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Resumo

A popularizacao de novos servigos de internet e o niimero crescente de disposi-
tivos interconectados esta aumentando o trafego global de internet, o que demanda redes
de transmissao de dados com maior capacidade. Comunicagao por fibra éptica é a principal
tecnologia para transmissao de dados em longas distancias e em altas taxas. Técnicas de
multiplexagao, como Multiplexagao por Divisao de Polarizagao (PDM) e Multiplexagao
por Divisdo de Comprimento de Onda (WDM) sao utilizadas para aumentar o niimero
de canais de comunicacao em sistemas 6pticos. Um novo dominio de multiplexagao para
explorar em fibras 6pticas é o espago. Multiplexagdo por Divisao de Espago (SDM) propoe
o uso de fibras multi-niicleo e multimodo para aumentar o niimero de canais usando varios
nucleos e varios modos, respectivamente. O uso de varios modos para transmissao de
dados também ¢é chamado de Multiplexagdo por Divisao de Modos (MDM). Uma base
modal atrativa para MDM ¢ a familia de modos com Momento Angular Orbital (OAM)
devido a robustez desses modos contra perturbagoes. Embora os modos OAM possam ser
facilmente gerados em espaco livre, requer componentes adicionais e montagens muito
volumosas e sensiveis ao desalinhamento. Acopladores integrados podem ser utilizados
como solugdes compactas e eficientes para geragao e detecgao de modos OAM em sistemas
MDM.

Neste trabalho, projetamos e comparamos acopladores integrados para modos
OAM em fibras utilizando a plataforma de Silicio sobre Isolante (SOI) e baseado em
trés diferentes abordagens: antenas compactas, grade circular e otimizac¢ao topoldgica.
Os resultados de simula¢ao mostraram que os dispositivos projetados podem acoplar os
modos OAM analisados com baixa interferéncia intermodal. Os dispositivos projetados
por otimizacao topologica apresentaram os melhores resultados de eficiéncia, enquanto
as antenas compactas e a grade circular podem ser sintonizadas para diferentes modos
OAM. A grade circular apresentou resultados um pouco melhores do que as antenas
compactas, a custa de uma maior dependéncia na ordem do OAM. Também demonstramos
experimentalmente o uso do acoplador OAM baseado em antenas compactas, o qual foi
fabricado em uma foundry de fotonica em silicio, para o acoplamento de modos OAM em
uma Fibra de Cristal Fotonico de Nicleo Oco (HC-PCF) disponivel no nosso laboratério.
Os acopladores propostos podem ser potencialmente aplicados como solugoes compactas e
eficientes para geragao/detecgdo em sistemas MDM onde modos OAM sao usados para
aumentar a capacidade de transmissao de dados de links opticos.



Abstract

The popularization of new internet services and the growing number of intercon-
nected devices is increasing the global internet traffic, which demands data transmission
networks with larger capacity. Fiber-optic communication is the main communication
technology for long-distance and high-speed data transmission. Multiplexing techniques,
such as Polarization Division Multiplexing (PDM) and Wavelength Division Multiplex-
ing (WDM) are used to increase the number of communication channels in optical systems.
A new multiplexing domain to exploit in optical fibers is the space. Space division multi-
plexing (SDM) proposes the use of multicore and multimode fibers to increase the number
of communication channels using multiple cores and multiple modes, respectively. The use
of multiple modes for data transmission is also called Mode Division Multiplexing (MDM).
An attractive modal basis for MDM is the family of modes with Orbital Angular Momen-
tum (OAM) due to the robustness of those modes against perturbations. Although OAM
modes can be easily generated in free-space, it requires additional components and very
bulky and sensitive to misalignment setups. Integrated couplers can be used as compact
and efficient solutions for OAM generation and detection in MDM systems.

In this work, we design and compare integrated couplers for OAM fiber modes
using the Silicon On Insulator (SOI) platform and based on three different approaches:
compact antennas, circular grating and topology optimization. Simulation results show
that the designed devices can couple the analysed OAM fiber modes with low intermodal
crosstalk. The devices designed by topology optimization showed the best efficiency results,
while the compact antennas and the circular grating can be tuned for different OAM
modes. The circular grating showed slightly better results than the compact antennas at the
expense of a higher dependence on the OAM order. We also experimentally demonstrate
the use of the OAM coupler based on compact antennas, that was fabricated in a silicon
photonics foundry, for the coupling of OAM modes in a Hollow-Core Photonic Crystal
Fiber (HC-PCF) available in our laboratory. The proposed couplers can potentially be
applied as compact and efficient solutions for generation/detection in MDM systems where
OAM modes are used to increase the data transmission capacity of optical links.
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Chapter 1
Introduction

In recent years, a variety of internet services, such as web conferencing, video
streaming, cloud storage and social networks, became popular and increasingly attracts
more users. Cisco forecasts that the total number of Internet users will grow from
3.9 billion in 2018 to 5.3 billion in 2023, which represents a 6% Compound Annual
Growth Rate (CAGR) [10]. The emergence of new technologies, such as 5G, Internet of
Things (IoT) and cloud computing is making the number of connected devices grow even
faster (10% CAGR) with the Machine-to-Machine (M2M) connections representing the
fastest-growing category (19% CAGR) [10]. As a consequence, the global Internet traffic
is increasing and requiring transmission networks with larger capacity.

The vast majority of all communication in the world goes through a worldwide
network of interconnected optical fibers [11]. Fiber-optic communication is the most
advanced technology for long-distance and high data rate transmission, offering low loss,
low latency, wide bandwidth and tight spatial confinement [11-13]. Typical optical links
use Single Mode Fiber (SMF) to transmit data through the modulation of light. Higher-
order modulation formats and multiplexing techniques are applied to increase the capacity
of these links. While PDM uses both orthogonal polarization states of the light, WDM
uses multiple operation wavelengths to increase the number of communication channels.
However, WDM is limited by the transmission windows in which the optical fiber can
propagate light with low attenuation and the optical bandwidth of the devices, such as
optical amplifiers. To overcome the limitations of WDM, a new multiplexing domain
is the space. SDM can use multicore fibers and multimode fibers to provide additional
communication channels. While in multicore fibers, each core represents a different channel,
in multimode fibers, each supported mode represents a different channel, which is also
known as MDM. Additionally, multicore fibers with each core supporting multiple modes
can exploit even more the space for multiplexing.

MDM can also be extended to photonic integration for the improvement of
density, efficiency and interconnection capacity [14]. For those reasons, it is considered the

most promising method for maintaining the trend of “Moore’s law” in photonic integration
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and optical fiber transmission [14]. An attractive modal basis for MDM systems is the family
of modes that carry OAM. Due to the robustness of those modes against perturbations,
we can potentially achieve multimode transmission with very low intermodal crosstalk and
reduce the receiver complexity [15]. The concept of OAM modes is associated with optical
vortex, in which the optical beam twists around the propagation axis with the planes
of constant phases running in a helical pattern. OAM beams can be easily generated
in free-space using, for example, Spiral Phase Plates (SPP), g-plates, and Computer
Generated Holograms (CGH) programmed on Spatial Light Modulator (SLM) [4, 15, 16].
These collimated OAM beams can then be coupled to multimode fibers using focusing
lenses. However, these setups are very bulky and sensitive to misalignment. The use of
integrated devices to generate and couple OAM modes into fibers can potentially reduce
the complexity and size of MDM systems.

Integrated photonics provides low size, low power consumption and high scal-
ability of optical devices. One of the most promising technologies for the development
of integrated optical devices is silicon photonics. The optical properties of silicon enable
the development of compact and low-loss optical devices, while also benefiting from the
maturity and know-how of Complementary Metal-Oxide Semiconductor (CMOS) pro-
cessing techniques to achieve high-yield and cost reduction in large-scale fabrication [17].
Silicon photonics is applied in wide range of applications from telecom and datacom to
sensing [18]. The main strategies for fiber-to-chip coupling in silicon photonics are based on
waveguide tapers for edge coupling and diffraction elements for out-of-plane coupling. The
vast majority of the proposed OAM couplers in the literature are based on out-of-plane
coupling due to the fabrication complexity of the design using edge coupling. The first
OAM couplers were designed for free-space applications [7,19,20]. These devices are
based on microring resonator [19], circular grating [7] and nanoantenna phased array [20].
For fiber transmission, an array of grating couplers were proposed [21], but, due to the
dimensions of the device, an external focusing element is required for the coupling into
the fiber. For direct fiber-to-chip coupling a forked-grating coupler [22], an array of 2D
grating couplers [23] and a circular grating coupler [24] were proposed. However, these
designs have some limitations, such as the coupling of only one OAM mode, few devices
in the array due to the grating dimensions, and coupling with only a specially designed
fiber, respectively.

In this work, we aim to develop compact and efficient integrated couplers, in
SOI platform, for the coupling of different OAM modes into multimode fibers. To achieve
this, we analyse different design approaches based on compact antennas, circular grating
and topology optimization. Finite Element Method (FEM) and Finite-Difference Time-
Domain (FDTD) simulations are performed during the design process to obtain the OAM
fiber modes and OAM couplers’ results, respectively. Evolutionary and gradient-based

algorithms are also applied for the optimization of the designs and the overlap integral
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is applied to calculate the performance of the proposed couplers. A Photonic Integrated
Circuit (PIC) with one of the proposed OAM couplers is fabricated at IMEC /Europractice
in a Multi Project Wafer (MPW) run. The fabricated OAM coupler is characterized using
different methods to demonstrate the coupling of OAM modes into a HC-PCF available
in our laboratory.

This dissertation is organized in five chapters, with the first one being this
introduction. In Chapter 2, we present the fundamentals of light propagation in optical
fibers, basic concepts of optical modes and the angular momentum of the light. We also
discuss the generation and detection of OAM beams and the use of integrated photonics for
the development of OAM couplers. In Chapter 3, we present the proposed OAM couplers,
their design considerations and simulation results. We also compare the three design
approaches, showing the advantages of each one in relation to the others. In Chapter 4,
we present the designed PIC for the control and characterization of the OAM couplers.
The experimental setups and procedures for the characterization of the OAM couplers are
also detailed and the obtained experimental results are discussed. Finally, in Chapter 5,
we present the main conclusions and opportunities for future works.

The following publications were a result of this Master’s project:

1. H. A. de Andrade, J. L. Pita, G. B. de Farias, and L. H. Gabrielli, “Integrated
Couplers for OAM Fiber Modes using Compact Antennas and Circular Grating,” in
Frontiers in Optics / Laser Science, pp. FM2D.2, Optical Society of America, 2020.

2. H. A. de Andrade, J. L. Pita, G. B. de Farias, and L. H. Gabrielli, “Demonstration
of Integrated Coupler Based on Compact Antennas for OAM Fiber Modes,” in CLEO:
Science and Innovations, pp. SM2N.7. Optical Society of America, 2022.
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Chapter 2

Fundamentals of OAM Modes and
Coupling

In this chapter, we first present the fundamentals of light propagation in optical
fibers, then, we describe the basic concepts of optical modes. The angular momentum of
the light is explained and we analyse the propagation of OAM beams in free-space and
in optical fibers. Finally, we present the main approaches to generate and detect OAM

modes from classical free-space setups to novel integrated approaches.

2.1 Light Propagation in Optical Fibers

2.1.1 Ray Optics

An optical fiber in its simplest form is composed by a cylindrical core and a
surrounding cladding made of glass with the refractive index of the cladding lower than the
refractive index of the core [25]. This type of optical fiber with an abrupt change in the
refractive index is called step-index fiber, which differs from the graded-index fiber, where
the refractive index between core and cladding changes gradually. The light propagation
in optical fibers is based on the principle of total internal reflection, where, for a step-index
fiber, an optical ray will be confined in the optical fiber if the angle when it hits the
core-cladding interface is larger than a critical angle (¢.), defined by [25]:

sin ¢. = ny/ny (2.1)

where n; is the refractive index of the core and ns is the refractive index of the cladding.
The light confinement through total internal reflection in a step-index fiber is illustrated
in Fig. 2.1.

The maximum angle of the incident ray with the fiber axis to remain confined

inside the core is given by [25]:
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: Unguided ray

Air index n

Guided ray

Core index nq

Cladding index n,

Figure 2.1: Light confinement through total internal reflection in a step-index fiber.

ngsin 6; = ny cos ¢, = (n? — n2)*/? (2.2)

where ng is the refractive index of the air and 6; is the angle of the incident ray. The
term ng sin ¢; is known as the Numerical Aperture (NA) of the fiber and it represents its
light-gathering capacity [25]. Another important property of optical fibers is its refractive

index contrast, given by [25]:
A= (n1 — T?Q)/Tll (23)

2.1.2 Wave Equation

The light is an electromagnetic wave and, like all electromagnetic phenomena, it
is governed by the Maxwell’s equations, which describe the temporal and spatial evolution
of the electric and magnetic fields. For a nonconducting medium without free charges, these

equations can be written as (the shown notation and derivation follows mostly [21,25,26]):

V xE =—-0B/0t (2.4a)
V x H = 9D /ot (2.4b)
V-D=0 (2.4¢)
V-B=0 (2.4d)

where E and H are the electric and magnetic field vectors, respectively. D and B are their

respective flux densities. In a dielectric medium, they are related to the field vectors by:
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where ¢, and pu, are, respectively, the relative permittivity and relative permeability
of the medium, and ¢y and g are the vacuum permittivity and vacuum permeability,
respectively. Taking the curl (Vx) on both sides of Eq. 2.4a and combining it with
Eqgs. 2.4b, 2.5a and 2.5b, we obtain the wave equation for the electric field:

erpy O°E
c2 Ot?

where the speed of light in vacuum is defined by ¢ = (pgo) /2. Eq. 2.6 can be written in

VXV XxE=-—

(2.6)

the frequency domain as:

2

VXxVXxE= —5T(r,w)§E (2.7)
where ¢, (r,w) is the frequency dependent relative permittivity. In general, &, is complex
and its real and imaginary parts are related to the refractive index n and absorption

coefficient «, respectively, by the definition:

g, = (n +iac/2w)? (2.8)

where n and « are both frequency dependent. The frequency dependence of n is called
chromatic dispersion or material dispersion [25]. Because of the low loss of silica optical
fibers, €, can be taken to be real and replaced by n2. Since n is independent of the spatial
coordinates in both core and cladding of a step-index fiber and the index difference between

core and cladding is small (in the order of ~1072), one can use the identity [21,25-27]:

VxVxE=V(V-E)-VE=-V’E (2.9)

where we used Egs. 2.4c and 2.5a to set V - E = 0. This is called the “weakly-guiding” or
“scalar” approximation [21,26,27]. Taking this assumptions, Eq. 2.7 can be simplified to

obtain a wave equation called Helmholtz equation:

VZE + n*(w)kiE = 0 (2.10)

with the wave number in vacuum kg = w/c = 2w /X. A is the vacuum wavelength of the
optical field oscillating at the frequency w [25]. In a similar way, the wave equation for the

magnetic field can be obtained:
V*H + n?(w)k2H = 0 (2.11)

2.1.3 Optical Modes

An optical mode is a specific solution of the wave equation that satisfies the

appropriate boundary conditions and it has the property that its spatial distribution does
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not change with propagation [25]. The fiber modes can be classified as guided modes,
leaky modes, and radiation modes [25]. The guided modes are the ones used for signal
transmission in fiber-optic communication.

