory, demonstrat-
ing a highly directive device with a novel feeding scheme for OPAs.

Based on the extensive research conducted on millimeter-scale integrated optical an-
tennas in this Thesis, the following key conclusions have been drawn:

1. The use of this innovative topology enables the synthesis of large-scale integrated
optical antennas with significant MFS. By employing evanescent coupling between
laterally arranged segments and a primary SWG core, a high degree of design flexibility
is achieved for weakly radiating antennas. Additionally, the physically distant place-
ment of the lateral segments allows for larger dimensions to be accommodated, offer-
ing a way to reduce the radiation strength of integrated antennas having MFS compat-
ible with modern commercial lithography processes. The antennas were experimen-
tally demonstrated and the performance obtained are similar to the results obtained
in state-of-the-art, demonstrating the potential of the approach showed here.

2. The design of a complete 1D-OPA has been accomplished, featuring a novel feed-
ing scheme that is based in the use of a distributed Bragg deflector (DBD). The 1D-
OPA has been fabricated and characterized experimentally. It includes 112 metama-
terial surface-emitting antennas that are separated a distance of d = 1.45 pm. The use
of DBDs for antenna arrays has been demonstrated, modulating the amplitude and
phase fed to each antenna in the array with a single control element. The DBD is de-
signed to achieve very low insertion loss and radiate a Gaussian beam to illuminate all
antennas. The OPA exhibits a diagonal behavior when the radiated beam is scanned
as only the wavelength is used as steering mechanism.

5.2. Future prospects

The main results of this Thesis lay the groundwork for several potential directions of future
research and exploration. Here, we present a list of future prospects and areas that can be
further investigated based on the findings of this study.

5.2.1. Thermal control of the DBD to achieve 2D-scanning of the
radiated beam with the design of the 1D-OPA.

The main ongoing line of research focuses on the experimental characterization of the 1D-
OPA design using a thermal phase shifter over the DBD. This solution allows for wavelength
tuning and thermal shifting to achieve a 2D-scanning of the radiated beam. By doing so,
it will be demonstrated one of the most energy-efficient solutions in SOI, as conventional
OPAs typically require the use of N phase shifters for N antennas. Currently, the prototype
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of the 1D-OPA, along with the thermal phase shifter, has been fabricated and we are waiting
to receive the chip for the characterization in the laboratory.

5.2.2. Study of further improvements in the topology.

The versatility of the proposed topology provides various approaches for improving antenna
parameters. In this regard, further research will be conducted to achieve OPAs with shorter
distances between antennas, to prevent the appearance of grating lobes. One approach un-
der investigation involves the use of metamaterials between antennas to prevent coupling
and be able to approach the antennas at a distance of less than A/2. Additionally, new de-
signs with alternative shapes for lateral segments are being considered for future investiga-
tion. The goal is to achieve larger emitters with high scanning sensitivity.

5.2.3. New approaches for designing ultra-highly efficient antennas.

A new technique is currently being patented by the Photonics & RF Lab to achieve highly
efficient emitters in terms of radiation efficiency. This method is compatible with SOI and
SigN, platforms and allows for a directionality of D = 1. The prototypes have undergone
laboratory testing, and the antennas were able to emit light off-chip. However, further in-
vestigation is required to address certain technical issues. This design opens up possibilities
for the utilization of integrated optical antennas as a solution for systems where radiated
power is critical, such as in automotive LIDAR.
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A. Derivation of the radiation pattern
from Fraunhofer diffraction equation

The far-field radiation pattern of an aperture antenna that lays on the plane XY and it has
a physical aperture surface D can be estimated with the Fraunhofer diffraction equation as:

f(¢,0) fo Ea(x,y) el &+ dxdy, (A.1)
D

where f(¢h,0) is a complex vector directly related to the radiation vector of the antenna, de-
fined as:

Fin($,0) = -2 x£(¢,0) =Xy — ¥ . (A2)

The radiation vector is the Fourier transform of the current density of the antenna and it
is completely defined by the spherical coordinates. The radiation vector resulted from the
electric field in the aperture is defined in polar components as follows:

Fin(,0) =0c0s(0) (fycos(@®) — frsin(@)) — d (frcos(@) + fysin(e)). (A.3)

To calculate the far field radiated by the antenna, the same process should be done with the
magnetic field on the radiation aperture E;(x,y), obtaining the complex vector g(¢,0) and
his corresponding radiation vector F(¢,0). However, by using the Fraunhofer approximation
it can be assumed that the field outside the radiative aperture is zero, thus assuming that the
material around the aperture is composed of perfectly electric conductor (PEC). Under this
assumption, only the electric field contained in the aperture E, is needed for the calculation
of the far field radiated by the antenna, defined in polar coordinates as:

Efar (¢,0) = 0Eg(¢,0) + $E,(¢,0), (A4)

where each component of the electric field vector is defined as:

e kT .
Eg=2jk yr- [frcos(@) + fysin(@)], (A.5)
e—jkr
Eyp=2jk yr- [cos(0) (fysin(p) — frcos(@))]. (A.6)

Finally, to calculate the radiation pattern of the antenna in terms of intensity, it will be de-
fined as the square of the magnitude of the electric field:

U(p,0) = |Egl* + | Egl*. A7)
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B. Resumen en Espaiol

