\ Politecnico

)di Bari

Repository Istituzionale dei Prodotti della Ricerca del Politecnico di Bari

Design of optical and microwave devices for iot applications and future telecommunications

This is a PhD Thesis

Original Citation:

Design of optical and microwave devices for iot applications and future telecommunications / Francione, Vito Vincenzo. -
ELETTRONICO. - (2026).

Availability:
This version is available at http://hdl.handle.net/11589/300540 since: 2026-04-30

Published version
DOI:

Publisher: Politecnico di Bari

Terms of use:

(Article begins on next page)

14 May 2026



\n
IW_?_ﬁ_“\ Politecnico

| Bari

Department of Electrical and Information Engineering

ELECTRICAL AND INFORMATION ENGINEERING
Ph.D. Program
SSD: IINF-02/A — ELECTROMAGNETIC FIELDS

Final Dissertation

Design of Optical and Microwave
Devices for IoT Applications and
Future Telecommunications

by
Vito Vincenzo Francione

Supervisor:

Prof. Francesco Prudenzano

Coordinator of Ph.D. Program:
Prof. Mario Carpentieri

Course n°38, 01/11/2022 - 14/02/2026



s Laceun,

i

% = N

[\ Politecnico
)/ d
SRS

N

Department of Electrical and Information Engineering
ELECTRICAL AND INFORMATION ENGINEERING
Ph.D. Program

SSD: IINF-02/A — ELECTROMAGNETIC FIELDS

Final Dissertation

Design of Optical and Microwave
Devices for IoT Applications and
Future Telecommunications

by
Vito Vincenzo Francione
oy
Referees: Supervisor:

Prof. Maurizio Ferrari

Prof. Francesco Prudenzano

Prof. Francesco Morichetti T CQM
AUACR DA D

Coordinator of Ph.D. Program:
Prof. Mario Carpentigri*
K} % ) @ZC »
i

Course n°38, 01/11/2022 - 14/02/2026



Abstract

This PhD thesis is focused on the design, optimization, and characterization of
innovative optical and microwave devices supporting the development of the
Sixth Generation (6G) of telecommunications and Internet of Things (IoT) ap-
plications. The need for high-speed communication and advanced sensing pro-
motes the design of novel microwave and optical devices. The current research
addresses these challenges through two distinct approaches: high-frequency de-
vices, useful for Fiber-Wireless (FiW1) networks, and for beam-steering applica-
tions, where the antenna design and the improvement of radiative parameters can
be achieved by employing Metamaterials (MTMs) and Metasurfaces (MTSs);
and optical devices operating in the Mid-InfraRed (Mid-IR) range, targeting
sensing or novel communication applications relevant to IoT and 6G.

In particular, the Ph.D. thesis reports the following key contributions: i) the de-
sign and optimization of a Mid-IR Fiber Laser based on praseodymium-doped
fluoroindate (Pr**:InFs) glasses operating at A, = 4 um; ii) the design and opti-
mization of a Mid-IR Optical Fiber Amplifier based on praseodymium-doped
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fluoroindate (Pr**:InF3) glasses operating at A, = 4 um; iii) the design, fabrica-
tion, and characterization of a non-adiabatic tapered ZBLAN optical fiber sensor
operating in the Mid-IR range for temperature measurements; iv) the design,
fabrication and characterization of an Antipodal Vivaldi Antenna (AVA) with
MTS; v) the design, fabrication and characterization of a Fabry-Perot Antenna
(FPA) realized through unconventional fabrication techniques based on inkjet
and 3D printing; vi) the design, fabrication and characterization of a Transmitar-
ray Antenna (TA) for beam-steering applications and vii) the design and opti-
mization of a Folded Transmitarray Antenna (FTA) working in the millimeter-
wave range. The last activity has been carried out in collaboration with the Insti-
tut d'Electronique et des Technologies du numéRique (IETR) of Rennes (France).
Part of this research has been published in international journals and presented
at national and international conferences, as detailed in the list at the end of the

thesis.
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Introduction

The digital transition represents one of the most critical socio-economic chal-
lenges of our time, demanding innovative technological solutions to build relia-
ble, high-speed, and interconnected global infrastructure. The growth of Internet-
connected devices, coupled with the rising volume of shared data, constitutes a
significant challenge for future network infrastructure. This is a topic of great
global interest, with the aim of increasing the transmission speed of information
and guaranteeing the efficient use of services like remote working, distance
learning, telemedicine, communication systems, and Internet of Things (IoT)
systems. These services must be supported by a broadband network that is relia-
ble, efficient, with low latency, and high speed. In recent years, several countries
have already initiated research and development programs for the Sixth Genera-
tion (6G) of telecommunications, aiming to overcome the limitations of current
technology.