For a fiber with cylindrical symmetry, a Helmholtz equation for the field U
(which can be either the electric or magnetic field) in cylindrical coordinates can be set up

using the scalar approximation [21]:

P10
or2  ror r? 8q§2

The modes, which are propagating in the z-direction need to be periodic in the

+n*kiU = 0 (2.12)

angle ¢ with a period of 27, which makes it possible to write the function as [21]:

Ulr, ¢, 2) = u(r)e” ™% with m = 0,41, £2, ... (2.13)

For step-index fibers, this equation leads to well-known solutions for u(r) that

are different Bessel functions [21]:

u(r) o< Sy (kpr) for r < a (2.14a)
u(r) o< Kp(yr) for r > a (2.14b)

where a is the fiber core, .J,, is the Bessel function of the first kind and order m, K, is the

modified Bessel function of the second kind and order m. kr and « are defined by [21]:

k3 = niky — 52 (2.15a)
v = (% — nakg (2.15b)

where [ is the propagation constant of the mode. A useful parameter to identify the mode
is its mode index, or effective index, defined as neg = 8/ko. A guided mode propagates
with an effective index whose value lies in the range ny > neg > no. The mode is said to
reach cutoff and ceases to be guided when n.g < ns. A parameter that plays an important
role in determining the cutoff condition is called the normalized frequency V', or simply

the V parameter, defined by:

V = koa(ni —n3)"/? & (2m/A)an, V2A (2.16)

As the frequency is increased or the geometry is enlarged, the value of V'
increases and more modes are supported by the fiber. A rough estimate of the number
of modes is given by V?/2. For example, a fiber with ¢ = 25pm and A = 5 x 1073
has V ~ 18 at A = 1.3um and supports about 162 modes. However, the number of
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supported modes decreases rapidly as V is reduced. For example, a fiber with V =5
supports only 7 modes [25]. Fibers where only a single guided mode is able to propagate
are called single-mode fibers. They differ from fibers where many modes can propagate,
called multimode fibers. For SDM applications, special fibers called few-mode fibers are
interesting, which usually support less than 10 guided modes [21].

In the case of more complicated index-profile shapes within the core, even
though many strategies have been developed in the past to solve the scalar wave equation,
numerical methods are applied [26]. It is customary to denote the solutions by [, with
each value of (,,, corresponding to one possible mode of propagation. In general, both
E, and H, are nonzero (except for m = 0), in contrast with planar waveguides, where
one of them can be taken to be zero. Fiber modes are therefore referred to as hybrid
modes and they are denoted by HE,,, or EH,,,,, depending on whether H, or E, dominates,
respectively. In the special case of m = 0, HEq, and EHg, are also denoted by TE,
and TMy,, respectively, since they correspond to a Transverse Electric (TE) mode, where
E. =0, and a Transverse Magnetic (TM) mode, where H, = 0. For weakly guiding fibers,
both E, and H, are nearly zero. These modes are called Linearly Polarized (LP) modes

and a different notation LP,,, is used [25].

LP Modes

The LP modes are obtained when the scalar approximation is applied. These
modes possess a linear polarization and their field distribution are described by the Bessel
functions of Eqgs. 2.14a and 2.14b with an azimuthal dependence in the form of cos(m¢). In
the label LP,,,, m represents the angle dependence and n is the mode order in the radial
direction that is characterized by the Bessel function of (n — 1)-th order [21]. The electric
field intensity profile of the first LP modes of a step-index few-mode fiber is illustrated
in Fig. 2.2. The lowest-order mode (LPy;) is called the fundamental mode and its field
distribution is approximated by a Gaussian beam [21]. This is the only mode supported

(in both orthogonal polarizations) by a single-mode fiber.

Relation Between LP Modes and Hybrid Modes

When the scalar approximation is not applied, we obtain the full-vectorial
solutions for the eigenmodes of the fiber, called hybrid modes. The fundamental mode
in this case is the HE;; mode, which is equivalent to the LPy; mode. The second order
modes are the TEy;, HEo; and TMy; modes. These modes are almost degenerate, i.e. they
have slightly different propagation constants. When the scalar approximation is applied,
these three modes are all degenerate and the LP;; modes can be constructed by the linear
combination of these modes, forming an alternative modal basis [21]. The relation between

the LP;; modes and the hybrid modes in a step-index few-mode fiber is illustrated in
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Figure 2.2: Magnitude of the electric field for different LP modes in a step-index few-mode
fiber. The arrows indicate the polarization direction of the electric field. Each mode has
also a version in the other orthogonal polarization (not shown).

Fig. 2.3. The HE$*" and HE modes are strictly degenerate and differ by the parity
symmetry of the polarization lines. The same can be applied for higher-order LP modes.
Although the scalar approximation is often used in fibers with very small index difference
between core and cladding, LP modes are not true eigenmodes of the fiber and the signal
transmitted by a LP mode is actually transmitted by a linear combination of different
eigenmodes propagating with slightly different velocities. As a consequence, LP modes are

not stable over long distance [21].

2.2 The Angular Momentum of Light

The light, as any electromagnetic wave, can carry both energy and momentum
(linear and angular) [4]. In 1936, the angular momentum of light was first experimentally
demonstrated [28], but only much later, in 1992 [29], it was described that this angular
momentum is composed by two parts: a Spin Angular Momentum (SAM) and an OAM [30].
SAM is related to the polarization of the light, while OAM is related to its spatial
distribution. SAM can be represented by +o, with the sign depending on the handedness
of the circular polarization, as illustrated in Fig. 2.4(a) [21]. Linearly polarized beams do
not possess SAM [30]. The OAM that photons carry generates a twist of the light. As
a consequence, OAM beams have a helical phase front with a phase dependence in the
form of e where ¢ is the azimuth angle and ¢ is called the topological charge. The

amplitude of ¢ indicates the number of intertwined helices in the propagation distance
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Figure 2.3: Relation between LP modes and hybrid modes in a step-index few-mode fiber.

of one wavelength and the sign of ¢ indicates its handedness, as illustrated for different
OAM states in Fig. 2.4(b). The topological charge can assume any integer value and the
number of orthogonal OAM states is infinite [31].

(a)
SAM W Wx

o=-1 g=+1
(b)
- (0 @D @R -
(=1 (=0 (=1 (=2

Figure 2.4: (a) States of SAM in circularly polarized beams. (b) OAM beams with
different topological charges. “Adapted from [1], which is licensed under Creative Commons
Attribution 4.0 International (CC BY 4.0).”

2.2.1 OAM Beams in Free-space

In free-space, many types of beams can carry OAM, such as Laguerre-Gaussian
(LG) beams, Hermite-Gaussian (HG) beams, Bessel beams, Bessel-Gaussian (BG) beams,
among others [32,33]. OAM beams were first described by LG beams, which are the

solutions of the paraxial wave equation in cylindrical coordinates and they are given
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by [29,30, 34]:

o Co m>”’ex <_ P2 ) z.<2p2 ) (_Z. p>
LGy(p, ¢ 2,1) = w(z) <w(z) P w?(z) Ly w?(z) b kz(zz%:—l-%)

x exp (i) exp [—i(2p + €| + 1)x(2)] exp (ikz) exp (—iwt) (2.17)
where
2+ p! N ) Z\? Twg z
= |1 S =Ty =2 (21
CKp 7_(_(p + |€|)|a w (Z) Wy + <ZR> ) <R h\ ) a’n(X) 2R ( 8)

wp is the initial beam waist and LJf' are the generalized Laguerre polynomials. The
azimuthal index /¢ refers to the phase variation in the transverse plane and it represents
the OAM topological charge. The radial index p refers to the number of zeros of Llf' in
the radial direction. Cj, is a normalization constant for the beam power, w(z) is the beam
waist in the longitudinal position z, zg is the Rayleigh length and x is the Gouy phase [30].

Using Eqgs. 2.17 and 2.18, we calculate the electric field intensity and phase
profile for the OAM beams of Fig. 2.4(b) with p = 0, A = 1550 nm and wy = 7pm. The
results obtained can be seen in Fig. 2.5. As we can see, except for ¢ = 0, which is
equivalent to a Gaussian beam, these modes have a ring-shaped intensity profile, whose
radius increases with the amplitude of £. The phase profile is composed by the phase
surface of ¢ beams, shifting the phase ¢ times from —n rad to +m rad. The sign of ¢

indicates the handedness of the phase shift.

{=-1 £=0 L=+1 =42 ]
Ezﬂ.ﬂﬂi '5
Ex

Phase

Figure 2.5: Electric field intensity and phase profile of OAM beams with different topological
charges.
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HG beams are also solutions of the paraxial wave equation, but in Cartesian
coordinates [33]. The intensity distribution of these beams shows a petaloid structure
and they can be superposed to obtain LG beams [29, 33]. Bessel beams are non-difractive
beams, which are exact solutions of the wave equation in cylindrical coordinates and,
similar to LG beams, they are also OAM beams with helical phase structure [33]. The
complex amplitude of Bessel beams are described by a Bessel function of the first kind

and it is given by [33]:

BBy(r, ¢, 2) = ApJy(k,r)e*=7ei® (2.19)

where A, is a constant, k, is the wave number in the radial direction and k., is the wave
number in the beam propagation direction. Both wave numbers are satisfied by the wave
number k [33]:

K24+ k2 =k = 4;;2 (2.20)

However, as Bessel beams have infinitely extended light field structure and

infinity energy, they are only theoretical models and cannot be generated in practise [33].

BG beams, which are solutions of the paraxial wave equation, are used as a finite-energy

approximation of Bessel beams and they are obtained by the apodization of those beams [35].
The complex amplitude of BG beams is given by [33]:

2
BGy(r, ¢, 2) = AJy(kpr)e *=2ei%e T (2.21)

2

This expression has only one more real term e “o than the Bessel beams, which

indicates that BG beams have the same phase structure and non-diffraction characteristic

of Bessel beams in a finite propagation distance.

2.2.2 OAM Modes in Optical Fibers

OAM modes in optical fibers can be described by the superposition of two
degenerated eigenmodes with orthogonal azimuthal dependence. As detailed in [28], HE
and EH modes have a pair of degenerated modes with identical radial dependence, but
orthogonal azimuthal dependence in the form of sin(¢¢) and cos(¢¢) [28,30].

The combination of the two degenerated modes with sin(¢¢) and cos(f¢) az-
imuthal dependence can lead to a mode with a phase dependence in the form of €*¢ and a,

basis change from linear to circular polarization [28,30]. In this sense, the OAM modes
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supported by the fiber can be determined with the following superpositions [36]:

OAMZ,,, = HES', + iHE! (2.22a)
OAMZ,,, = EH}"Y,, +iEHY (2.22b)

where ¢ refers to the azimuthal index, which is also called the OAM order or topological
charge; the radial index m refers to the number of concentric radial rings in the intensity
field profile; the subscript sign indicates the handedness of the helical phase; and the
superscript sign indicates the handedness of the circular polarization [2,36], as illustrated
in Fig. 2.6. The cases when the OAM phase and the circular polarization have the same
direction are denoted spin-orbit aligned, as shown in Fig. 2.6(a,c). On the other hand,
in Fig. 2.6(b,d), we have the cases when the OAM phase and circular polarization have

opposite directions, which is called spin-orbit anti-aligned [2,28,30].
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Figure 2.6: OAM phase and circular polarization possible conditions. (a) Spin-orbit aligned
OAM with left-hand circular polarization and counterclockwise of phase. (b) Spin-orbit
anti-aligned OAM with left-hand circular polarization and clockwise of phase. (c¢) Spin-orbit
aligned OAM with right-hand circular polarization and clockwise of phase. (d) Spin-orbit
anti-aligned OAM with right-hand circular polarization and counterclockwise of phase.
“Reprinted with permission from [2]”. © The Optical Society.

In general, any multimode fiber is able to propagate light with OAM [30].
However, it does not guarantee the stable transmission of these modes. When adjacent
modes have very similar effective indices, they can couple during propagation due to
perturbations in the guide structure, such as deformations, manufacturing inaccuracies

and curvatures [30]. This coupling can eliminate the properties of the OAM modes, i.e.
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the helical phase surfaces. As a consequence, in the fiber output we only obtain LP modes
composed of several mixed quase-degenerated states, as illustrated in Fig. 2.3 [30].

Digital Signal Processing (DSP) could be used to recover the OAM modes,
however, it increases time and power consumption [30]. As an alternative, special fibers
have been investigated for stable transmission of OAM modes. A practical criterion
usually used to analyse the propagation stability of these modes is Aneg > 107%. If the
effective index difference between adjacent modes is at least this order of magnitude, it is
possible to transmit the modes with low coupling over distances on the order of several
kilometers [30]. This optical approach to solve the mode coupling problem is specially
applied for short-reach optical communications, such as data center applications. For
long-haul applications, there are other effects that compromise the data transmission and
DSP would be required [30].

Stable propagation of OAM modes over distances on the order of kilometers was
first demonstrated using vortex fibers, which is a special type of fiber with a ring-shaped
guiding region that separate the effective indices of the OAM modes and reduce the coupling
between them [21,28]. Vortex fibers can have a solid core or an air core. For low-order
OAM modes, stable propagation can be obtained using solid-core vortex fibers [21,30].
However, for higher-order OAM modes, a larger n.g splitting is required [21,30]. This is
reached using air-core vortex fibers. In these fibers, the central air hole provides a larger
refractive index contrast, maximizing the number of guided OAM modes [28].