B.1. Introduccién

B.1.1. Fotdnica del silicio para la sociedad de la informacion

Nuestra actual sociedad de la informacién se basa fundamentalmente en dos tecnologias
clave que surgieron hace mas de 50 afios: los circuitos integrados monoliticos y las comu-
nicaciones 6pticas de alta capacidad. Estas tecnologias han desempefiado un papel vital
en el desarrollo de nuestro mundo moderno. Un aspecto notable de estas tecnologias es su
rdpida evolucion, tal y como demuestra la Ley de Moore en el ambito de los microproce-
sadores, donde el niimero de transistores de un microprocesador se duplica cada dos afnos
[1]. Del mismo modo, las comunicaciones 6pticas estdn experimentando un notable crec-
imiento en la capacidad de enlace, viéndose incrementada en un factor 10 cada cuatro afios
[2]. Estos avances continuos han sido decisivos para impulsar el progreso incesante y fo-
mentar la innovacién, definiendo asi el panorama tecnolégico en constante evolucién por
el que navegamos hoy en dia.

La 6ptica integrada siempre ha sido proclive a revolucionar este campo fusionando a
la perfeccién diversas funcionalidades en un mismo circuito integrado foténico (PIC) com-
pacto. Este enfoque innovador aprovecha las miltiples ventajas de la escalabilidad, como
la reduccioén significativa del tamafio, el peso y los gastos de fabricacién. Ademads, la inte-
gracion permite realizar funciones complejas que, de otro modo, serian inviables con com-
ponentes discretos. Hasta principios de este siglo, el desarrollo de los PIC ha sido relativa-
mente lento en comparacion con el avance de la microelectrénica, ya que s6lo unos pocos
nichos de aplicacién irrumpieron con claridad en el panorama tecnolégico, como los laseres
semiconductores III-V [3], moduladores de niobato de litio [4], demultiplexores de longitud
de onda basados en agrupaciones de guias de ondas (AWG) [5] y rejillas echelle [6]. Sin em-
bargo, el contexto tecnolégico actual ha experimentado un cambio radical en los dltimos
afios con la aparicién de la foténica de silicio.

El silicio es el material fundamental de esta tecnologia, que tiene la propiedad de ser
transparente en una amplia gama de longitudes de onda utilizadas en las comunicaciones
opticas. La figura B.1 muestra una guia de onda tipica photonic-wire sobre la plataforma
tecnolodgicasilicio sobre aislante (SOI), en la que el nticleo de silicio (ng; ~ 3,45) estd rodeado
de dioxido de silicio (nsio, ~ 1,45). El elevado contraste de indices (An ~ 2) implica el uso
de guias de onda de muy pequenas dimensiones (cientos de nanémetros) para mantener
el régimen monomodo y conduce a radios de curvatura muy compactos, del orden de sé6lo
5um, lo que reduce el tamafio de los circuitos integrados en el chip. Para longitudes de
onda inferiores a 1100 nm, en las que el silicio ya no es transparente, o cuando se necesitan
altos niveles de potencia, otras plataformas tecnoldgicas se imponen sobre SOI. Algunos
ejemplos son las plataformas con nitruro de silicio (nsiy ~ 2), ya que son compatibles con
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400 nm

r

Si core ;
Si core

SiO2 buried oxide SiO2 buried oxide

Figure B.1.: Imagen SEM de una guia de onda photonic-wire convencional sobre la plataforma
SOL. a) Perspectiva 3D de la guia de onda antes de depositar un revestimiento de SiO» sobre ella. b)
Imagen transversal de la guia de onda. Fuente de las imagenes [11, 12].

los procesos de fabricaciéon estdndar.

Pese a que la foténica del silicio junto con plataformas como SOI presentan una serie
de caracteristicas idoneas para el desarrollo de nuevas aplicaciones integradas, este tipo de
plataformas carece de flexibilidad, ya que estan restringidas al uso de s6lo dos materiales
silicio y diéxido de silicio. Esto, unido a su elevado contraste de indice, plantea algunos
problemas a la hora de disefiar dispositivos complejos de alto rendimiento. Recientemente
se han dedicado importantes esfuerzos a desarrollar tecnologias que permitan la imple-
mentaciéon de metamateriales artificiales compatibles con los procesos de fabricacién es-
tdndar en foténica de silicio. Entre el abanico de posibles enfoques, el mds exitoso se basa
en las estructuras de rejilla de sublongitud de onda (SWG) [27-29]. Un SWG es un mate-
rial artificial nanoestructurado con caracteristicas 6pticas determinadas por su geometria
que, cuando se disenia adecuadamente, mejora el rendimiento del dispositivo en términos
de eficiencia, ancho de banda y manejo de la polarizacién, al tiempo que mantiene la com-
patibilidad con las técnicas de fabricacion estdndar.