Nowadays, hybrid solutions integrating optical and microwave devices have at-
tracted significant research interest. These hybrid solutions have permitted high
efficiency and exploitation of innovative and fast wireless communication chan-

nels, characterized by wide bandwidth and low latency. The combination of these
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two technologies is known in the literature as the Fiber-Wireless (FiWi) network,
an architecture where the advantages of optical and microwave devices are com-
bined and find application.

Fiber optic technologies stand out as excellent candidates for providing massive
bandwidth, specifically through the adoption of Wavelength Division Multiplex-
ing (WDM) techniques to transmit multiple signals in parallel. Innovation in op-
tical devices is currently also focused on materials, particularly those operating
in the Mid-InfraRed (Mid-IR) range, such as fluoroindate, chalcogenide, and
ZBLAN glasses. The Mid-IR range, particularly the wavelength range A = 3 —
5 um, is attracting strong interest currently due to its potential for sensing and
communication. Several devices can be realized in this wavelength range such
as fiber lasers, fiber optical amplifiers, supercontinuum sources, optical combin-
ers, and sensors by adopting passive glasses or glasses doped with rare earths.
In addition, by employing beamforming and beam steering techniques, it is pos-
sible to improve the efficiency and the reliability of wireless networks with large
coverage areas. The improvement of gain, bandwidth, and beam-steering angle
of antennas can be obtained by employing Metamaterials (MTMs) and Metasur-
faces (MTSs). They are artificially engineered materials able to modify the prop-
erties of electromagnetic waves such as amplitude, phase, and polarization state.
The aim of this research thesis is to propose both optical and microwave devices

overcoming the limitations imposed by current technology. To reach this pur-
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pose, this thesis proposes microwave devices to enhance next-generation tele-

communication systems, and optical devices operating in the Mid-IR range for

sensing and communication applications relevant to the IoT and 5G/6G systems.

The obtained results are illustrated following this organization:

Chapter 1: Microwave and Optical Devices introduces the state of the art
concerning the microwave and optical devices considered in the Ph.D.
research activity.

Chapter 2: Recall of Theory reports the fundamental theory for the de-
sign of microwave and optical devices considered in the Ph.D. research
activity.

Chapter 3: Mid-IR Laser and Amplifier Design describes the design and
the optimization of i) a fiber laser and ii) an optical fiber amplifier based
on Praseodymium-doped Fluoroindate glass (Pr’*: InF3) operating at 1 =
4 um.

Chapter 4: Mid-IR ZBLAN Fiber Temperature Sensor describes the de-
sign, fabrication and characterization of a non-adiabatic tapered ZBLAN
fiber sensor operating in the Mid-IR range for temperature measure-
ments.

Chapter 5: Design and Fabrication of Antipodal Vivaldi Antenna with
MTMs describes the design, fabrication, and characterization of an An-

tipodal Vivaldi Antenna (AVA), focusing on how the integration of
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MTSs enhances the gain of the antenna while preserving the bandwidth.
Chapter 6: Design and Fabrication of Fabry-Perot Antenna presents the
design, fabrication, and characterization of a Fabry-Perot Antenna (FPA)
using a hybrid fabrication technique consisting of both inkjet printing and
3D printing technology.

Chapter 7: Design and Fabrication of a Transmitarray for Beam Steering
describes the design, fabrication, and characterization of Transmitarray
Antenna (TA) for beam steering applications operating for both linearly
polarized incident waves at the same frequency.

Chapter 8: Dual-Linear-Polarized Folded Transmitarray Antenna Oper-
ating in Ka-Band describes the design and optimization of Folded Trans-
mitarray Antenna (FTA) operating in mm-wave range, able to operate for

both linearly polarized incident waves at the same frequency.
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1 Microwave and Optical Devices

This chapter reviews the state of the art concerning the microwave and optical
devices mainly considered in the Ph.D. research activity. It details the evolution
of Mid-IR technology, specifically rare-earth doped lasers and amplifiers, and
fiber sensors based on soft glasses. Furthermore, the chapter explores the capa-
bility of metamaterials to improve antenna radiative properties, with a specific

focus on high-gain antennas such as TA and FPA.