Another special type of fiber that have been considered for stable OAM trans-
mission is the Photonic Crystal Fiber (PCF). PCFs are fibers that have a periodic
transverse microstructure with a defect introduced to provide light confinement [9]. De-
pending on the nature of the defect (solid or hollow), the PCF is called Solid-Core Photonic
Crystal Fiber (SC-PCF) or HC-PCF [9]. SC-PCFs, generally, guide light thought total
internal reflection between the low index cladding structure and the high index core. The
SC-PCF creates the index difference incorporating holes into the cladding glass, causing
the effective index “seen” by the mode to be lower than that of the core [9]. HC-PCFs use
the bandgap effect to guide light. Due to the periodic structure in the cladding, there is
the occurrence of a bandgap analogous to the electronic bandgap in semiconductors. This
photonic bandgap in the cladding acts as a loss-free mirror to confine light into the hollow
core [9]. The large index difference between the core and the cladding in this type of fiber
can maintain a stable propagation of OAM modes. Due to its adjustable parameters, PCFs
can offer more flexible design structures to provide unique fiber properties [37]. Various
structures, (such as hexagonal, circular, kagome) and materials (such as AsySs, SiOs and
polymer), having promising features have been designed and even fabricated to ensure
good transmission quality of OAM modes [37]. In this work, we use a HC-PCF, as it will
be detailed in Chapter 3.
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2.2.3 OAM Generation and Detection

Light with OAM can be generated using different strategies. Even a laser can
generate OAM beams by placing a component in the laser cavity, forcing it to resonate in
a specific OAM mode [4]. However, the most common way is to convert a Gaussian beam
to a OAM beam using, for example, SPPs, CGH programmed on SLMs, cylindrical lenses,
metamaterials, metasurfaces, g-plates and, more recently, integrated devices. SPPs are
the easiest way of generating OAM beams. As shown in Fig. 2.7, a rotating step is used
to increase the thickness of the SPP with the azimuth angle. SPPs have a high conversion
efficiency and they can be used with high power lasers beams, however they can generate

only a single OAM beam and they have very tight precision requirements [4].

Figure 2.7: Generation of an OAM beam using a SPP. “Adapted with permission from [3]”.
© The Optical Society.

The SLM is a liquid crystal device that can be programmed to change the
incident beam parameters, such as the beam phase in the transverse plane, to create
OAM beams [4]. SLMs can load phase holograms in the form of spiral phase, ¢-fold
forked or binarized ¢-fold forked grating holograms, as illustrated in Fig. 2.8. Although
SLMs can be programmed to generate a wide range of OAM beams, they have some
limitations, such as the refreshment image rate, which can be slow for some applications
in communications [36]; their energy threshold, making impossible the usage with high
power lasers beams; and the relatively expensive cost [4].

The detection of OAM beams can be performed using the reverse process of
their generation. For example, an OAM beam with topological charge ¢ illuminating a
—/( forked hologram, produces a plane wave Gaussian beam. Other techniques to detect
the topological charge of an OAM beam include the use of interferometry, such as the
interferometry with a Gaussian beam or other OAM beams [3,21]; and passing the OAM
beams through apertures, such as a triangular aperture [38-40].

Besides being very bulky and sensitive to misalignment, these free-space tech-
niques also require additional components, such as lenses, to couple the OAM beams
into fibers. To achieve more efficient and more compact solutions, OAM generators and

detectors have been proposed using integrated devices. In the next section, we discuss
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Figure 2.8: Generation of OAM beams using SLMs: a) Spiral phase hologram; b) ¢-fold
forked hologram; c¢) binarized ¢-fold forked grating. “Reprinted with permission from [4]”
© 2020 IEEE.

the main strategies in the literature to generate and detect OAM beams using integrated

couplers.

2.3 Integrated OAM Couplers

The light can be coupled to photonic chips using three types of strategies: edge
coupling, out-of-plane coupling and evanescent coupling. In edge coupling, Fig. 2.9(a), the
light is coupled to the chip using the lateral facets of the chip. This technique provides
high coupling efficiency, high bandwidth and low sensitivity to the light polarization [41].
However, due to waveguide dimensions, edge coupling is very sensitive to misalignment
with optical fibers and it requires chip facets with low roughness. In out-of-plane coupling,
Fig. 2.9(b), a diffracting element is used to modify the propagation direction of the light.
Diffraction gratings are the most widely adopted solution for out-of-plane coupling [41].
They are less sensitive to misalignment and easier to fabricate than edge-coupling solutions,
but they usually have narrow optical bandwidth and they are polarization dependent.
Evanescent coupling, Fig. 2.9(c), is based on the transfer of power from one waveguide
to another by the overlap of the evanescent fields. By changing the distance and coupler
length between the waveguides, it is possible to couple any desired fraction of power from
one waveguide to another [42].

For OAM generation and detection, solutions based on edge coupling are limited
by the fabrication complexity. The currently solutions for this type of coupling are based
on either specially-designed integrated waveguides for OAM modes [43] or controlling the
phase of a 3D waveguide array [6], as illustrated in Fig. 2.10. The main drawback of OAM

modes propagating in integrated waveguides is the radial asymmetry of these waveguides,
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Figure 2.9: Different coupling strategies. (a) Edge coupling. (b) Out-of-plane coupling.
(c) Evanescent coupling. “Adapted with permission from [5]”. © 2016 Elsevier.

which compromises the purity of the OAM modes and its propagation stability [30]. The
3D waveguide array proposed in [43] is a relatively wide device and it was designed for
free-space applications. For fiber coupling, additional lenses would be necessary. Both

approaches require complex fabrication processes.
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Figure 2.10: Edge OAM coupler based on 3D waveguides. “Reprinted with permission
from [6]”. © The Optical Society.

Using out-of-plane coupling, a wide variety of OAM couplers have been pro-
posed. The majority of them for free-space applications. In [7], a circular grating with
sixteen inputs, which is capable of generating different OAM states for free-space optical
transmission was demonstrated. This device is illustrated in Fig. 2.11. The coupler has
an outer radius of 25 um and the OAM state can be tuned by changing the phase of the
thermally-controlled input waveguides.

In [20], a phased array using nanoantennas was developed to generate different
OAM states and couple them to free-space. To obtain a more compact OAM coupler,
in [19] an angular grating patterned along the inner wall of a microring resonator was
proposed. This device was also designed for free-space applications and it has the limitation

of OAM order dependence on the resonant wavelength. For fiber transmission, a forked
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Figure 2.11: Out-of-plane OAM coupler for free-space optical communication. (a) Layout
with dimensions of the proposed device. (b) Image of the fabricated device. “Reprinted
with permission from [7]”. © The Optical Society.

grating coupler using a diffraction grating with a calculated hologram was developed in [22].
This design can directly couple an OAM mode into a vortex fiber, but it couples only a
single OAM mode. In [21], an array of grating couplers was developed for the coupling
of more OAM modes into a vortex fiber, but due to the array dimensions, an external
lens is necessary to focus the beam. A circular OAM generator for OAM fiber coupling
using 2D-grating couplers was proposed in [23]. The number of components in the array is
limited by the 2D-grating dimensions, which limits the number of OAM modes that can be
generated and the modes purity. Finally, in [24], a circular grating coupler for OAM fiber
modes was proposed, but for a specially designed fiber. In this work, we aim to design
and demonstrate compact OAM couplers that can be capable of generating different OAM
modes and directly couple them into optical fibers. We start from the strategies of using
an array of compact antennas and a circular grating to generate the OAM fiber modes.
Then, we explore the use of topology optimization for the design of OAM couplers. In
the next chapter, we present the proposed devices, detailing their design process and the

simulation results.
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Chapter 3

Design and Simulation of OAM

Couplers

In this Chapter, we present the design process of our proposed OAM couplers.
We start analysing the supported OAM modes by our multimode fiber, which are used as
the reference modes in the couplers’ design. The proposed couplers are then presented

and detailed, showing design considerations and simulation results.

3.1 OAM Fiber Modes

The OAM fiber modes are analysed in a HC-PCF available in the LCO at
Unicamp. The HC-PCF used is a 7-cell Hollow-Core Photonic Bandgap Fiber (HC-PBGF)
fabricated by Corning. This fiber was also used in [44] and, as described by the author, a
Scanning-Electron Microscope (SEM) image (Fig. 3.1) was used to estimate its geometric
parameters as the air-core-diameter of 16 pm, the cladding pitch of 4.9 pym and the air-fill
fraction of 92%.

Figure 3.1: HC-PBGF SEM image.
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The SEM image and the geometric parameters were used to perform a modal
analysis using the FEM solver provided by COMSOL Multiphysics . FEM solves Maxwell’s
equations by the division of the simulation domain into smaller subdomains, in a pro-
cess called meshing [45]. This simplifies the field equations into an algebric system of
equations which are then solved for their eigenvalues [45]. As a result, we obtain the
supported core-guided modes of this fiber at 1550 nm. In Table 3.1 we can see the obtained
fundamental modes and Higher-Order Modes (HOM) of this fiber and their respective

effective index ().

Table 3.1: Simulation results of the supported core-guided modes of the HC-PBGF at
1550 nm.

Fundamental

x Yy
modes HEY, HET,
Neff 0.99776 0.99776
H. h - d even o0
mfd;r order HES! HE TMg, TEo,
Toff 0.994 57 0.994 57 0.994 48 0.994 31

The electric field intensity and polarization direction for these modes can
be seen in Fig. 3.2. The superscripts z and y indicate the polarization axis, while the

superscripts even and odd refer to the parity symmetry of the polarization lines.

HE?ill HE:fl Tl\/IOl
Egzl)en Eodd TE01

Gl o

Figure 3.2: HC-PBGF core modes. Electric field intensity and polarization.

The HOMs supported by this fiber are the ones that compose the set of LPy;

modes in the scalar approximation, for that reason they are called LP;;-like modes [9, 30].

Thttps://br.comsol.com/
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Based on these supported core-guided modes, we can recover some spin-orbit aligned
OAM modes using Eq. 2.22a. Starting from the HE; ; modes, we can obtain the OAM(J{,1
and OAMg; modes, differing by the circular polarization direction: left-handed and
right-handed, respectively. Starting from the HEy; modes we can obtain the OAMI’,1
mode, which has counterclockwise OAM phase and left-hand circular polarization, and
the OAM~, ; mode, which has clockwise OAM phase and right-hand circular polarization.

The OAMg,, OAMY, and OAMZ, ; modes are used as the modal basis reference
for the couplers’ design. For simplification, as all of these modes have only one radial ring,
we will call them from here on as OAM,y, OAM; and OAM_; modes, respectively. The
electric field intensity (|E|?) and z-component (E,) phase profiles for those modes can be

seen in Fig. 3.3.

0AM, 0AM, 0AM_,
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-

Figure 3.3: Simulation results of |E|? and FE, phase profile for OAM fiber modes.

As expected, we can see the OAM fiber mode with a Gaussian intensity profile
and a constant phase front. We can also observe that the OAM; fiber mode is ring-shaped
with an optical singularity in the center of the intensity profile and a counterclockwise
phase shift from —n rad to 4+ rad in the phase front profile. Finally, the OAM_; mode
differs from the OAM; by its opposite phase shift direction.

3.2 OAM Coupler using an Antenna Array

The first proposed approach to design an OAM coupler consists in using
an array of compact antennas with dimensions corresponding to the dimensions of the

OAM fiber modes. Each antenna is responsible to generate a part of the beam intensity
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and a specific phase in a way that the combination of different phase shifts excites a
selected OAM fiber mode. As the fiber core radius is 8 pm, the antennas required to
compose the proposed coupler must be much more compact than this value. The antenna
developed in [46] satisfies this requirement, being an interesting option. It has a size of
only 1.78 um x 1.78 pm, which allows us to place up to eight antennas in the proposed

array. This antenna is illustrated in Fig. 3.4.

(a) (b)

1um

Figure 3.4: Compact antenna. (a) Top view and (b) perspective view.

To analyse the antenna performance, we simulated it in the 3D-FDTD solver
provided by Lumerical Inc 2. Besides providing direct time and space solutions for
the Maxwell’s equations in complex geometries, the FDTD method can also give other
useful quantities, such as the frequency response, the Pointing vector and the transmis-
sion/reflection [47]. The design parameters were: 220 nm-SOI platform with a 2 pm Buried
Oxide (BOX) layer, 2pm Top Oxide (TOX) layer, 150 nm step-etch and 450 nm width
for the input waveguide. The simulation volume was 6 pm x 6 pum x 6 pm with a 20 nm
mesh and a 5nm mesh refinement in the antenna volume. The antenna is positioned in
the center of the simulation volume, thus it also includes the BOX, the TOX, a portion
of the substrate and a monitor in a slice 2 pm above the antenna. A Perfectly Matched
Layer (PML) was used as the boundary condition to absorb all the propagating waves in
the edge of the simulation volume [48].

Using a mode source at the antenna input waveguide, a TE mode, at 1550 nm,
propagates in the waveguide and, as a result, a linear polarized beam is emitted by the
antenna. The results of the emitted beam are taken in the slice 2 pm above the antenna.
When the antenna is aligned with the y-axis, the electric field is higher in the z-component,
as we can see in Fig. 3.5(a). On the other hand, when the antenna is aligned with the
z-axis, the electric field is higher in the y-component, as we can see in Fig. 3.5(b).

As described in section 3.1, the OAM fiber modes have circular polarization,
i.e. same electric field intensity in both z and y components. To contribute equally in
both polarizations, eight antennas are disposed in a circular array with the antennas

pointing to the center. The proposed array can be seen in Fig. 3.6. The array radius

2https://www.lumerical.com/products/fdtd/
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Figure 3.5: Electric field results from the antenna simulation. (a) antenna aligned with
the y-axis and (b) antenna aligned with the z-axis.

o

o

is here defined as the distance between the antenna input and the center of the array.
Different values of array radius were analysed, from 5pm (the minimum value allowed by

fabrication constraints) to 8 pm (the fiber air-core-radius).

(a) & [ (b)
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Figure 3.6: Proposed OAM coupler using an antenna array. (a) Top view and (b) perspec-
tive view.