Esta Tesis se centra en el disefio de antenas 6pticas integradas basadas en metamateri-
ales SWG para la generacion y control de haces altamente colimados emitidos desde chips
foténicos. Las antenas oOpticas integradas son elementos fundamentales para muchas apli-
caciones, como las interconexiones 6pticas, los sistemas LIDAR en chip, la teledeteccién y
las comunicaciones 6pticas en espacio libre. Normalmente, las antenas épticas integradas
se disenian como guias de rejilla con una topologia especifica para conseguir un compor-
tamiento de radiacién concreto en términos de directividad, direccién de radiacién o diver-
gencia angular. Sin embargo, existen muchos otros mecanismos diferentes para controlar
la emisién de haces 6pticos desde antenas de estado sélido, como las nanoantenas plas-
monicas [36-38], rejillas de cristal liquido [39, 40] o emisores controlados por sistemas mi-
croelectromecdanicos (MEMS) [22, 41]. Sin embargo, una solucién de estado s6lido que ha
ganado mucho impulso en los dltimos afios es el uso de antenas 6pticas integradas para la
formacion de agrupaciones de antenas controladas por fase (OPAs). Con esta solucién se
consigue emitir haces altamente colimados y manipular electrénicamente la direccién de
radiacién del haz sin necesidad de ningtin sistema mecénico. Hay muchas arquitecturas
diferentes para implementar OPAs como los OPAs unidimensionales (OPA-1D) [43-46, 50],
los OPAs bidimensionales (OPA-2D) [48, 49, 51, 113], agrupaciones de antenas dispersadas
[52-54], agrupaciones de antenas en planos focales [22, 55], agrupaciones circulares [56],
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entre otros. En los tltimos afios se ha publicado un importante ntimero de trabajos recopi-
latorios que corroboran la creciente popularidad de este tipo de estructuras [57-60].

Las dos arquitecturas mds comunes utilizadas en el estado del arte son el OPA-2D y el
OPA-1D (ver Fig. B.2). Las principales diferencias entre ellos son las siguientes: El OPA-2D
consta de una matriz de antenas de N x N dispuestas uniformemente tanto en la direccién
transversal (y) como en la longitudinal (x). Como resultado, las antenas utilizadas en los
OPAs-2D suelen ser cortas y requieren una alta potencia de radiacién. Por otro lado, el OPA-
1D consiste en una agrupacién de antenas dispuestas tinicamente en la direccién transver-
sal (), lo que requiere antenas mas débiles con longitudes mayores, generalmente de unos
pocos milimetros o miles de longitudes de onda (> 1000A). En cuanto al diagrama de ra-
diacion, el OPA-2D permite manipular la forma del diagrama y dirigir el haz hacia cualquier
direccién deseada en el espacio (6g,¢y) mediante la aplicacién de desfases entre antenas
adyacentes de manera electronica. Por el contrario, el OPA-1D requiere la aplicaciéon de
desfases entre antenas junto con ajustes de la longitud de onda para dirigir el haz radiado
hacia un punto arbitrario en el espacio.

En resumen los OPA-2D permiten tener un sistema integrado que emita haces alta-
mente colimados hacia una direccién deseada a una longitud de onda fija. Sin embargo,
sus esquemas de alimentacion y de desfase son muy complejos y suele ser muy complicado
conseguir agrupaciones sin sufrir de l6bulos secundarios perjudiciales para el diagrama de
radiacién. Por ello, la solucién OPA-1D a pesar de necesitar variar la longitud de onda para
realizar el apuntamiento de haces 6pticos, es una solucién mas sencilla a nivel de sistema,
y por lo tanto ma4s eficiente. En la Fig. B.2 se representan de manera esquemadtica estas dos
soluciones para realizar agrupaciones de antenas controladas por fase en plataformas de
SOL

a Array elements b
o K’/(Same as input GC)
LR
nnt ..-—-""d - )
"% 5
S:ﬂ‘ﬁ Grating couplers

Titanium electrode

) ; .
/ Input S MM splitter
\ Grating

Coupler Lensed fiber input

Figure B.2.: Configuraciones tipicas de agrupaciones de antenas controladas por fase (OPA). a)
OPA-2D compuesto por 4 x 4 elementos radiantes (antenas cortas con alta fuerza de radiacién) y 16
desfasadores para control del apuntamiento del haz emitido [61]. b) OPA-1D compuesto de 16 an-
tena unidimensionales (antenas largas de radiacion débil) y 16 desfasadores para control del apun-
tamiento del haz en la direccién azimutal (¢). El apuntamiento en la direccion vertical (6) requiere
de un ajuste en longitud de onda [42].

Pablo Ginel Moreno 77



Appendix B. Resumen en Espaiiol

B.1.2. Resumen y contribuciones de esta Tesis

El objetivo principal de la investigacién llevada a cabo en esta Tesis es el desarrollo de an-
tenas de superficie asistidas por metamateriales SWG para conseguir aperturas a escala
milimétrica en plataformas de foténica del silicio. Estas antenas han sido especificamente
disefiadas para porder formar agrupaciones de antenas unidimensionales controladas por
fase (OPA-1D). En las guias de onda de silicio sobre aislante de alto contraste, es extremada-
mente dificil implementar antenas de radiacién débil, con longitudes de varios milimetros
0 mas, sin utilizar perturbaciones con tamafnos del orden de decenas de nanémetros [62,
63]. En este trabajo se han abordado los retos més relevantes de este tipo de antenas, obte-
niendo en todos los casos soluciones innovadoras. Como prueba de concepto, se ha prop-
uesto y demostrado experimentalmente por primera vez un concepto radicalmente nuevo
parala formacién de una agrupacién de antenas unidimensional (OPA-1D). Esta solucién se
caracteriza por utilizar un novedoso esquema de alimentacién para iluminar 112 antenas,
basado en un deflector de Bragg distribuido (DBD) para irradiar eficazmente haces colima-
dos y orientarlos desde chips foténicos de silicio utilizando un tnico elemento de control.