1.1 Optical Fiber Devices for Mid-IR Applications

Mid-IR technology is rapidly gaining recognition as a key enabler for future
communication networks and IoT applications. The current infrastructure for in-
formation and communication technologies (ICT) is primarily limited to terres-
trial networks, which consist of fiber-optic and radio access networks [1]. The
next-generation ICT infrastructure involves moving beyond just terrestrial net-
works. It is envisioned as a "multi-layered 3D architecture" integrating networks
from underwater to satellite systems [1]. Free Space Optical (FSO) communica-
tions are becoming an essential part of this paradigm shift process [1]. Earth-

space communication is currently dominated by the Radio Frequency (RF)
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range, specifically the Ku-band (12 to 18 GHz) and the Ka-band (26.5 to 40
GHz) [1].

Initially, optical components developed for fiber-optic telecom systems operat-
ing in the Short-Wave InfraRed (SWIR, 1 — 2.5 um) region were employed for
Free Space Optical (FSO) communication. However, the SWIR band is highly
susceptible to atmospheric disturbances, rendering it unsuitable for reliable FSO
transmission. Consequently, these challenges are significantly mitigated by
shifting to longer wavelengths. The Mid-IR region, specifically the Middle-
Wave InfraRed (MWIR, 3 —5 pum) and Long-Wave InfraRed (LWIR, 8 —
12 pm) atmospheric transmission bands, offers the necessary resilience and ro-
bustness against adverse weather and atmospheric effects. The spectral region
from A = 3 umto A = 5 um, is highly suitable for communication and sensing,
as it benefits from a low-loss atmospheric transmission window, thereby enhanc-
ing communication range and reliability for long-distance FSO communication
and for IoT applications [1-3]. Indeed, in spectroscopy, the Mid-IR wavelength
range has attracted significant scientific interest because most molecules exhibit
rotational-vibrational absorption lines in this spectral range, showing a charac-
teristic fingerprint [4-5]. Mid-IR sensors can be designed to detect specific gases
and pollutants by exploiting their unique fingerprints [6]. Furthermore, fiber op-
tic technology can be used to design sophisticated sensors for sensing physical

parameters such as temperature, strain or refractive index measurement [7, 8].
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Lastly, Mid-IR emitting sources and amplifiers based on doped fluoroindate fi-
ber have received significant attention in recent years, particularly for optical

communications [ 1, 9] and for environmental monitoring and sensing [6].

1.1.1 Fiber Lasers Based on Rare-Earth Doped Glasses

Fiber lasers and fiber amplifiers can be fabricated with various host glasses, in-
cluding silicate, tellurite, chalcogenide, and fluoride, which are doped or co-
doped with different rare-earth ions such as erbium (Er’*"), ytterbium (Yb*>"), hol-
mium (Ho®"), praseodymium (Pr**), neodymium (Nd*"), terbium (Tb*"), or eu-
ropium (Eu*") [10-23]. The choice of host glass depends on its operational wave-
length range, while the choice of rare-earth dopant determines the specific emis-
sion wavelengths [10-23]. In particular, fluoroindate glasses are promising hosts
due to their low phonon energy, high transparency (from UV up to 5um), high
rare-earth ion solubility, and low attenuation coefficient [24]. Thanks to these
characteristics, fluoroindate glasses are good candidates for laser and amplifier
construction [24]. In recent years, spectroscopic analysis of rare-earth doped flu-
oride glasses has been conducted, with the aim of finding new pumping schemes
and operating wavelengths [12-23, 25-29]. Fluoride fibers doped with erbium,
holmium and dysprosium have attracted particular attention for their emission at

A¢ =34 pum, A = 3.9 um, and 1 = 4.4 um, respectively [12-23].



Microwave and Optical Devices | 8

For example, erbium-doped fluoroindate fibers have been demonstrated to oper-
ate around Ag = 3.4 um. This operation was achieved utilizing a dual-wave-
length pumping scheme at 4, = 974 nm and A4, = 1976 nm, showing slope ef-
ficiency of n = 19 % [12-13]. Furthermore, theoretical predictions indicate that
emission up to A; = 3.91 um with a pumping at 4, = 635 nm is achievable in
these fibers, with a maximum slope efficiency n = 1.6 % and pump power
threshold P, = 25 mW [14]. Fluoroindate fibers doped heavily with holmium
have been employed to design Continuous Wave (CW) and gain-switching
pulsed lasers emitting at A = 3.92 um, when pumped at 4, = 888 nm, with a
slope efficiency around n = 10% for the CW laser [15-16]. The low slope effi-
ciency is attributed to the Is — I holmium transition, which is self-terminating.
This limitation can be overcome by employing a dual-wavelength pumping
scheme at A, = 976 nm or A, = 1660 nm or by co-doping the fiber with neo-
dymium or europium ions [17-20]. The simulation of dual-wavelength pumping
promises a slightly higher slope efficiency of n = 12.1 % [18] while co-doping
holmium with neodymium has been proposed to obtain a slope efficiency n =
16.67 %, and pump power threshold P, = 0.2 W. Lastly, dysprosium-doped
fluoroindate fiber lasers have been designed to emit at A; = 4.4 um, when uti-
lizing a pump source at 4, = 1.7 um [22-23]. The laser shows a slope efficiency