For the array simulation, the simulation parameters were modified to satisfy
computational requirements. The simulation volume was increased to 20 pm x 20 pm X 6 pm
with a 20 nm mesh and a 10 nm mesh refinement in each antenna volume. A mode source
is used in each input waveguide and a monitor, in a slice 2 pum above the array, is used
to analyse the emitted beam. The phase of each mode source is changed according to
the OAM mode to be generated. For OAMy, the phase is the same for all antennas. For

OAMjy, the phase in each antenna is increased by 7 rad in the counterclockwise direction,
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accomplishing a 27 rad phase shift. For OAM_,, the phase in each antenna is also increased
by 7 rad, but in the clockwise direction. The electric field results, at 1550 nm, of the

antenna array with a radius of 5 um for these three OAM modes can be seen in Fig. 3.7.

0AM, 0AM, 0AM_,

|E|?

Figure 3.7: |E|* and E, phase results of the antenna array with a radius of 5 m simulated
at 1550 nm.

As we can see in Fig. 3.7, to generate the OAM, mode, the combination of the
beams emitted by the antennas forms a beam with a higher intensity in the center of the
array and a constant phase in each antenna position. On the other hand, to generate the
OAM; and OAM_; modes, the combination of the antennas’ beams forms a beam with a
higher intensity in a ring pattern and the phase in the position of each antenna changes in
the counterclockwise and clockwise direction, respectively. It is also noticeable, for all three
modes, that an undesirable interference pattern occurs outside the antennas’ positions in
both intensity and phase profile. This happens due to the antenna directivity. At this
height, 2 um, the scattered field of each antenna is enough to generate a non-negligible
interference. For a more detailed analysis of this interference pattern, we simulate the
array with 1, 2 and 4 antennas, as we can see in Fig. 3.8 for the OAM; mode.

As we can see in Fig. 3.8, when we increase the number of antennas, the
combination of the scattered field from each antenna generates some interference fringes
and an interference pattern in the center of the array, which can impact the device
performance. We can also see in Fig. 3.8(a) some discontinuities in the antenna field profile,
especially in its phase profile. These discontinuities can be attributed to the mesh. In this
case the antenna was simulated in an angle of 22.5° in relation to the z-axis while the
mesh lines are parallel to the x and y axes. Simulating the antenna aligned with the z-axis,

we can see in Fig. 3.9 that the discontinuities were reduced. To simulate the antenna array
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-1

Figure 3.8: |E|* and E, phase results of the antenna array with a radius of 5 m simulated
at 1550 nm for the OAM; mode with (a) 1 antenna, (b) 2 antennas and (c) 4 antennas.

with eight antennas, we will always have some antennas that are not aligned with the axes,
then, to maintain the symmetry, we simulate the array with all antennas in a angle of
22.5° in relation to an axis. The discontinuities can also be reduced by further refining the
mesh, however the mesh refinement is already at the limit of our computational resources
(CPU: Intel Xeon E5-2650 with 6 cores, 12 threads and 2 GHz; RAM: 128 GB).

|E|?

4 um

Figure 3.9: |E|* and E, phase results of one antenna aligned with the z-axis and simulated
at 1550 nm.

The coupling performance is analysed by the calculation of the overlap integral
between the generated OAM modes and the OAM fiber modes. The overlap integral is

calculated according to the following equation [49]:
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where El and ﬁl are the electric and magnetic fields, respectively, from the generated
beam by the proposed device, while E, and H, are the electric and magnetic fields from
the OAM fiber modes. C' is the overlap result and the surface integrals are calculated in
an area of 20 pm x 20 pm discretized in a matrix with 1001 rows and 1001 columns. In
Appendix A, we discuss the implementation of the algorithm to perform this calculation
and its validation by comparing with the overlap calculation in a commercial software.

For the proposed array, we have simulated and calculated the overlap for
different values of array radius. The result obtained of mode overlap in function of array
radius for the three OAM modes can be seen in Fig. 3.10.
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Figure 3.10: Mode overlap in function of radius for the antenna array simulated at 1550 nm.

As we can see, the results for the OAM; and OAM_; modes are better than
for the OAM, mode in all cases, this can be attributed to the circular arrangement that
makes more efficient the coupling with a ring-shaped beam than with a Gaussian beam. By
symmetry, the OAM; and OAM_; modes should have the same results, but that was not
the case because the fiber simulation was based in a SEM image. In practical, the fiber is
not perfectly symmetric and it can have some defects. The radius of 5 pm provided the best
results of mode overlap for all modes. For this radius the values obtained were: —21.76 dB
for OAMy, —19.39dB for OAM; and —19.37dB for OAM_;. The overlap between the
generated OAM mode and other OAM fiber modes was below —63.38dB in the case of
the OAM; (or OAM_,) with the OAM,, and below —27.52dB in the case of the OAM;
with the OAM_;. These results are summarized in Table 3.2.

The the proposed OAM coupler can be used for a two-mode transmission with

very low intermodal crosstalk. Considering the transmission of the OAM; (or OAM_,)
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Table 3.2: Overlap between fiber modes and antenna array with a radius of 5pm at
1550 nm.

OAM, Fiber OAM; Fiber OAM_; Fiber

(dB) (dB) (dB)
OAM, antenna array —21.76 —71.29 —64.01
OAM; antenna array —63.38 —19.39 —27.89
OAM_, antenna array —80.16 —27.52 —19.37

mode with the OAM, mode, the crosstalk is in the range of —40dB. A three-mode
transmission is also possible, however with a worse intermodal crosstalk due to the —8 dB
crosstalk between the OAM; and OAM_; modes.

As described in [46], the compact antenna is broadband, covering a wide
wavelength range from 1300 nm to 1700 nm, however it has a higher transmission efficiency
at shorter wavelengths, which starts to decrease after 1500 nm. The transmission spectrum
was also obtained from the FDTD simulations and the result in a height 2 um above the

antenna can be seen in Fig. 3.11.

—4.5 -
~5.0
-5.5
—6.0

—6.5 1

Transmission [dB]

—7.0 1

1300 1350 1400 1450 1500 1550 1600 1650 1700
Wavelength [nm]

Figure 3.11: Simulation result of the antenna transmission spectrum.

Simulating the antenna array at 1470 nm, the electric field results obtained can
be seen in Fig. 3.12. As we can see, the change in the wavelength also resulted in a change
in the antenna directivity. We see a higher constructive interference among the beams of
each antenna and less scattered field in relation to the results at 1550 nm.

The impact in the device performance is evaluated performing a new modal
analysis of the fiber for this new wavelength and calculating the new overlap values between
the OAM fiber modes and the generated beams. For this condition, the results obtained
of mode overlap in function of array radius for the three OAM modes can be seen in
Fig. 3.13.

As we can see, at 1470nm we obtained better results for all OAM modes,
about 5dB greater than at 1550 nm. The radius of 5pm also provided the best results
at this wavelength. For this radius, we obtained a mode overlap of —16.32dB for OAM,
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Phase

Figure 3.12: |E|? and E, phase results of the antenna array with a radius of 5 pm simulated
at 1470 nm.
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Figure 3.13: Mode overlap in function of radius for the antenna array simulated at 1470 nm.

—15.15dB for OAM; and —14.17dB for OAM_,. The overlap between the generated
OAM mode and other OAM fiber modes was below —40.92dB in the case of the OAM;
(or OAM_,) with the OAM,, and below —21.73dB in the case of the OAM; with the
OAM_,. These results are summarized in Table 3.3.

Although we obtained better results of mode transmission, the crosstalk was
impacted and worse values were obtained at this wavelength: about —25dB for a two-mode
transmission and about —6dB for a three-mode transmission.

As we can see, the device can operate in both wavelengths analysed as long as it
meets the requirements of the optical system. Besides that, it could generate 7 OAM modes
(OAM_3, OAM.5, OAM_;, OAM,, OAM;, OAM; and OAMj;) for the coupling with a fiber

that supports all these modes. In this work, as our current library of photonic components



47

Table 3.3: Overlap between fiber modes and antenna array with a radius of 5pm at
1470 nm.

OAM, Fiber OAM; Fiber OAM_,; Fiber

(dB) (dB) (dB)
OAM, antenna array —16.32 —45.24 —40.92
OAM; antenna array —41.88 —15.15 —21.73
OAM_, antenna array —88.54 —22.12 —14.17

(splitters, SMF couplers, etc.) are designed to operate at the C-band (1530 nm—1565nm),
we fabricated and characterized the device operating at 1550 nm. The test structures
designed for the characterization of this OAM coupler and the achieved experimental
results are described in Chapter 4.

In the following sections, in a way to improve the coupling efficiency, we explore

the design of OAM couplers using other approaches.

3.3 OAM Coupler using a Circular Grating

Another approach used for the design of OAM couplers is a circular grating
with multiple input waveguides, as illustrated in Fig. 3.14. Assigning a specific phase shift
in each input, the combination of the beams can generate the desired OAM mode. This
approach was used in [7] for free space optical communication and in [24] for a specific
ring-core fiber. In this work, the circular grating coupler is designed based on the OAM

fiber modes supported by our hollow-core fiber, as described in section 3.1.

(a)

(b)

3 um

Figure 3.14: Proposed OAM coupler using a circular grating. (a) Top view and (b) per-
spective view.

This OAM coupler is designed based on the same 220 nm-SOI platform used
for the antenna array design, but with a step etch of 70nm. The circular grating also has
eight input waveguides with a width of 3 pm. All waveguides are adiabatically tapered
to connect with the standard 0.45 pm-wide PIC waveguides. To determine the grating
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parameters, we start from an analytical analysis, where the grating period is calculated
according to the following equation [50]:
A
A= —— (3.2)
where A is the period, A is the wavelength, n.g is the effective index and 6 is the fiber
angle. The fiber angle is normal to the device surface, then 6 is 0°. The duty cycle was
started with 0.5 for the first design. The n.g was determined as 2.682 by modal simulation

in Lumerical Mode Solution 3

. With these parameters and considering the operating
wavelength of 1550 nm, a grating period of 578 nm is obtained.

The circular grating was simulated in Lumerical’s FDTD solver with the same
simulation parameters used in the antenna array simulation, except for the mesh refinement.
For this device a mesh refinement of 50 nm in the grating region is enough. The circular
grating was also simulated for different values of outer radius. The electric field results

obtained with these parameters and an outer radius of 6 pm can be seen in Fig. 3.15.

0AM, 0AM, 0AM_,
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Figure 3.15: |E|* and E, phase results of the circular grating simulated at 1550 nm with
duty cycle = 0.5, A = 578 nm and outer radius = 6 pm.

Calculating the overlap integral with the fiber modes for different values of
outer radius, we obtained the results of Fig. 3.16. As we can see, the overlap for the OAM,
mode has significantly improved in relation to the results of the antenna array (about
11dB), but for the OAM; and OAM_; modes there was just a slight improvement (about
3dB). This large difference can be attributed to the intensity profile of the emitted beam.

As we can see in Fig. 3.15, the combination of the beams, that comes from the waveguides

3https://www.lumerical.com/products/mode/



49

and diffracts in the grating, converge to a more centered beam. This contribute to a higher

coupling with a Gaussian beam than with a ring-shaped beam.
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Figure 3.16: Mode overlap in function of outer radius for the circular grating simulated at
1550 nm with duty cycle = 0.5 and A = 578 nm.

The outer radius of 6 pm provided the best results of mode overlap. For this
outer radius, we obtained —10.39dB for OAM,, —17dB for OAM; and —16.95dB for
OAM_,. The intermodal overlap was below —54.73 dB for the OAM, mode with the other
modes, and below —24.68 dB for the OAM; mode with the OAM_; mode. These values
are listed in Table 3.4.

Table 3.4: Overlap between fiber modes and circular grating simulated at 1550 nm with
duty cycle = 0.5, A = 578 nm and outer radius = 6 pm.

OAM, Fiber OAM; Fiber OAM_; Fiber

(dB) (dB) (dB)
OAMj circular grating —10.39 —54.73 —56.12
OAM; circular grating —63.83 —17.00 —24.68
OAM_, circular grating —79.71 —25.00 —16.95

As previously observed, this device is much more efficient for the OAM,
transmission, almost 7dB, than for the other modes. To improve the device performance
for the OAM; and OAM_; modes, we performed an optimization of the grating parameters
using the algorithm of Particle Swarm Optimization (PSO) integrated to the Lumerical’s
FDTD solver *. PSO is an evolutionary optimization algorithm that was initially inspired
by the social behavior of flocks of birds and schools of fishes, but now it is more similar
to a swarm of mosquitoes due to the irregular movements of the particles in the problem
space [51]. During the optimization, a random population of particles flies through the

problem hyperspace with different velocities. The velocities of each particle are then

4https:/ /support.lumerical.com/hc/en-us/articles/360034922953-Optimization-utility
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stochastically adjusted during the iterations according to the historical best position of
the particle and its neighborhood, evolving to an optimal or near-optimal solution [51].
In our problem, the duty cycle and period were used as the optimization parameters and
the transmission efficiency as the Figure of Merit (FOM). As a result, we obtained the
following optimized values: duty cycle = 0.46 and A = 566 nm.

Simulating and calculating the overlap of the circular grating with these pa-
rameters and for different outer radius, we obtained the results of Fig. 3.17. The electric

field results for an outer radius of 8 pm is shown in Fig. 3.18.
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Figure 3.17: Mode overlap in function of outer radius for the circular grating simulated at
1550 nm with duty cycle = 0.46 and A = 566 nm.
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Figure 3.18: |E|? and E, phase results of the circular grating simulated at 1550 nm with
duty cycle = 0.46, A = 566 nm and outer radius = 8 ym.

As we can see in Fig. 3.17, the overlap results for the OAM; and OAM_; modes
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have significantly improved at the expense of worse results for the OAM,y mode. This can
again be attribute to the intensity profile of the emitted beams. With this parameters,
the circular grating emits a beam with a higher intensity near the input waveguides, as
we can see in Fig. 3.18. This contribute to a higher coupling with a ring-shaped beam
than with a Gaussian beam. The outer radius of 5 um provided the best overlap result
for the OAMy mode, while the outer radius of 8 um provided the best results for the
OAM; and OAM_,; modes. For the latter, we obtained —22.67 dB for OAM,, —11.08 dB
for OAM; and —11.28dB for OAM_;. The intermodal overlap was below —56.1 dB for the
OAM, mode with the other modes, and below —18.51dB for the OAM; mode with the
OAM_; mode. This corresponds to an intermodal crosstalk of —33.43 dB for a two-mode

transmission and —7.23dB for a three-mode transmission. These values are listed in
Table 3.5.