Las principales contribuciones de esta Tesis se han materializado en tres publicaciones
en revistas indexadas en el Journal Citation Reports (JCR) [33, 109, 110] y seis conferencias
nacionales e internacionales revisadas por pares, en cuatro de las cuales el candidato ha
sido el primer autor. Ademds, el candidato es co-inventor de una patente relacionada con
las topologias de las antenas de superficie presentadas en esta Tesis [114]. De acuerdo con
las regulaciones de los estudios doctorales en la Universidad de Mdlaga, se propone que las
mencionadas publicaciones respalden la presentaciéon de esta Tesis como un compendio de
publicaciones.

B.1.3. Contribuciones

Todas las contribuciones de la Tesis se resumen en la Figura B.3, donde se presentan breve-
mente las principales caracteristicas de cada disefio realizado. Ademads, en la figura se in-
cluyen las tres publicaciones que respaldan esta Tesis.

Antenas de superficie disefiadas con metamateriales SWG

En esta Tesis se presenta una nueva topologia para el desarrollo de antenas débilmente radi-
antes en plataformas de alto contraste como SOI. Esta topologia implica el uso de un nicleo
de rejilla sublongitud de onda (SWG) junto con segmentos laterales acoplados evanescen-
temente que se disponen de manera periodica a lo largo de la direcciéon de propagacion, lo
que permite la radiacién eficiente del modo fuera del chip. La separacién de los segmentos
laterales con el niicleo SWG proporciona un mecanismo altamente preciso para controlar la
fuerza de radiacion de las antenas. Con este enfoque innovador, se pueden disefiar antenas
con longitudes de milimetros sin estar limitadas por los tamafios minimos de fabricacion,
ya que usando esta topologia los tamafios de bloque pueden ser significativamente grandes.

Se han desarrollado diversos disefios de antenas a lo largo de la Tesis (ver Figura B.3).
Estos disefios incluyen: i) Antenas de superficie altamente eficientes disefiadas especifica-
mente para la polarizacién TM. ii) Antenas de superficie optimizadas para la polarizacién
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TE. iii) Antenas de superficie de luz lenta disefiadas especificamente para la polarizacién TE.
Cada disefio posee caracteristicas distintas, pero todas las antenas comparten un elemento
en comun: la topologia que permite la realizacién de antenas compactas a gran escala en
plataformas SOI mientras emiten haces altamente colimados con divergencias del haz in-
feriores a A = 0.2°. La mayoria de las ideas desarrolladas en esta Tesis se han fabricado
y caracterizado experimentalmente, demostrando una concordancia satisfactoria con los
resultados de modelado y simulacién.

Agrupacion de antenas unidimensional (OPA-1D) alimentada por un deflector de
Bragg distribuido

El objetivo final de la investigacién realizada durante la Tesis fue el desarrollo y la evaluacién
experimental de una agrupacién de antenas OPA-1D completa como prueba de concepto.
En este caso, se realiz6 una agrupacién de antenas que comprende 112 antenas de superfi-
cie con metamateriales. El disefio present6 en experimentacién una directividad de 53 dBi
con un haz emitido con perfil gaussiano y divergencia angular de 0.2° x 1.8°, dando asi un
resultado concorde con las simulaciones. Ademads, el OPA-1D desarrollado incluia un nuevo
esquema de alimentacién basado en el uso de un expansor de haz utilizando un deflector
de Bragg distribuido (DBD). Esta configuracién permite la formacién de haces altamente
colimados y facilita el escaneo del haz utilizando un solo elemento de control. Por lo que
su disefio y validacion experimental se considera una de las aportaciones mas relevantes de
esta Tesis.
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Figure B.3.: Resumen de las contribuciones presentadas en esta Tesis
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B.2. Resultados de las aportaciones de esta Tesis

B.1.4. Metodologia para el diseiio de antenas

El disefio y caracterizacién de las antenas de superficie con metamateriales desarrolladas en
esta Tesis han requerido implementar nuevos métodos y herramientas tanto en el &mbito
del modelado y simulacién como en el campo experimental.

Desarrollo de herramientas numéricas para el disefio de antenas 6pticas

El disefio de antenas de superficie requiere métodos de simulacién especificos para reducir
el tiempo de prototipado. Esto se debe a las grandes dimensiones de estas antenas, del
orden de milimetros, que pueden hacer que las simulaciones electromagnéticas sean com-
putacionalmente inviables. Por lo tanto, un logro importante en este trabajo fue el disefio
y la optimizacién de un método de anélisis Floquet-Bloch que puede analizar el compor-
tamiento de toda la antena, a partir de la simulacién de un tinico periodo, sin la necesidad
de simular toda la estructura. Otra contribucién significativa para reducir el tiempo de sim-
ulacion fue el desarrollo de herramientas numéricas para calcular el diagrama de radiacién
de las antenas. Por lo general, calcular el diagrama de radiacién en campo lejano requiere
aplicar métodos matemadticos, como la aproximacién de Fraunhofer, a los datos del campo
cercano. Por lo tanto, se requiere una simulacién de toda la estructura. Sin embargo, uno de
los objetivos de esta Tesis es el disefio de un método numeérico que aproveche los resultados
obtenidos del anélisis Floquet-Bloch, que simula un solo periodo de la estructura, para cal-
cular el diagrama de radiacién de las antenas sin la necesidad de sintetizar todo el campo
cercano, ahorrando asi una gran carga computacional.