n = 27 % and high pump power threshold P, = 30 W [22, 23]. Recent spec-
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troscopic investigations have analysed fluoroindate fibers doped with dyspro-
sium and terbium [30], praseodymium, and praseodymium/ytterbium [31].
Emission at A, = 4 um has been reported under two pumping schemes: in the
case of praseodymium-doped fluoroindate fiber, it must be pumped at 4, =
1550 nm, while in the case of praseodymium/ytterbium co-doped fluoroindate
fiber it must be pumped at 4, = 980 nm [31]. In this thesis, a Mid-IR Fiber
Laser based on Praseodymium-doped fluorindate glasses has been designed and

optimized, with the aim of proposing new innovative sources operating in the

Mid-IR range.

1.1.2 Mid-IR Optical Fiber Amplifier

In recent years, several Mid-IR optical fiber amplifiers have been simulated and
experimentally demonstrated [32-38]. Fluoride glasses doped with erbium have
been developed to work in the range A; = 2.7 — 2.8 um, leading to the devel-
opment of optical fiber amplifiers in zirconium fluoride glasses for CW and na-
nosecond pulse amplification [32-34]. For the longer wavelengths (4 = 4.3 um
and beyond), chalcogenide glasses doped with praseodymium, dysprosium, and
terbium are employed for broadband and ultrashort pulse amplification [35, 36].
Alternative solutions include Master Oscillator Power Amplifier (MOPA) based
on dysprosium-doped chalcogenide glasses operating at A; = 4.38 um [37] and

tapered fiber coupled with microspheres based on Erbium-doped chalcogenide
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glasses used for amplification at a central wavelength A, = 2.77 um [38]. In this
thesis, a Mid-IR optical fiber amplifier based on praseodymium-doped fluoroin-
date glasses has been designed and optimized, with the aim of proposing an in-

tegrated amplifier into an all-in-fiber system operating in the Mid-IR.

1.1.3 Mid-IR Fiber Optic Sensor

Sensors are crucial elements for environmental monitoring applications, where
real-time data on air quality and other physical parameters, such as strain or tem-
perature, are vital for public health and safety [39-45]. Fiber-optic sensors have
received ever-increasing attention due to their well-known intrinsic advantages,
e.g., immunity to electromagnetic interference, compact size, and low cost [7,
46]. Optical fiber sensors can be identified by considering the employed opera-
tional principle, e.g., long period gratings [40], fiber Bragg gratings [41,42],
plasmon resonances [43], in-line interferometers [44], and tapers [45]. Silica all-
fiber interferometers are widely recognized for their high sensitivity, compact
size, low fabrication cost, and broad measurement range [46, 47-49]. A possible
implementation is based on a non-adiabatic optical fiber taper, to excite cladding
modes and exploit the different optical path lengths of the electromagnetic
modes. This allows obtaining a comb spectrum at the output, which shifts with
strain, environmental refractive index change, and temperature variation [48-
49]. The fabrication of Mid-IR compatible devices utilizing fluoride optical fiber

is currently receiving significant attention. For instance, a fluoride fiber sensor
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based on a side-polished structure has been demonstrated for refractive index
measurement [8]. The employment of fluoride glasses is promising for different
reasons: i) the higher operating wavelength A leads to higher sensitivity and ii)
the Mid-IR is the fingerprint region of several molecules [7]. Despite this inter-
est, few fluoride optical fiber sensors fabricated using heating techniques have
been reported in the literature, likely due to the inherent challenges associated
with processing this type of glass [7,50]. In this thesis, a non-adiabatic tapered
ZBLAN optical fiber sensor working in the Mid-IR range is designed and char-
acterized. The feasibility of temperature sensing, based on Mach-Zehnder inter-

ferometry of the optical modes in a ZBLAN taper fiber, is demonstrated.