Table 3.5: Overlap between fiber modes and circular grating simulated at 1550 nm with
duty cycle = 0.46, A = 566 nm and outer radius = 8 pm.

OAM, Fiber OAM; Fiber OAM_; Fiber

(dB) (dB) (dB)
OAMj circular grating —22.67 —58.13 —65.33
OAM; circular grating —56.10 —11.07 —18.51
OAM_; circular grating —73.25 —18.53 —11.28

We can conclude that with the circular grating we can achieve better results
of mode overlap than with the antenna array, but at the expense of a higher dependence
on the OAM order and a slightly worse crosstalk. For the transmission within a fiber
that supports more OAM modes, we could suppress the OAMy mode and use only the
other 6 OAM modes (OAM_3, OAM_,, OAM_;, OAM;, OAM; and OAMj3;), that we can
generate with the circular grating.

In the next section, we explore the use of topology optimization for the design
of OAM couplers.

3.4 OAM Couplers using Topology Optimization

Topology optimization is a design method used for the optimization of structures
in different fields [52-54]. In this method, the materials in a discretized region are modified
to satisfy some constraints and optimize a FOM [52,53]. Differing from shape optimization,
where only a few boundary parameters between materials in a predefined structure are
optimized, in topology optimization there is no need to specify a predefined structure and
the optimized region is free to assume any shape that satisfy the constraints and optimize

the figure of merit [54]. This can lead to more efficient structures with non-intuitive shapes.
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Topology optimization plays an important role in structural mechanics, where, for more
than 30 years, it has been used by mechanical and civil engineers for the minimization of
material and strain energy in structures, while maintaining the mechanical strength [52-54].
More recently, it has been used in integrated photonics applications for the design of more
compact and efficient devices [54,55].

Topology optimization can be performed using different optimization algorithms.
However, evolutionary algorithms, as the genetic and the PSO, would only be feasible
for simple geometries, since they rely on a random test of a large number of parameters
sets in order to find a satisfactory solution [56]. For complex problems, these algorithms
became infeasible due to the large number of degrees of freedom, which would imply in
a very large number of simulations to explore all the possible designs [55]. Furthermore,
the electromagnetic simulation of photonics devices with complex geometries has a high
computational cost. In order to perform topology optimization for complex geometries in
a more efficient way and in a reasonable amount of time, gradient-based algorithms are
applied [56].

With gradient-based algorithms, the gradient, which represents the sensitivity
of the figure of merit with respect to the changes in the permittivity distribution, can
be used to determine the best direction and guide the optimization process [55]. For
topology optimization, we need the gradient for all points of the discretized region, i.e.
the topological derivative.

This topological derivative can be computed with only two electromagnetic
simulations using the adjoint method. The adjoint method consists in performing a forward
simulation, i.e. a normal simulation of the structure with the fields propagating in the
normal direction, as illustrated in Fig. 3.19(a), and an additional simulation, called adjoint
simulation, where the simulation is inverted, placing the source at the monitor position

and the fields propagate in the opposite direction, as we can see in Fig. 3.19(b).

(a) (b)
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Figure 3.19: Topology optimization using the adjoint method. (a) Forward simulation and
(b) adjoint simulation.

These two simulations can be performed parallelized during each iteration.

From each simulation we take the field distribution in the optimization region. Combining
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the forward and adjoint fields results, we can obtain the derivative of the figure of merit
with respect to the change in the dieletric permitivity for every point at the design
region [56].

In this work, we performed topology optimizations using LumOpt ®, which is an
open-source Python implementation of the adjoint method based on [56]. It communicates
with Lumerical FDTD Solutions via the lumapi ¢, a Python Application Programming
Interface (API) for Lumerical, to perform the electromagnetic simulations. LumOpt offers
a friendly user interface where is defined the optimization parameters, such as the materials
dielectric permittivities, the number of points of the discretized optimization region, the
initial conditions and the figure of merit. With LumOpt it is also possible to perform
parametric shape optimization, when the goal is to optimize the shape boundaries or
design parameters of a known device. For problems where the fields propagate in only
one plane (for example, a taper or splitter) or when the structure is constant along one
axis (for example, a linear grating coupler), we can start with a faster optimization in 2D.
After the 2D optimization concludes, a 3D optimization can be performed to refine the
optimized structure and obtain a more realistic result.

Using LumOpt, the topology optimization is divided in three phases. The first
one is called the greyscale phase, when the discretized points can assume any value of
dielectric permittivity between the minimum and maximum defined, which corresponds
to the cladding and waveguide permittivities, respectively. In this phase, a circular top-
hat filter with a user-defined radius, as illustrated in Fig. 3.20(a), is also employed to
ensure manufacturability by continuously smoothing the design, removing sharp corners,
small holes and small islands. After a defined number of iterations is reached, the
optimization goes to the second phase called binarization. In the binarization, the
permittivity distribution is mapped using a heaviside filter. As illustrated in Fig. 3.20(b),
the curve of permittivity mapping is affected by a parameter 5. For small values of 3, we
have a more continuous mapping, while for high values of 3, the mapping becomes more
restricted to the minimum and maximum permittivities, as in a step function. During the
greyscale phase 3 = 1, producing a linear mapping. In the binarization,  is increased in
small steps, while for each increase a set of optimization iterations is performed to correct
the perturbation that might have degraded the FOM [8].

The third and last phase is called Design for Manufacturing (DFM). In the
DFM, the design minimum feature size is constrained to allow manufacturing. Based on a
user-defined minimum feature size parameter, which is related to the lithography process
limitations, an indicator function is added as a penalty term in the FOM and the design
is optimized to also satisfy this constraint. In the end, small features are eliminated and

the optimized device is ready for manufacturing.

Shttps://github.com/chriskeraly /lumopt
Shttps://support.lumerical.com/hc/en-us/articles/360037824513-Python-API-overview
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Figure 3.20: (a) Circular top-hat filter and (b) heaviside filter for different values of f.
“Adapted from [8]”

In section 3.4.1, we present the optimization of a compact antenna using
LumOpt, that can be used as an alternative antenna with only one etch level for the
proposed OAM coupler of section 3.2. In section 3.4.2, we use LumOpt for the inverse

design of integrated devices that directly couple the OAM fiber modes.

3.4.1 Single-Step-Etched Compact Antenna

In this section, we describe the design of a new compact antenna to be used in
the antenna array of section 3.2. Our goal in this design is optimize the power transmission
of the antenna at 1550 nm and reduce the fabrication complexity using a single etch step.
With a single etch step we can fabricate the device in-house using the Unicamp facilities.
The first step to design our compact antenna by topology optimization in LumOpt is to
define the optimization parameters and simulation settings. We define an optimization
region of 2pm X 2pum x 0.22 pm with a 0.45 pm-wide input/output waveguide, as we can
see in Fig. 3.21.

We can use axial symmetry in relation to the z-axis to reduce the optimization
region and, in consequence, the simulation time. We optimize only the top half of the
region of Fig. 3.21(a) and mirror it at the end of the optimization to obtain the bottom
half and the full structure. The optimization region is discretized with a step of 20 nm.
The simulation region is 2.6 pm x 3pum x 1.2 um. A Gaussian source in a height of 0.4 pm
above the center of the optimization region is used to feed the device with a Gaussian
beam of 10.4 pm Mode Field Diameter (MFD). The output signal is measured through
a 3D-FDTD simulation using a monitor in the waveguide, which is used to calculate
the FOM. The FOM is defined as the mode overlap between the output mode and the
fundamental TE mode of the waveguide in the wavelength range from 1450 nm to 1650 nm.

The waveguide permittivity (€,q4e) is 3.48% and the cladding permittivity (&,,:,) is 1.442.
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Figure 3.21: Simulation setup for the topology optimization of the single-step-etched
compact antenna using LumOpt. (a) Top view. (b) Perspective view.

The start condition for the optimization region is all points with €,,,,. A value of 150 nm is
used for both circular filter and minimum feature size. The maximum number of iterations
during the greyscale phase is defined as 60 and the maximum number of iterations per
binarization step is 40. The FOM is handled in linear scale, than the target value is 1.
The optimization will stop when changes in the error function, which is the difference
between the target value and the FOM are less than 10. The evolution of the error in
function of the number of iterations is shown in Fig. 3.22. In the insets of Fig. 3.22 we

can see the evolution of the optimized structure in different stages.
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Figure 3.22: Single-step-etched compact antenna optimization. Evolution of the FOM in
function of the iteration number. Insets show the optimized structure in different stages:
(i) Iteration 0, (ii) Iteration 60, (iii) iteration 199 and (iv) iteration 218.

The inset (i) of Fig. 3.22 represents the start condition, where all structure is
filled with €,,,,. After 60 iterations and at the end of the greyscale phase, we have the
optimized structure of Fig. 3.22(ii) with the permittivity assuming any value between &4,
and £,,;, in the optimization region. The binarization phase goes from the iteration 61

until the iteration 199, where we obtain the binarized structure of Fig. 3.22(iii). When



26

the DFM phase starts and the design is constrained to fulfill the minimum feature size,
the FOM slightly decreases and a few more iterations are performed to optimize the
constrained structure. The final optimized structure is obtained at the iteration 218, as
we can see in Fig. 3.22(iv).

A refraction index monitor covering all the optimization region is used to
extract the final parameters of the optimized structure and export it to GDSII format.

The final structure of the single-step-etched compact antenna is shown in Fig. 3.23.

(a) (b)

-

@ ®

0.8 um
Figure 3.23: Single-step-etched compact antenna. (a) Top view. (b) Perspective view.

The transmission results feeding the antenna with a mode source in the input
waveguide and measuring the output power with a monitor in a height 2 jum above the
device is shown in Fig. 3.24(a). As we can see, this antenna is also broadband, covering
the wavelength range from 1300 mn to 1700 nm with the transmission varying between
—4.2dB and —5dB with peaks at the wavelengths of 1450 nm and 1625 nm. The electric
field intensity profile at the same height is shown in Fig. 3.24(b). We design the OAM
coupler based on an antenna array using this antenna and we perform the same analysis

of section 3.2 for this new antenna array, which is shown in Fig. 3.25.
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Figure 3.24: (a) Simulation results of the optimized single-step-etched compact antenna.
(a) Transmission and (b) Electric field intensity.

The results of mode overlap in function of array radius can be seen in Fig. 3.26(a)
at the wavelength of 1550 nm and in Fig. 3.26(b) at the wavelength of 1470 nm. As we can
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Figure 3.25: (a) Antenna array using the optimized single-step-etched compact antenna.
(a) Top view. (b) Perspective view.

see, both wavelengths the radius of 5 pm provided the best results for the OAM, mode,
while the radius of 6 pm provided the best results for the OAM; and OAM_; modes. The
values obtained for the radius of 5 pm are listed in Table 3.6 for 1550 nm and in Table 3.7
for 1470nm. As we can see, the results for the OAM; and OAM_; modes are very close
to the ones obtained in section 3.2, a difference less than 1dB. However, for the OAM,
mode, we obtained slightly better results with this new antenna, an increase of 4dB at
1550 nm and 2dB at 1470 nm.
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Figure 3.26: Mode overlap in function of array radius for the antenna array with the
single-step-etched compact antenna simulated in (a) at 1550 nm and in (b) at 1470 nm.

The obtained crosstalk values are also very low for the OAM, mode with the
OAM; or OAM_; modes, almost —45dB at 1550 nm and almost —50dB at 1470 nm. The
crosstalk values between the OAM; and OAM_; modes are almost the same obtained
with the antenna of section 3.2, almost —8dB. The electric field results for the proposed
array with the optimized single-step-etched compact antenna can be seen in Fig. 3.27 at
1550 nm and in Fig. 3.28 at 1470 nm.

As we can see in Fig. 3.27 and in Fig. 3.28, the field profiles of the array with
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Table 3.6: Overlap between fiber modes and antenna array using the optimized single-
step-etched compact antenna with a radius of 5 pm at 1550 nm.

OAM, Fiber OAM; Fiber OAM_,; Fiber

(dB) (dB) (dB)
OAM, antenna array —17.74 —66.22 —62.32
OAM; antenna array —64.58 —19.65 —27.37
OAM_, antenna array —81.78 —27.40 —19.57

Table 3.7: Overlap between fiber modes and antenna array using the optimized single-
step-etched compact antenna with a radius of 5pm at 1470 nm.

OAM, Fiber OAM; Fiber OAM_; Fiber

(dB) (dB) (dB)
OAM, antenna array —14.26 —66.45 —64.15
OAM; antenna array —65.00 —14.88 —22.30
OAM_, antenna array —90.79 —22.41 —14.96
OAM, OAM, OAM_,; ]
Ez- . . ios
0
+n
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-n

Figure 3.27: |E|? and E, phase results of the antenna array using the optimized single-
step-etched compact antenna with a radius of 5 pm simulated at 1550 nm

this new antenna is similar to the ones obtained using the antenna of section 3.2 (Fig. 3.7
and Fig. 3.12), but with a few differences. First, this antenna seems to have a higher
directivity once the the fields of each antenna are more concentrated in each antenna
region. This is more evident when comparing the phase profiles, where the phase surface
of each antenna is wider in the case of section 3.2. Besides, the interference pattern in the

region between the antennas and the center of the array due to the scattered field seems
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Figure 3.28: |E|? and E, phase results of the antenna array using the optimized single-
step-etched compact antenna with a radius of 5 pm simulated at 1470 nm

to be weaker with the new antenna and the constructive interference seems to be stronger
in the center, especially for the OAMy mode. Another point is that the new antenna is
slightly larger than the one of section 3.2, 0.22 pm larger. As the array radius was defined
as the outer radius, i.e. the distance between the antenna input and the center of the array,
this antenna is 0.22 pm closer to the array center and the antenna beam is approximately
0.11 pm closer to array center. That closer proximity to the array center could be another
reason why we obtanined better results for the OAMy mode with this new antenna.

In summary, our optimized antenna proved to be a feasible alternative to the
antenna of section 3.2, since its array has almost the same efficiency for the OAM; and
OAM_; modes and a higher efficiency for the OAM, mode. Besides, it only has one etch

level, which reduces the complexity of the manufacturing process.