Disefio y montaje de configuraciones experimentales para caracterizar las antenas

Se disefiaron y ensamblaron dos configuraciones experimentales diferentes para caracteri-
zar el patron de radiacion de las antenas fabricadas. Las configuraciones consisten en lentes
opticas y una cdmara infrarroja. En la primera configuracioén, se utiliza una sola lente para
observar el patrén de radiacién en el campo lejano y evaluar la capacidad de escaneo de
la antena. Mientras que la segunda configuracién involucra dos lentes. Este sistema de
lentes tiene como objetivo lograr una amplificacién significativa del patrén de radiacién en
el campo lejano, lo que permite una medicién precisa de la anchura del 16bulo principal.
Utilizando estas dos configuraciones diferentes, la antena puede ser caracterizada con la
medicién de diferentes figuras de mérito como la direccién de radiacion, la sensibilidad de
escaneo y la divergencia del haz. Ambas configuraciones se muestran en la Figura B.4 junto
con el chip que incluye las diferentes antenas, demostrando la compacidad del montaje
experimental.

B.2. Resultados de las aportaciones de esta Tesis

En esta seccién se muestra un resumen de los resultados obtenidos durante la Tesis. Se in-
cluyen de manera ordenada, comenzando por el modelado de la topologia presentada y la
obtenciéon de resultados en simulacién. Tras realizar una verificacion a través de simula-
ciones electromagnéticas de la topologia propuesta para la plataforma SOI, se avanza a la
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Figure B.4.: Resumen de la metodologia desarrollada durante la Tesis. Breve resumen de los méto-
dos y procedimientos usados para llevar a cabo el disefio y la caracterizacién experimental de los
diferentes disefios de antenas dpticas integradas presentadas en este trabajo.

fase de fabricacion y prototipado, donde se demuestra satisfactoriamente el funcionamiento
de las antenas a través de la caracterizacion experimental. Los resultados de este trabajo
acaban con una prueba de concepto en la que se desarrolla una agrupacion de antenas
unidimensional controladas por fase (OPA-1D), que consta de 112 antenas con longitudes
milimétricas y alimentadas con un esquema novedoso basado en un deflector Bragg dis-
tribuido (DBD).
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Equipamiento de laboratorio

Los resultados relacionados con la caracterizacién experimental de las antenas no hubieran
sido posible sin contar con las instalaciones del Photonics & RF Laboratory de la Universi-
dad de Mélaga. La configuracion experimental utilizada con este propdésito se divide en tres
etapas diferentes, resumidas con fotografias en la Fig. B.5.

Etapa de entrada

La etapa de entrada se encarga de dirigir la luz desde una fuente de laser externa hasta el
chip. La fuente externa es el laser sintonizable Agilent 81600B que inyecta la luz en una fibra
SMEF-28. Se utiliza un controlador de polarizacién (FPC561 de Thorlabs) para alinear la luz
polarizada linealmente del 14ser con un filtro de polarizacién. La luz linealmente polarizada
en la salida del filtro se guia hacia otro controlador de polarizacién (FPC561 de Thorlabs)
que alinea la polarizacién de la fibra con la polarizaciéon deseada en el chip. Finalmente,
antes de llegar al chip, la fibra se conecta a un circulador 6ptico cuyas salidas son una fibra
que inyecta la luz en el chip y un fotodiodo para medir las reflexiones procedentes del chip.

Etapa del chip

La etapa del chip se encarga de acoplar la luz al chip y de extraerla fuera del chip. Para este
trabajo, se han utilizado acopladores de borde lateral (edge couplers). Una fibra con lente se
conecta a la salida del circulador, guiando la luz hacia el acoplador en la cara de entrada del
chip. En la cara de salida del chip, otro acoplador guiard la luz hacia el espacio libre y un
objetivo de microscopio recogerd y colimard la luz.

Etapa de salida

La etapa de salida se divide en dos caminos diferentes. El primer camino se utiliza para la
caracterizacion de dispositivos en el chip utilizando el método de cut-back y para la aline-
acion de la fibra con lente de entrada y el objetivo de microscopio de salida con los corres-
pondientes acopladores edge coupler. Toda la luz recogida por el objetivo de microscopio
se colima y se guia hacia un polarizador Glan-Thompson y luego a un fotodetector (818-
IR). Un espejo plegable se puede utilizar para enfocar la luz en una cdmara y ayudar en la
alineacién. El segundo camino implica el uso de los sistemas de lentes, que consiste en un
sistema separado colocado sobre el chip parala caracterizacion de los patrones de radiacion
de la antena.