3.4.2 Inverse Design of OAM Couplers

For the inverse design of integrated devices that directly couple the OAM fiber
modes, we define an optimization region of 10 pm x 10 pm x 0.22 pm with a 0.45 pm-wide
input/output waveguide, as we can see in Fig. 3.29.

We use an imported source, where we specify a custom spatial field profile for
the source injection plane. The custom field profile is defined by the electric and magnetic
field of each OAM fiber mode, according to coupler to be designed. We start with the
inverse design of a coupler for the OAM_; fiber mode. As the optimization region is much

larger in this case, we discretized it with a step of 50 nm to satisfy the computational
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Figure 3.29: Simulation setup for the inverse design of OAM couplers using topology
optimization in LumOpt. (a) Top view. (b) Perspective view.

requirements and to be able to perform the optimization in a reasonable amount of time.
The simulation region is 10.6 pm x 11 pm x 1.2 pm. No symmetry conditions can be used in
this case. The imported source is in a height of 0.4 pm above the center of the optimization
region and the output signal is measured using a monitor in the waveguide, which is used
to calculate the FOM. As in the single-step-etched compact antenna optimization, the
FOM is also defined as the mode overlap between the output mode and the fundamental
TE mode of the waveguide in the wavelength range from 1450 nm to 1650 nm. In this
case, the start condition is the average value between ¢,,,, and ¢,,;, because using this
condition the optimization converged faster. The remaining optimization parameters are
the same used in section 3.4.1. At the end of the optimization, we can see the evolution
of the error in function of the iteration number, as shown in Fig. 3.30. In the insets of
Fig. 3.30, we see the evolution of the optimized structure in different stages.

As we can see in Fig. 3.30(i), at iteration O the structure is filled with a
permittivity which is the average value between ¢,,,, and €,,;, as defined in the start
conditions. After 60 iterations, the greyscale phase is concluded and we obtained the
structure of Fig. 3.30(ii). The optimization proceeds to the binarization phase until the
iteration 247, where we obtain the binarized structure of Fig. 3.30(iii). As we can see,
during the binarization phase, the perturbation in the permittivity mapping caused several
peaks of degradation of the FOM. The FOM is partially corrected in the iterations after
each perturbation. The DFM phase causes another small degradation in the FOM and we
obtain the final optimized structure at iteration 301, as we can see in Fig. 3.30(iv). Using a
refractive index monitor and exporting the optimization region result to the GDSII format,
we obtain the OAM coupler device for the OAM_; mode, which is shown in Fig. 3.31.

We simulate this device using a mode source with the TE fundamental mode
in the input waveguide and we measure the output field profile with monitors in different
heights. The obtained results at 1550 nm can be seen in Fig. 3.32.

As we can see in the electric field intensity and phase profiles, as the emitted
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Figure 3.30: OAM coupler topology optimization for the OAM_; mode. Evolution of the
error in function of the iteration number. Insets show the optimized structure in different
stages: (i) Iteration 0, (ii) Iteration 60, (iii) iteration 247 and (iv) iteration 301.

(a) (b)

Figure 3.31: Inverse designed OAM coupler for the OAM_; fiber mode. (a) Top view.
(b) Perspective view.

OAM beam propagates, it becomes more and more similar to the OAM fiber mode. As
a consequence, the mode overlap increases with the monitor height, as we can see in
Table. 3.8. We start with a mode overlap of —8.45dB at the height of 2 pm and it increases
until the height of 50 pm, where we obtain a maximum mode overlap of —3.99dB. This is
an interesting behaviour of this OAM coupler. As it is composed by different diffracting
elements in its structure, the emitted beam is very irregular and it starts to become more
uniform after some propagation distance, which increases the overlap. On the other hand,
the emitted beams by the OAM couplers based on antenna array and circular grating

diverge faster and the mode overlap only decreases after a few micrometers of propagation.
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Figure 3.32: |E|? and E, phase results of the inverse designed OAM coupler for the OAM_,
mode at 1550 nm in different heights (h).

But even comparing at the same height of 2 pm, the inverse designed OAM_; coupler has
a better result of mode overlap than the previous OAM_; couplers, approximately 11 dB
better than the antenna array and 3 dB better than the circular grating at the wavelength
of 1550nm. Considering the maximum obtained overlap, at the height of 50 pm, the
inverse designed OAM_; coupler is 15.5dB and 7.5 dB better than the antenna array and

the circular grating, respectively.

Table 3.8: Overlap, between the OAM_; fiber mode and the inverse designed OAM_,
coupler, and transmitted power at 1550 nm in different heights (h).

h=2pm h=10pm h =50pm
(dB) (dB) (dB)

Mode overlap —8.45 —6.40 —3.99

Vertically flipping the OAM_; coupler of Fig. 3.31(a), i.e. mirroring the coupler
with respect to the z-axis, we can obtain the OAM; coupler, as shown in Fig. 3.33.
Simulating this OAM; coupler, we obtain the same results of mode overlap and electric
field intensity profile of the OAM_; coupler, but opposite clockwise orientation in the
phase profile, as expected.

For the inverse design of the OAM, coupler, we perform a new topology
optimization using the OAM, fiber mode as the imported source. The error evolution in
function of the iteration number is shown in Fig. 3.34. The insets of Fig. 3.34 show the
evolution of the optimized structure in different stages.

In the inset (i) of Fig. 3.34 we have the start condition of the optimized structure.
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Figure 3.33: OAM; coupler obtained by the vertical flip of the OAM_; coupler.

1.0001© (i) (i)
0.9751
0.950 1 (i)
0.9251

Emax

5
£ 0.9001 .
W (iv)

0.875
0.850

0.825 (iii)
0.800

0 50 100 150 200 250 300 350
Iteration

Figure 3.34: OAM coupler topology optimization for the OAMy mode. Evolution of the
error in function of the iteration number. Insets show the optimized structure in different
stages: (i) Iteration 0, (ii) Iteration 60, (iii) iteration 281 and (iv) iteration 341.

Fig. 3.34(ii) shows the result of the greyscale phase after 60 iterations. In Fig. 3.34(iii),
we have the binarized structure after 281 iterations. The final structure, after the DFM
phase, is obtained at iteration 341, as shown in Fig. 3.34(iv). We also simulate this OAM,
coupler using a mode source with the fundamental TE mode in the input waveguide. The
results of electric field intensity and phase profile at 1550 nm for different heights can be
seen in Fig. 3.35. The results of mode overlap for each height is listed in Table. 3.9.

As we can see in Fig. 3.35, the emitted beam by the OAM, coupler also becomes
more and more similar with the fiber mode as it propagates until the height of 50 pm. As
a consequence, the mode overlap also increases with the height, as shown in Table 3.9.

We obtained a mode overlap of —5.80dB at the height of 2 pm, which is approximately
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Figure 3.35: |E|? and E, phase results of the inverse designed OAM coupler for the OAM,
mode at 1550 nm in different heights (h).
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Table 3.9: Overlap, between the OAM, fiber mode and the inverse designed OAM, coupler,
and transmitted power at 1550 nm in different heights (h).

h=2pym h=10pm h = 50pm
(dB) (dB) (dB)

Mode overlap —5.80 —4.42 —2.24

12dB better than the antenna array and 4.4 dB better than the circular grating at the
wavelength of 1550 nm. At the height of 50 pm, we obtained the best value of mode overlap
(—2.24dB), which is 15.5dB and 7.9dB better than the antenna array and the circular
grating, respectively. In Table 3.10, we summarize the obtained values of mode overlap

and crosstalk for the inverse designed OAM couplers.

Table 3.10: Overlap between fiber modes and inverse designed OAM couplers at 1550 nm
for a monitor height of 50 pm.

OAM, Fiber OAM; Fiber OAM_; Fiber

(dB) (dB) (dB)
OAM, coupler —2.24 —20.34 —23.65
OAM; coupler —17.70 —-3.99 —20.51
OAM_; coupler —24.62 —20.49 —-3.99

The simulation results indicate that the topology optimization can potentially
be used for the design of OAM couplers, showing better results of mode overlap than the

previous approaches. However, the antenna array and the circular grating are tunable for
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different OAM modes, while the inverse designed couplers are fixed to a particular OAM
mode.

In relation to the crosstalk, we obtained a value of —13.7dB in the worst case,
as we can see in Table 3.10. This is a worse result than the obtained for the previous devices
when considering the transmission of two OAM modes, but it is a better result when
considering the transmission of three OAM modes. It could be improved in a topology

optimization where the crosstalk is also considered as a parameter of optimization.
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Chapter 4

Characterization of OAM Couplers

In this Chapter, we present the PIC layouts and experimental procedures for the
characterization of our OAM couplers. The devices were manufactured in IMEC by a MPW
run from the EUROPRACTICE IC SERVICE. By the time of the chip tapeout, we only
have designed the OAM coupler using the antenna array approach of section 3.2, then, in
this work, we only have experimental results for this proposed OAM coupler. In section 4.1,
we present the proposed circuits for the OAM couplers’ characterization. In section 4.2,
we present the characterization results of coupling efficiency for the manufactured devices.
Finally, in section 4.3, we analyse the OAM modes coupled from chip to fiber and from

fiber to chip using different methods.

4.1 PIC Layout

For the characterization of the OAM couplers based on the antenna array, two
types of circuits were developed. The first one is completely passive and the waveguides
paths to the antennas are designed to change the phase of each antenna for the coupling
of a specific OAM mode. The second type is an active circuit as it has metal heaters that
can be used to change the phase of each antenna and tune different OAM modes.

The passive circuit layout is illustrated in Fig. 4.1. The circuit is composed
by four parts. A SMF coupler, that consists in a focused grating coupler available in
IMEC’s Process Design Kit (PDK) and it is used for the coupling of the input optical
signal from an external laser source to the chip. A cascade of power splitters divides the
optical signal from one waveguide to eight waveguides. These power splitters are based on
a Multimode Interferometer (MMI), which is also provided by the IMEC’s PDK. A length
control region is designed to adjust the phase of each antenna by changing its waveguide
length. Finally, the eight waveguides connect to the OAM coupler that is composed by
the antenna array.

For the length control region, an initial structure is designed in a way that all

waveguides have the same length and the same number of bends. The 90° bends have a
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Figure 4.1: Passive circuit layout for the characterization of OAM couplers.

radius of 10 pm while the bends that connect the waveguides to the antennas have a radius
of 50 pm. As the antennas’ bends have different angles, they are designed with a much
larger radius to not compromise the phase control and their length are calculated along
with the straight waveguides. The final structure is designed increasing the length of each
waveguide according to the OAM mode to be generated. To calculate the length difference
of each waveguide, we start from the fact that two modes with the same propagation
constant [ propagated in two different lengths L, and Lg have a difference of phase A¢
given by [50]:

B-Li—p-Ly=A¢p (4.1)
The length difference, AL, is then given by:

A Ap -\
AL=80_ 29

6 27 - Neff
where A is the operating wavelength of 1550 nm and n.g is the effective index provided by
IMEC’s PDK for the standard waveguide at this wavelength.

Except for the OAMy mode, which does not have any phase shift and the

(4.2)

waveguides have the same length, each OAM mode have a specific set of phase shifts and,
consequently, length differences for the waveguides. For example, for the OAM; mode, the
values of phase shift and length difference of each waveguide path are listed in Table 4.1.

The active circuit layout is illustrated in Fig. 4.2. Besides the SMF coupler,
the power splitters, the length control region and the OAM coupler, the active circuit
also has metal heaters for the phase control of each antenna and bond pads for the input

electrical signals from an external source.
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Table 4.1: Phase shift A¢ and length difference AL of each waveguide (WG) for the OAM;
mode.

WG, WGy WGs WG, WGy WGs WGg WG,
AN 0° 45° 90° 135° 180° 225° 270° 315°
AL Onm 82nm 165nm 247nm 329nm 412nm 494nm 576nm

/ Metal Heaters

=

e, } / OAM Coupler

Figure 4.2: Active circuit layout for the characterization of OAM couplers.

The metal heaters are designed using a tungsten layer below the waveguides,
they are 100 pm long and they are 50 pm apart from each other to avoid thermal crosstalk.
One of the bond pads is the Ground (GND) reference, while the others can be used to
inject electrical current and shift the phase of each waveguide.

For the passive circuit, we designed some variations, changing the length control
region, to couple with different OAM modes. For both passive and active circuits, we
also designed some variations of the OAM coupler changing the array radius (R). These
variations are listed in Table 4.2. Although our Photonic Bandgap Fiber (PBGF) only
supports the OAMy, OAM; and OAM_; modes, as described in section 3.1, we also
included some circuits for the OAM;, and OAM3; modes for future tests.

We also included in the chip some circuits to characterize the waveguide and
the SMF coupler. These circuits are illustrated in Fig. 4.3, where three waveguides of
different lengths have SMF couplers for both input and output of the optical signal. They
can be used to characterize the optical loss from the the waveguide and SMF coupler, as

it is depicted in section 4.2.
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Table 4.2: Variations of circuits for the OAM couplers’ characterization.
Circuit OAM R

Passive 0 5 pm
Passive 0 8 pm
Passive 1 7 pm
Passive 1 8 pm
Passive 2 5 pm
Passive 3 7 pm
Passive 3 8 pm
Active 6 pm
Active 8 pm

T ""———————
———

Figure 4.3: Layout of circuits to characterize the waveguide and the SMF coupler.

The chip layout was designed in accordance with the layers description and
design rules from IMEC’s PDK. For the circuits design we used the python module gdspy !,
which writes the layout in the industry standard GDSII format. After the chip layout
was ready, we sent it to IMEC for the manufacturing. In Fig. 4.4, we can see optical

microscope images of the manufactured chip. Fig. 4.4(a) shows the passive circuit and

Fig. 4.4(b) shows the OAM coupler based on antenna array with radius of 8 pm.
(a) (b)

Figure 4.4: Optical microscope images of the manufactured chip. (a) Passive circuit.
(b) OAM coupler based on antenna array with radius of 8 ym.

thttps://gdspy.readthedocs.io/en/latest /
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4.2 Coupling Efficiency Measurements

In this section, we first show the characterization results for the waveguide and
SMF coupler (subsection 4.2.1). Then, in the subsection 4.2.2 we present the coupling
efficiency results for all variations of OAM couplers and, using the results of waveguide
propagation loss and SMF coupler efficiency, we analyse the coupling efficiency of each
OAM coupler.

4.2.1 Waveguide and SMF Coupler

To characterize the waveguide propagation loss and the SMF coupler efficiency;,

we use the circuits of Fig. 4.3 and the experimental setup illustrated in Fig. 4.5.

(b)
PC

TLS PM

Figure 4.5: Experimental setup for the waveguide and SMF coupler characterization. (a)
Image of the setup including all components and equipment. (b) Block diagram of the
setup. (¢) Image with zoom of the fiber-to-chip coupling.

As we can see in the block diagram of Fig. 4.5(b), a Tunable Laser Source (TLS)
is used to generate a linear polarized optical signal whose polarization is rotated, using
a Polarization Controller (PC), for the coupling of the TE mode in the chip through
the SMF coupler. The optical signal propagates through the waveguides and exits the
chip using another SMF coupler. The output optical signal is measured using a Power
Meter (PM). Both input and output fibers are aligned with the couplers using 3-axis
positioner stages, as we can see in Fig. 4.5(a) and Fig. 4.5(c). Two microscope cameras
are also used for top and lateral view of the chip during the alignment.

The fiber angle is adjusted to minimize the optical loss at 1550 nm. This
angle is approximately 10°. A wavelength sweep is performed in the TLS from 1450 nm
to 1650 nm and the optical power is measured for each wavelength using the PM. This

measurement is performed for the three circuits of Fig. 4.3. As the three circuits have
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different waveguide length, measuring the optical loss for the three waveguides length we
can apply the cutback method and calculate the waveguide propagation loss as function of
waveguide length. After obtaining the waveguide propagation loss, we can also calculate
the coupling efficiency of the SMF coupler.

Considering a previous calibration to compensate the optical loss in the PC, the
results of optical transmission at 1550 nm for the three waveguide lengths are illustrated
in Fig. 4.6(a). Using the cutback method, we fit an approximate linear relation between
the optical transmission and the waveguide length. The waveguide propagation loss is
then given by the slope of the line and the transmission efficiency of both input and
output SMF coupler together is given by the point where the line intercept the y-axis. To
determine the coupling efficiency of each SMF coupler, we assume that both input and
output couplers have almost the same efficiency and we divide the value equally for each
one. The SMF coupler efficiency in function of wavelength is shown in Fig. 4.6(b). The
final results obtained at 1550 nm were: 1.97dB/cm of waveguide propagation loss and
4.55dB of coupling efficiency for each SMF coupler. Both results are in agreement with
the IMEC’s PDK specifications.

(a) (b)
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Figure 4.6: (a) Results of optical transmission versus waveguide length using the cutback
method. (b) Coupling efficiency result for the SMF coupler.

4.2.2 Variations of OAM Couplers

The coupling efficiency measurements for all variations of OAM couplers are
performed using the experimental setup of Fig. 4.5, but with a 230 m-long PBGF as the
output fiber. Both input and output sides of the PBGF are cleaved. The input side
is aligned with the OAM coupler and the output side is aligned with an Integrating
Sphere (IS) connected to the PM for the measurement of the output power, as we can see
in Fig. 4.7(a) and (b).
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(b)
oC PBGF

Figure 4.7: Experimental setup for the coupling efficiency measurements of OAM couplers.
(a) PBGF as the output fiber aligned with an integrating sphere. (b) Block diagram of
the setup. (c) Image with zoom of the SMF and PBGF coupling with the chip.

The PBGF angle is also adjusted to minimize the optical loss at 1550 nm,
which in this case is 0°. Performing a wavelength sweep and measuring the output power
in the PBGF for all variations of OAM couplers, we obtained the results of Fig. 4.8(a).
To obtain the OAM coupler efficiency, we need to apply the calibration measurement,
compensate the SMF coupler transmission spectrum and discount the losses from the
waveguide propagation, from the cascade of power splitters and from the fiber propagation.
The waveguide propagation loss is obtained from the results of subsection 4.2.1, which
is approximately 0.14dB. The loss from the cascade of power splitters is given by
experimental results in the IMEC’s PDK, which is approximately 9.12dB for this case
and the propagation loss in the PBGF is very high for this wavelength range, ~20dB/km
according to [9], which corresponds to ~4.6dB in our 230 m-long PBGF. The results
of coupling efficiency of each OAM coupler in function of wavelength can be seen in
Fig. 4.8(b). In Table 4.3 we list the values of Coupling Efficiency (CE) at 1550 nm and
1470 nm for all OAM couplers.

As we can see in Fig. 4.8(b) and in Table 4.3, the OAM couplers with array
radius of 5 pm have the best CE results. As we increase the radius, we obtain worse values
of CE, which is in accordance with the simulation results presented in Chapter 3. We also
obtained better results of CE at 1470 nm than at 1550 nm due to the higher transmission
efficiency of the antennas at this wavelength. In fact, the spectral response of Fig. 4.8 is
very similar to the one obtained for the antenna simulation (Fig. 3.11).

In the next section, we analyse the OAM modes coupled to the fibers to estimate

the quantity of power that is coupled to the correct OAM mode.
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Figure 4.8: Coupling efficiency measurements for all variations of OAM couplers. (a)
Results of output power versus wavelength. (b) Results of coupling efficiency versus
wavelength.

Table 4.3: Coupling efficiency results for all variations of OAM couplers.
Circuit OAM R CE at 1550nm CE at 1470 nm

Passive 0 5 pm —13.95dB —10.99dB
Passive 0 8 pm —19.05dB —16.63dB
Passive 1 7pm —18.45dB —13.93dB
Passive 1 8 pm —20.48dB —11.58dB
Passive 2 5 pm —15.64dB —8.63dB
Passive 3 7pm —18.03dB —13.17dB
Passive 3 8 pum —20.42dB —14.45dB
Active 6 pm —18.59dB —8.94dB
Active 8 pm —21.16dB —10.4dB

4.3 OAM Fiber Modes Characterization

For the analysis of the OAM modes coupled from the chip to the PBGF, we
characterize the fiber modes using two different methods. In subsection 4.3.1, we use the
Spatial and Spectral (S?) imaging method to image and identify the fiber modes using an
infrared camera. In the subsection 4.3.2, we use the OAM couplers as detectors, where

the OAM modes are generated in free space using a SLM and focused into the PBGF.

4.3.1 Spatial and Spectral (S?) Imaging Method

The S? imaging method [57] is an interferometry method used for the char-
acterization of modal content in optical fibers. It can direct recover the relative power,

amplitude and phase information of optical modes that propagates in the characterized
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fiber without previous knowledge of the modal content. It also does not need an additional
interferometry path because it uses the dominant mode, usually the fundamental mode,
as the reference [9,21,57].

The principle of operation of the S? imaging method is illustrated in Fig. 4.9.
It relies on the fact that different fiber modes propagates with different group velocities.
Performing a frequency sweep in the optical signal injected into the fiber and recording the
output power with an infrared camera (Fig. 4.9(a)), we obtain the fiber modes interference
pattern in function of wavelength for each pixel, as illustrated in Fig. 4.9(b). Calculating
the Inverse Fourier Transform (IFT), we obtain the amplitude in function of differential
delay (Fig. 4.9(c)), where each peak represents a beating tone for the interference between
the fundamental mode and one HOM. The amplitude and relative phase of the HOM is

then recovered as shown in Fig. 4.9(d).
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Figure 4.9: Principle of operation of the S? imaging method. (a) Capture of the beam
profile at the fiber output during a frequency sweep. (b) Sepectrum of the interference
pattern at an arbitrary pixel. (c¢) IFT of interference pattern with beating tones in function
of differential delay. (d) Modal content of HOM that produced the beating tone (i).
“Reproduced from [9]”

To perform the fiber modes characterization, we modify the experimental setup
of Fig. 4.7 using a piece 80 cm-long of the PBGF and placing an additional positioner stage
for a 20X Objective Lens (OL) with 20 mm of working distance. The OL transforms the
fiber output light into a free-space collimated beam. The collimated beam pass through a
Variable Attenuator (VA) and the beam profile is captured using an InGaAs camera, as

we can see in Figure 4.10.
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Figure 4.10: Experimental setup for OAM fiber modes characterization using the S?
imaging method. (a) Block diagram of the setup. (b) Image of the setup showing the
optical path from the output fiber to the InGaAs camera.

We perform the S? measurements in a wavelength range from 1510nm to
1560 nm with a step of 10 pm. The results obtained for the OAM, coupler with a radius
of 5m is illustrated in Fig. 4.11.
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Figure 4.11: IFT result of S? measurement for the OAM, coupler with R=>5pm. Insets
show the recovered modes from the beating peaks. (i) OAM,/fundamental mode. (ii-iv)
LPj;-like modes. (v) OAM; mode obtained by the combination of (iii) and (iv) modes.

From the IFT result we see that the OAMy, i.e. the fundamental mode, is the
dominant mode and the mode reference (Fig. 4.11(i)). The other peaks represent the
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beating tones between the fundamental mode and the HOMs or between HOMs. In the
insets (ii-iv) of Fig. 4.11, we see the recovering modes from the beating tones with the
fundamental mode. These modes are the LPq;-like modes for one polarization state. As
described in section 3.1, the OAM; mode is obtained by the linear combination of two
degenerated LPy;-like modes, the HESY*" and HE modes. Combining the (iii) and (iv)
modes of Fig. 4.11, we obtained the OAM; mode as illustrated in Fig. 4.11(v).

We obtained the same results for the other passive OAM couplers, with the
OAM, mode being the dominant mode in all cases. To investigate that and to test the
active OAM couplers, we proceeded to the OAM fiber modes characterization using the
method of subsection 4.3.2.

4.3.2 OAM Modes Detection

The second method implemented to analyse the coupling of OAM fiber modes
consists in using the OAM couplers for the detection of pure OAM modes generated with
a SLM. These pure OAM modes are coupled from free space to the PBGF using an OL
and then coupled to the chip using our OAM couplers. The OAM coupler operates as an
OAM receiver and the output power is measured in the SMF coupler.

The scheme of the experimental setup used for this method is illustrated in
Fig. 4.12. The TLS generates the optical signal. A PC is used to rotate the polarization
to a linear state. A 20X OL transform the light from the SMF into a collimated Gaussian
beam. The Gaussian beam is transformed in a pure OAM beam when it is reflected by
the SLM, where the OAM order is defined by the SLM phase mask. The OAM beam has
its direction changed by a mirror (M). A moving mirror (MM) is also used to let the beam
pass through, going to the InGasAs camera direction, or to reflect it, going to the PBGF
direction. A variable attenuator is used before the camera and a \/4 waveplate is used to
convert the beam polarization from linear to circular before it is coupled into the fiber.
Then, a 10X OL is used to focus the collimated OAM beam into the fiber. The other side
of the PBGF is aligned with the OAM coupler and the output power is measured from
the SMF coupler using a power meter. A picture of the experimental setup showing all
the elements in the optical path from the TLS to the PBGF is illustrated in Figure 4.13.

In Fig. 4.14 we can see the field profile of different OAM beams captured by
the camera. The OAM, beam corresponds to a Gaussian beam. The other OAM beams
have a ring-shaped beam whose radius increases with the OAM order.

As the PBGF only supports the OAMy, OAM; and OAM_; modes, we use
these modes as the inputs for the OAM couplers. We first measure the optical power
after the PBGF for each OAM mode to calibrate the measurement. Then, we align the
fibers with the respective couplers and we measure the output power in the SMF coupler.

Applying the calibration measurement and discounting the losses from the SMF coupler,
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Figure 4.12: Scheme of the experimental setup for the OAM modes detection. TLS:
Tunable Laser Source; PC: Polarization Controller; OL: Objective Lens; M: Mirror; MM:
Moving Mirror; VA: Variable Attenuator; PM: Power Meter.

waveguide propagation and power splitters, we obtain the transmission results for each
input OAM mode. The results obtained at 1550 nm for the passive OAM couplers can be
seen in Fig. 4.15.

As we can see, the OAMy R=5pm and OAM; R=8 pm couplers obtained better
transmission results for the correct input OAM modes, but with intermodal crosstalks of
—2.65dB and —9.18dB. The OAM; R=7pm and OAMy R=8 pm couplers, on the other
hand, obtained better transmission results for the incorrect input OAM modes. We also
notice that the OAM couplers with radius of 5pm and 7 pum obtained better results for
the OAM, input mode, while the OAM couplers with a radius of 8 pm obtained better
results for the OAM; mode. This can be attributed to an incorrect set of phase shifts in
the antennas’ waveguides due to fabrication variations. With an incorrect set of phase
shifts, the radius could be more significant to define the best coupled OAM mode than the
phases, since the OAM; and OAM_; modes have a larger radius than the OAM; mode.
This would also explain the worse values of crosstalk obtained for some OAM couplers. To
verify this hypothesis, we performed an analysis of the relative phase shift in each antenna
waveguide due to fabrication variations.

First, we calculate the effective index of the waveguide, simulating it in Lumer-
ical Mode Solutions, for different widths according to the variation range after fabrication
as specified by the foundry. The obtained result is shown in Fig. 4.16(a). Using the
effective index results we can calculate the relative phase shift of each antenna waveguide.

Calculating for the OAM; case, where the absolute phase shift and length difference of
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Figure 4.13: Picture of the experimental setup for the OAM modes detection. (1) Tunable
laser source; (2) Polarization controller; (3) Single mode fiber (SMF); (4) 20X objective lens;
(5) Spatial light modulator (SLM); (6) Mirror; (7) Moving Mirror; (8) Variable attenuator;
(9) InGasAs camera; (10) A\/4 waveplate; (11) 10X objective lens; (12) Photonic bandgap
fiber (PBGF).
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Figure 4.14: OAM beams generated with the SLM.

each waveguide is listed in Table 4.1, we obtained the results of Fig. 4.16(b). As we can
see, the greater is the length difference (AL) of the waveguide, the greater is the relative

phase shift. This is in accordance with Eq. 4.2, which can be rewritten as:

21 - Neft
A

We see that we can have significant relative phase shifts due to fabrication

Ap=p8 AL = AL (4.3)
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Figure 4.15: OAM modes detection results for the passive OAM couplers. Transmission
at 1550 nm in function of the input OAM mode.
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Figure 4.16: Analysis of the relative phase shift of each waveguide (WG) due to fabrication
variations. (a) Waveguide effective index in function of width variation. (b) Relative phase
shift in function of width variation.

variations, which can be greater than 10° for one of the waveguides. This would imply in a
phase mismatch between the OAM fiber modes and the OAM couplers, which can degrade
the mode overlap, degrade the intermodal crosstalk and even couple the incorrect OAM
fiber mode, as it happened in some of the passive OAM couplers. Taking this possibility
into account, we also designed the active OAM couplers, which have metal heaters to fine
tune the phase shift of each antenna waveguide during the device operation.