B.2.1. Resultados de los disefios de antenas

Todos los disefios de antena realizados en esta Tesis comparten la misma topologia para
el desarrollo de antenas de radiacién débil en la plataforma SOI. Esta topologia implica el
uso de un nicleo SWG en conjunto con segmentos laterales acoplados evanescentemente
que se disponen de manera periddica a lo largo de la direccién de propagacion, lo que per-
mite la radiacién eficiente del modo fuera del chip (ver Figura B.6). La separacién de los
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Figure B.5.: Diferentes etapas de la configuracién del laboratorio para caracterizar chips foténi-
cos. En la etapa de entrada se muestran fotografias de los elementos principales como la fuente laser,
los controladores de polarizacion y el circulador que se coloca en el tltimo tramo antes de inyectar
luz al chip. En la etapa del chip se muestra la fibra con lente que inyecta luz a la entrada por un lado
del chip y el objetivo de microscopio que recoge la luz al otro lado del chip. Por dltimo, se muestran
dos setups diferentes en la etapa de salida, el correspondiente con el elineamiento y alimentacién de
dispositivos convencionales, y el disefiado para caracterizar el diagrama de radiacién de las antenas.

segmentos laterales con el nicleo SWG (g) proporciona un mecanismo altamente preciso
para controlar la intensidad de radiacién de las antenas. Con este enfoque innovador, se
pueden disefar antenas de tamafio milimétrico sin estar limitadas por las restricciones de
fabricacion, ya que el tamafio minimo de bloque del dispositivo puede ser significativa-
mente grande. La Gltima aportacién de esta Tesis se centra en el disefio y caracterizacién de
un OPA-1D completo, el cual aprovecha el uso de estas antenas de superficie metamaterial
para formar una agrupacién de antenas con una alta directividad y la capacidad de dirigir
electronicamente el haz radiado, eliminando la necesidad de ajustes mecanicos. Ademd4s,
este OPA presenta un novedoso esquema de alimentacién que utiliza un deflector de Bragg
distribuido como expansor de haz, proporcionando una solucién compacta y eficiente que
se aparta de los enfoques convencionales. Estos avances posicionan a estas antenas como
componentes fundamentales en diversas aplicaciones de direccionamiento de haz, como
Optica en Espacio Libre y teledeteccién.

Los resultados obtenidos durante la Tesis se pueden agrupar en tres disefios, los cuales
se encuentran en las publicaciones que avalan esta Tesis.

Antenas dpticas integradas de alta eficiencia

Los resultados iniciales obtenidos en la Tesis se centran en el disefio de una antena de su-
perficie metamaterial para polarizacién TM. Con el objetivo de llegar a un disefio que per-
mitiese emitir haces altamente colimados (aperturas de milimetros) y pudiera escanear un
arearazonable (~ 10°). A medida que los métodos de simulacién se volvieron més refinados

84 Photonic & RF Research Laboratory



B.2. Resultados de las aportaciones de esta Tesis

Figure B.6.: Topologia de antena de superficie propuesta en esta Tesis. a) Esquemadtico 3D. b) Vista
cenital de la estructura.

y precisos, se exploré ain mas el potencial de la topologia, lo que llev6 a la investigacién
de técnicas innovadoras como disefios de doble grabado para mejorar la eficiencia de ra-
diacién. El primer hito de esta Tesis se centra en todo el proceso de disefio junto con los
resultados simulados tanto para la antena de un solo paso de grabado como para su al-
ternativa de radiaci6n eficiente lograda mediante el proceso de doble grabado [109]. Este
resultado marca la primera aparicién de la topologia propuesta para antenas de radiacién
débil, mostrando una longitud de antena sin precedentes de 3.65 mm para antenas emiso-
ras de superficie basadas en silicio en simulacién. El disefio correspondiente produce una
divergencia del haz de sé6lo 0.025° en la region del campo lejano. Ademas, demuestra que
al implementar el proceso de doble grabado, la eficiencia de radiacién de dichas antenas
puede aumentar hasta D = 72%, abriendo asi perspectivas prometedoras para el disefio de
1D-OPAs en aplicaciones donde el presupuesto de energia es critico, como comunicaciones
o teledeteccién. El proceso de disefio y los resultados de simulacién se presentan en la
primera publicacién que avala esta Tesis [109].

Caracterizacion experimental de antenas de superficie metamateriales de tamaiio
milimétrico

El segundo hito en la Tesis implic6 la fabricacién y validacién experimental de los disefios
propuestos para verificar la consistencia entre las simulaciones y los prototipos fabricados.
Para llevar a cabo esta fase de la investigacion, se disefiaron sistemas especializados de 6p-
tica de Fourier para caracterizar experimentalmente los patrones de radiacion de las ante-
nas. Todas las mediciones y experimentos realizados para la caracterizacién de las antenas
se llevaron a cabo con el equipo de laboratorio descrito anteriormente. Durante esta fase,
se fabricaron tres disefios diferentes de la antena: i) una antena de superficie metamaterial
para polarizacién TM, ii) una antena de superficie metamaterial para polarizacién TE, y iii)
una antena de superficie metamaterial de luz lenta para polarizacién TE. Todos los prototi-
pos se fabricaron en Applied Nanotools, con un proceso de fabricacién SOI, con una capa de
silicio de espesor de 220 nm y una capa de 6xido inferior (BOX) de 2 um utilizando litografia
de haz de electrones (e-beam) con un solo paso de grabado completo y un recubrimiento
de 2.2 pm de espesor de SiO;, depositado por deposicién quimica en fase vapor (CVD).

La antena disefiada para polarizacién TE fue caracterizada exitosamente en el labora-
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torio, presentando resultados destacados para una antena a escala de milimetros en SOI.
El proceso de disefio y las pruebas experimentales realizadas para caracterizar esta antena
en particular se presentan en la segunda publicacién que avala esta Tesis [110]. Esta publi-
cacién presenta por primera vez resultados experimentales de la topologia propuesta para
antenas Opticas integradas en la plataforma SOI. Mediante el uso de sistemas de lentes y
una cdmara infrarroja, se midi6 una divergencia de haz en el campo lejano de 0.1°. Ademas,
se logré un rango de escaneo de 16° con una variacién de longitud de onda de 120 nm. Los
resultados experimentales mostraron una notable concordancia con las simulaciones. Sin
embargo, cabe destacar que la divergencia de haz medida en el laboratorio fue ligeramente
mayor que la simulada, lo que sugiere una mayor fuerza de radiacién debido a errores de
fabricacién. No obstante, la divergencia de haz alcanzada sigue siendo comparable al es-
tado del arte, como se destaca en la publicacién.

Agrupacion de antenas controladas por fase unidimensional (OPA-1D)

El dltimo hito de la investigacién llevada a cabo durante la Tesis involucr6 el desarrollo y
evaluacién experimental de un OPA-1D funcional completo. En este caso, se realizé un
conjunto de antenas compuesto por 112 antenas emisoras de superficie metamaterial. Las
antenas utilizadas para el OPA fueron aquellas que han sido publicadas previamente (di-
sefio TE). Ademads, el OPA-1D desarrollado incluye un esquema de alimentacién novedoso
basado en el uso de un expansor de haz utilizando un deflector de Bragg distribuido (DBD).
El DBD fue propuesto originalmente en una Tesis diferente realizada por el mismo grupo
de investigacién (Photonics & RF Lab). Ha sido utilizado con éxito para diferentes aplica-
ciones, como un expansor de modo para transiciones en chip de bajas pérdidas y como un
demultiplexor para comunicaciones [111, 112]. El DBD emite un haz en un slab de silicio a
un angulo especifico ¢|ap, que ilumina todo el conjunto de antenas. El haz radiado en chip
por el DBD tiene un perfil de amplitud gaussiano con un ancho MFD = 40 pm. Como resul-
tado, cada antena individual dentro del conjunto recibe una distribucién tinica de amplitud
y fase debido a una transicién adiabdtica disefiada especialmente para conectar el slab con
el conjunto de antenas. Esta configuracién permite modificar la forma del haz en la regién
del campo lejano y facilita el escaneo del haz utilizando un solo elemento de control para las
112 antenas. Como el DBD es un dispositivo dispersivo, con una sintonizacién de longitud
de onda tanto el dngulo de elevacion () como el &ngulo azimutal (¢) cambiardn, pero si se
utiliza un desfasador térmico sobre el DBD, seria posible lograr un escaneo bidimensional
ortogonal del haz emitido con esta arquitectura. El OPA fue fabricado y evaluado experi-
mentalmente con éxito y los resultados se incluyen en la tercera publicacién que avala esta
Tesis [33].

B.3. Conclusiones y lineas futuras

B.3.1. Conclusiones

El avance de las antenas Opticas integradas es crucial para generar haces altamente coli-
mados desde un chip. Ademss, al disponer estas antenas en matrices y tener control sobre
la amplitud compleja de cada elemento, el haz radiado puede ser manipulado electréni-
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camente sin depender de sistemas mecénicos. Esta capacidad ofrece caracteristicas clave
requeridas para diversas aplicaciones, incluyendo éptica en espacio libre, enlaces inter-
satelitales, teledeteccion y LIDAR para coches auténomos, entre otras. Una solucién emer-
gente que estd ganando impulso es el desarrollo e integraciéon de antenas débiles de gran
escala para construir OPAs unidimensionales. Estas agrupaciones de antenas ofrecen una
alternativa mds sencilla a sus contrapartes bidimensionales en términos de complejidad
del circuito y eficiencia energética, al tiempo que proporcionan un rendimiento compara-
ble. Sin embargo, el desarrollo de antenas débiles de gran escala en plataformas de foténica
de silicio como silicio sobre aislante o de nitruro de silicio sobre aislante presentan desafios.
Esto se debe a que conseguir antenas débiles requiere del uso de perturbaciones muy dé-
biles en la apertura radiante, lo que puede resultar en incompatibilidades de disefio con
procesos de litografia comerciales.

En esta Tesis, se presenta una nueva topologia para la plataforma SOI, que permite la
sintesis de antenas débiles a escala de milimetros con un tamafio de bloque compatible
con fabricas comerciales, mediante una guia de onda SWG cargada lateralmente con una
serie de segmentos dispuestos peri6édicamente a lo largo de la direccién de propagacion.
Todos los disefios en esta Tesis se basan en esta topologia, y se han desarrollado utilizando
herramientas de software y caracterizado mediante sistemas de hardware 6ptico disefiados
especificamente para este proposito. Los prototipos se fabricaron en Applied Nanotools
utilizando litografia de haz de electrones en una plataforma SOI con una capa de silicio de
220nm de grosor, 6xido inferior (BOX) de 2 um y un recubrimiento superior de diéxido de
silicio de 2.2 um de grosor. Todos los prototipos no requirieron ningiin proceso adicional
y se caracterizaron en las instalaciones de Photonics & RF Laboratory en la Universidad de
Malaga.