To perform the measurements using the active OAM couplers, we packaged
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the chip into a standard butterfly package, as illustrated in Fig. 4.17(a). The chip was
attached over a glass spacer to be positioned at the same height of the package electrical
channels. A wire bonding is performed, using golden wires with 25 pm of diameter, to
connect the electrical channels with the bond pads on the chip, as we can see in Fig. 4.17(b).
Two lateral facets of the package are also removed for lateral viewing during the fibers
alignment. In Fig. 4.17(c) we can see the fibers alignment for one of the active OAM

couplers in the packaged chip.

(b)

Figure 4.17: (a) Chip packaged into a standard butterfly package. (b) Image with zoom
of the fabricated photonic circuit for the active OAM coupler after the wire bonding.
(¢) Image with zoom of the fibers alignment with the packaged chip.

We control the electrical power in each metal heater using DC sources. For
a given input OAM mode, we adjust the electrical current of each metal heater, tuning
the OAM coupler to maximize the optical power in the output. Then, for the optimized
conditions, we measure the crosstalk with other input OAM modes. The results obtained
at 1550 nm for the active OAM couplers in function of the OAM, and OAM; modes as
the input modes can be seen in Fig. 4.18.

As we can see, we effectively coupled the correct OAM modes tuning the active
OAM couplers. The OAM coupler with R=6 pm achieved the best transmission results
for both OAM modes (—20.84 dB), but with crosstalk values of —7.97dB and —14.88dB
when tuning the OAMy and OAM; modes, respectively. The OAM coupler with R=8 num,
on the other hand, achieved lower transmission results, —24.4dB for the OAM, mode
and —24.6dB for the OAM; mode, but with both crosstalk values lower than —10dB:
—12.29dB and —14.88dB when tuning the OAM, and OAM; modes, respectively. In
agreement with the simulation results, the OAM coupler with shorter radius obtained

better transmission results. We also notice that for both couplers, when tuning the OAM;
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Figure 4.18: OAM modes detection results for the active OAM couplers tuned for different
OAM modes. Transmission at 1550 nm in function of the input OAM mode.

mode, the crosstalk is lower than when tuning the OAMy mode. This makes sense once
the couplers have the antennas in a ring distribution, making easier the coupling with a
ring-shaped beam. The crosstalk results are also limited by the modes crosstalk inside
the fiber, which is around —15dB according to [9] and to the S? measurements results
presented in subsection 4.3.1.

At 1470 nm the couplers have a better efficiency, but the output power has
more noise from other optical components, especially from the SMF coupler, as we can
see in the results of Fig. 4.8. Then we measure the active OAM coupler with R=8 pm
at 1500 nm for the OAMy, OAM; and OAM_; modes as the input modes. The results
obtained can be seen in Fig. 4.19.

As we can see, once again we effectively coupled the correct OAM modes, this
time for the three OAM modes supported by the fiber. At this wavelength, we obtained
a better transmission result for the OAM, mode (—18.41dB) and a slightly worse value
of crosstalk (—7.14dB). For the OAM; mode we obtained almost the same result of
transmission (—24.09dB) and a worse value of crosstalk (—8.06dB). For the OAM_,,
we obtained a transmission of —19.69dB and a crosstalk of —7.23dB. As discussed in
Chapter 3, the transmission efficiencies would be better at shorter wavelengths at the
expense of a higher crosstalk. The crosstalk also increases when using the three OAM
modes supported by the fiber.

We also analysed the spectrum and bandwidth of the OAM couplers. For
example, we analysed the active OAM coupler with R=8 pm tuned around 1550 nm for
the OAM; mode (Fig. 4.20(a)) and the active OAM coupler with R=8 pm tuned around
1500 nm for the OAM, mode (Fig. 4.20(b)).
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Figure 4.19: OAM modes detection results for the active OAM coupler with R=8 pm

tuned for different OAM modes. Transmission at 1500 nm in function of the input OAM
mode.
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Figure 4.20: Spectrum results of the OAM couplers for OAM modes detection. (a) Active
OAM coupler with R=8 pm tuned around 1550 nm for the OAM; mode. (b) Active OAM
coupler with R=8 pm tuned around 1500 nm for the OAMy mode.

As we can see, all spectrum results have an interference pattern due to some
reflection, which amplitude is greater for the incorrect OAM modes in the input. As the
measured spectrum after the PBGF during the calibration measurements does not have
this interference pattern, it can be attributed to reflections inside the chip. Calculating the
Fast Fourier Transform (FFT) of the spectrum result of Fig. 4.20(a) for the input OAM;
mode, we see that the main interference corresponds to a Free Spectral Range (FSR) of

AX = 0.4nm. The length of the cavity that generates a Fabry-Pérot interferometer with
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this FSR is given by:

)\2
L.= 4.4
ng - AN (44)

where n, = 4.34 is the waveguide group index, L. is the distance travelled by the light in

one roundtrip around the closed cavity and L./2 is the physical length of the cavity. We
obtained a physical length of 692 pnm, which is almost the same length of the waveguides
between the OAM coupler and the power splitters. The spectrum also has another small
interference with a FSR of 0.225 nm. This another FSR corresponds to a physical length
of 1230 pm, which is almost the length between the OAM coupler and the SMF coupler.

We can also notice that the bandwidth is very narrow taking into account the
degradation of the crosstalk. A wavelength change less than 5nm is enough to degrade
the crosstalk in more than 3dB. This can be attributed to the wavelength dependence of
the phase shift of each antenna. To verify this dependence we calculate the waveguide
effective index for a wavelength range from 1450 nm to 1650 nm simulating it in Lumerical
Mode Solutions. The obtained result is shown in Fig. 4.21(a).
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Figure 4.21: Analysis of the relative phase shift of each waveguide (WG) in function of
the wavelength. (a) Waveguide effective index in function of the wavelength. (b) Relative
phase shift in function of the wavelength.

With the results of effective index and the values of phase shift and length
difference of Table 4.1 for the OAM; mode, we calculate the relative phase shift of each
antenna waveguide in function of the wavelength using Eq. 4.3. The obtained result is
shown in Fig. 4.21(b). As we can see, the wavelength change has a great impact on the
phase shift. For one of the waveguides, a wavelenght change of only 25nm implies in
a relative phase shift of almost 10°, while a wavelength change of 100 nm implies in a
relative phase shift of almost 40°. This explains why the obtained results have a narrow

bandwidth. Then, the OAM coupler must be fine tuned for each operation wavelength.
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Chapter 5
Conclusion

In this work, we discuss the use of SDM to address the increasing demand for
data transmission capacity in fiber-optic communication systems. MDM is considered the
most promising method to increase the number of communication channels and the family
of modes that carry OAM is an attractive modal basis for MDM due to the robustness of
those modes against perturbations. Although OAM modes can be easily generated in free-
space, it requires very bulky and sensitive to misalignment setups. Then, we investigated
the use of integrated couplers as compact and efficient solutions for the generation and
detection of OAM fiber modes.

For the design of the integrated OAM couplers, we took as reference the OAM
fiber modes supported by a HC-PCF available in our laboratory. We proposed three types
of integrated OAM couplers using the SOI platform. The first proposed coupler is based
on an array of compact antennas, where the phase of each antenna is tuned to maximize
the coupling with the desired OAM fiber mode. The second proposed coupler is a circular
grating with multiple input waveguides, where the phase of each input waveguide is tuned
for the desired OAM fiber mode. We also explored the use of topology optimization for
the design of OAM couplers. A new compact antenna was designed for the antenna array
OAM coupler, where the power coupling at the wavelength of 1550 nm was optimized
and the fabrication complexity was reduced using a single etch step. The third proposed
coupler is based on the inverse design of the OAM coupler using topology optimization.

Simulation results showed the generation of OAM modes by all proposed
couplers. The performance of the OAM couplers was evaluated calculating the overlap
integral with the OAM fiber modes. The inverse designed OAM couplers showed the best
results of mode overlap (—2.24 dB for the fundamental and —3.99 dB for the high-order
OAM fiber modes), however each designed device can only couple a particular OAM fiber
mode. On the other hand, the antenna array and the circular grating can be tuned for
different OAM fiber modes. The circular grating showed better results of mode overlap
than the antenna array, but at the expense of a higher dependence on the OAM mode,

while the antenna array showed similar mode overlap results among all OAM modes. The
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intermodal crosstalk results were very lower between the fundamental and the high-order
OAM modes using the antenna array (<40dB) and the circular grating (<—30dB) than
using the inverse designed couplers (<—13dB). However, the crosstalk between the high-
order OAM modes were slighty higher for the antenna array and for the circular grating
(<—8dB) than for the inverse designed OAM couplers (<—13dB).

We also fabricated one of the proposed couplers, the array of compact antennas,
in a MPW run at IMEC. For the characterization of the OAM couplers, we designed two
types of photonic integrated circuits. The first type was entirely passive, where the phase
of each antenna is shifted by changing the length of the waveguides. The second type
uses metal heaters beneath the waveguides to thermally control the phase of the antennas.
Experimental results showed that the passive OAM couplers did not excite the correct
OAM fiber modes. This was attributed to the fabrication variations in the waveguide
width, which, as analysed, can cause a significant phase shift for a phase mismatch between
the OAM fiber modes and the OAM coupler. Using the active OAM couplers, we could
fine tune the phase shift of each antenna and excite the correct OAM fiber modes. The
transmission results are in agreement with the simulation results. The couplers with
shorter radius obtained slightly better transmission results and the couplers with larger
radius obtained slightly better crosstalk results (<—10dB). The crosstalk results are also
limited by the intermodal crosstalk inside the fiber, which is around —15dB.

As suggestions for future works, we propose the implementation of an automated
system to control the electrical current of the metal heaters and optimize the coupling with
the OAM fiber modes. This could be done using a control loop mechanism with power
feedback such as a Proportional Integral Derivative (PID) controller or training a neural
network to determine the set of electrical current values for each OAM mode. To design
more efficient OAM couplers, we suggest to proceed with the inverse design approach.
Using more etching levels and considering smaller minimum feature sizes achieved with
electron-beam lithography, more efficient couplers could be obtained. We also suggest the
inverse design of a device that couples multiple OAM fiber modes at the same time. This
device could have multiple inputs, one for each OAM fiber mode, or a single multimode

input and the OAM modes could be multiplexed using an integrated mode multiplexer.
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Appendix A

Implementation and Validation of

the Mode Overlap Analysis

As described in Chapter 3, to evaluate the mode overlap between the generated

beam and the fiber mode, we calculate the overlap integral according to [49]:

C:

ER{(fﬁlxﬁg-d§) (szxﬁ;-dﬁ)} 1 (1)

[E; x H; -dS R{J Ex x H; - dS}

where E; and H; are the electric and magnetic fields, respectively, from the generated
beam, while E, and H, are the electric and magnetic fields, respectively, from the fiber
mode. C'is the overlap result, which represents a measure of the fraction of electromagnetic
fields that overlaps between the two modes.

From the simulations results, we obtain each component (z, y and z) of both
electric and magnetic fields in the form of two-dimensional arrays. Each element of the
arrays represents the field intensity in the discretized surface. In order to calculate the

overlap integral using these data, the field vectors are decomposed as:

E, = Eyd + Eyj+ Evk (A.2a)
H, = Hy,i+ Hyj+ He.k (A.2b)
Ey = Eoyi + By + Bk (A.2¢)
Hy = Hyu + Hoyj + Hook (A.2d)

Given that all cross products of Eq. A.1 are used for the inner product with

as , which is in the z-direction, we don’t need the z-components of the fields and the cross
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products can be given by:

E, x H} = (Ey, - Hy, — Ey, - H3,)k
Ey x Hf = (By, - Hi, — Ey, - H}, )k
E, x Hi = (BEy, - H;, — Ey, - H},)k (A.3c
Ey x Hy = (BEy, - Hy, — Esy - H3,)k (A.3d

An algorithm was implemented in Python! to perform the mathematical oper-
ations on array elements and calculate the surface integrals. As a final result we obtain
the overlap fraction in the range from 0 to 1, which is converted to logarithmic scale.

To validate this algorithm, we compare its result with the one obtained in
a tool inside Lumerical Mode Solution for the mode overlap of a standard SMF with a
conventional grating coupler. In the Mode Solution software, after we perform a modal
analysis and obtain the supported modes, we can use this tool to select one of the supported
modes and calculate the overlap with another mode imported from an external file. In this
way, we performed the modal analysis in the SMF and evaluate the overlap between its
fundamental mode and the emmited beam by the grating coupler. The grating coupler was
designed based on [58] for an angle of 0°, i.e. normal to the device surface. This angle was
chosen in order to obtain the results of the emmited beam in a slice 2 pm above the device
and parallel to the device surface. The grating coupler was simulated using Lumerical
FDTD Solution and its result was exported to Mode Solution. The SMF fundamental
mode can be seen in Fig. A.1(a) and the results of the grating coupler emitted beam can
be seen in Fig. A.1(b).

(a) (b)
1
- . iOS
0

Figure A.1: (a) SMF fundamental mode and (b) grating coupler emitted beam.

Calculating the mode overlap using the tool inside the Mode Solution software,

Thttps://www.python.org/
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we obtained a value of 0.426 568 (—3.70dB), as we can see in Fig. A.2. Exporting both
modes and calculating the overlap using our algorithm, we obtained a value of —3.68 dB,

which validates our algorithm.

Modal analysis =~ Frequency analysis =~ Overlap analysis

Overlap | Beam Mode profile D-card profile
a
x10
24
overlap

8|

power coupling 2.1
Calculate Overlap
9 Cs
v/ shift d-card center
15
- —_ —_ 2 B
recenter m m
g g

x shift (um) |-3.07413 g B 12

y shift (um) |-0.204028 E E .
> = 089

z shift (um) |0 '}

" - -4
Optimize Position 0.6
-7 0.3
0.0

6 -1 4
x (microns) X (microns)

Figure A.2: Overlap result between SMF mode and grating coupler emitted beam using
Lumerical Mode Solutions.
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