El trabajo desarrollado en esta Tesis ha abordado y cumplido una serie de hitos resumi-
dos a continuacion:

¢ Se desarrollaron métodos de software para disefiar eficientemente antenas a gran es-
cala utilizando simulaciones electromagnéticas con el método FDTD aplicadas a un
solo periodo de la estructura, y con ello se pudo estimar la forma y el comportamiento
del diagrama de radiacién de campo lejano emitido por estas antenas.

¢ Se han disefiado sistemas 6pticos que consisten en lentes con software especializado
para facilitar la caracterizacién de los diagramas de radiacién de campo lejano de las
antenas Opticas integradas.

* Serealizaron el disefio, la fabricacion y la caracterizacién experimental de diferentes
disefnios de antenas, demostrando la versatilidad y las oportunidades de esta topologia
en el disefio de antenas dpticas integradas.

* Se fabricd y caracterizo en el laboratorio un OPA unidimensional completo, demos-
trando un dispositivo altamente directivo con un esquema de alimentacién novedoso
para OPAs.

Basandose en la extensa investigacion realizada sobre antenas dpticas integradas a es-
cala milimétrica en esta Tesis, se han obtenido las siguientes conclusiones.

1. Eluso deestainnovadora topologia permite la sintesis de antenas dpticas integradas
a gran escala compatible con procesos de litografia comerciales.
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Al emplear el acoplamiento evanescente entre segmentos dispuestos lateralmente y
un ntcleo principal SWG, se logra un alto grado de flexibilidad de disefio para ante-
nas débilmente radiantes. Ademds, la ubicacién fisicamente distante de los segmen-
tos laterales permite acomodar dimensiones més grandes, ofreciendo una forma de
reducir la intensidad de radiacién de las antenas integradas con tamafios compati-
bles con los procesos modernos de litografia comercial. Las antenas se demostraron
experimentalmente y su rendimiento obtenido es estado del arte, lo que demuestra el
potencial del enfoque presentado aqui.

2. Se ha logrado el disefio de un OPA unidimensional completo, con un esquema de
alimentacién novedoso basado en el uso de un deflector de Bragg distribuido.

El OPA-1D ha sido fabricado y caracterizado experimentalmente. Incluye 112 ante-
nas de superficie de metamateriales que estdn separadas por una distancia de d =
1.45um. Se ha demostrado el uso de DBDs para matrices de antenas, modulando la
amplitud y fase alimentada a cada antena de la matriz con un solo elemento de con-
trol. E1 DBD estd disefiado para lograr una pérdida de insercién muy baja y emitir un
haz gaussiano que ilumina todas las antenas. El OPA muestra un comportamiento
diagonal cuando se escanea el haz radiado, ya que solo se ha demonstrado en labora-
torio el escaneo con la longitud de onda como mecanismo de direccion.

B.3.2. Perspectivas futuras

Los principales resultados de esta Tesis sientan las bases para varias direcciones potenciales
de futura investigaciéon y exploraciéon. A continuacién, presentamos una lista de perspec-
tivas futuras y dreas que pueden investigarse ain mas basdndose en los hallazgos de este
estudio.

Control térmico del DBD para lograr el escaneo en 2D del haz radiado con el
disefio del OPA-1D.

La principal linea de investigacién en curso se centra en la caracterizacion experimental del
disefio del OPA-1D utilizando un desfasador térmico sobre el DBD. Esta solucién permite la
sintonizacién de la longitud de onda y el desfase térmico para lograr un escaneo bidimen-
sional del haz radiado. Al hacerlo, se demostrard una de las soluciones mas eficientes en tér-
minos de energia en SOI, ya que los OPA convencionales tipicamente requieren el uso de N
desfasadores para N antenas. Actualmente, el prototipo del OPA 1D, junto con el desfasador
térmico, ha sido fabricado y estamos esperando recibir el chip para la caracterizaciéon en el
laboratorio.

Estudio de mejoras adicionales en la topologia.

La versatilidad de la topologia propuesta ofrece diversas aproximaciones para mejorar los
pardmetros de la antena. En este sentido, se llevardn a cabo investigaciones adicionales para
lograr OPAs con distancias mds cortas entre antenas, para evitar la apariciéon de lI6bulos de
rejilla o grating lobes. Una aproximacién bajo investigaciéon implica el uso de metamateri-
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ales entre antenas para evitar el acoplamiento y poder acercar las antenas a una distancia
menor que A/2. Ademads, se estdn considerando nuevos disenos con formas alternativas
para los segmentos laterales para investigaciones futuras. El objetivo es lograr emisores
mas grandes con una alta sensibilidad de escaneo.

Nuevos enfoques para el disefio de antenas ultraeficientes.

Actualmente, el grupo de investigacion estd en proceso de patentar una nueva técnica para
lograr emisores con una altisima eficiencia de radiacion. Este método es compatible con las
plataformas SOl y SizN4 y potencialmente permite una direccionalidad de D = 1. Por lo que
toda la potencia inyectada a la antena se dirigird a la direccién de apuntamiento. Los pro-
totipos han sido sometidos a pruebas de laboratorio y las antenas pudieron emitir luz fuera
del chip. Sin embargo, se requiere una investigacion adicional para abordar ciertos prob-
lemas técnicos relacionados con el empaquetado 6ptico de la solucién. Este diseiio abre
posibilidades para utilizar antenas 6pticas integradas como solucién para sistemas donde
la potencia radiada es critica, como en el LIDAR para vehiculos auténomos.
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