1.2 High-Gain Antenna Technologies

High-gain antennas are essential for long-distance communication systems, in-
cluding radar, satellite, and emerging 5G/6G applications [51, 52]. In advanced
wireless communications, microwave and millimeter-wave (mm-Wave) tech-
nology relies primarily on antennas to establish a secure, stable, and fast link
with the user. A key requirement is the ability to maintain connectivity with a
moving user, which demands that antennas be capable of changing the direction
of their main lobe: this is achieved through beam-steering and beam-forming

techniques, typically implemented using antenna arrays. In an array, steering is



Microwave and Optical Devices | 12

achieved by introducing a specific time delay between the elements, so that the
contributions from all elements are coherently summed [53].

However, traditional high-gain solutions, such as reflector antennas and phased
antenna arrays, provide strong directional gain but suffer from significant draw-
backs. Reflectors are often large and heavy, while phased arrays require complex
feed networks and numerous phase shifters, which introduce significant insertion
losses, increase cost, and reduce overall efficiency [51, 52].

The technology to be employed for the fabrication of these arrays is critical. Mi-
crostrip technology is one possible implementation; this is low-cost and easy to
construct, but it suffers from parasitic current losses, which degrade efficiency.
Substrate Integrated Waveguide (SIW) technology is often considered a better
solution; in fact, it offers a good trade-off, providing high integration, compact-
ness, ease of construction, and intermediate power handling [54-59]. SIW tech-
nology is employed for the fabrication and integration of microwave devices,
like waveguides and filters, into a single substrate using metalized vias, and re-
cent research has been focused on partially air-filled SIW to further reduce die-

lectric losses and improve gain [57-59].
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1.2.1 Transmitarray and Reflectarray Antennas

To overcome these limitations, Reflectarray Antennas (RAs) and TAs have been
developed, offering lower mass, reduced volume, and simpler manufacturing
while maintaining high performance [60-63]. Unlike RAs, which operate in re-
flection mode, TAs transmit the signal and avoid feed blockage [64, 65]. A key
challenge is managing the antenna profile, as TAs and RAs often require long
focusing lengths, which limits practical applications [66]. Folded configurations
(FTAs) are a compact solution developed to reduce the focal distance (F) and
increase practicality [66]. The overall performance of a TA system depends crit-
ically on the focal distance to metasurface size (F /D ratio) which influences both
spillover and taper efficiency [67]. MTMs and MTSs can be employed in the
design of RA and TA antennas in both conventional and folded configurations.
In the literature, various solutions have been reported, including conventional
and folded RA and TA antennas designed for single linear polarization [51, 52,
66, 68], dual linear polarization [64, 65], and circular polarization [60, 61, 69-
72]. For TAs and RAs operating with Dual Linear Polarization (DLP), dual-band
solutions have been proposed [64, 65, 73].

More recently, dual-linear polarized RA, TA and FTA operating at the same fre-
quency have been proposed [62, 74-79]. In this thesis, TAs in traditional and
folded configurations are investigated and designed to operate at the same fre-

quency with DLP.
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1.2.2 Metamaterial and Metasurface

MTMs and MTSs are engineered artificial materials that exhibit unusual elec-
tromagnetic properties not found in nature [80]. While MTMs are defined as
three-dimensional (3D) structures, MTSs represent their two-dimensional planar
counterparts [80]. These materials are composed of metallic elements that are
small compared to the guided wavelength [80]. Therefore, they can be consid-
ered as electromagnetically homogeneous media. They are characterized by spe-
cific relative dielectric permittivity €, and relative magnetic permeability ..
These parameters can be engineered to achieve specific values, including nega-
tive values not available in nature. MTMs can be classified by the sign of the
relative dielectric permittivity and the magnetic permeability. The four possible
sign combinations can be arranged in an € — u diagram [81].

These materials allow for precise control of various electromagnetic properties
such as the amplitude, phase, and polarization of the transmitted or reflected
waves [70, 80, 82, 83]. For example, they can improve antenna performance in
terms of directivity and gain, while keeping a compact size and low profile [84-
86]. MTMs are also utilized to enhance impedance matching with biological tis-
sues for medical applicators, as well as in the development of electromagnetic
tracking systems for surgical navigation [85-88]. In this thesis, metamaterials are
investigated to improve the gain and bandwidth of a Vivaldi Antenna and for the

design of TA in traditional and folded configurations.
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1.2.3 Low-Cost Inkjet-Printed Antennas

The demand for cost-effective, compact, and lightweight antennas is rapidly in-
creasing due to the spreading of wireless communication systems and services
such as [oT applications and wearable devices. In this context, conductive inkjet
printing has emerged as a promising candidate [89, 90]. Conductive inkjet print-
ing has been successfully used to build conventional antenna designs, but its use
for metamaterial-based antennas remains largely underexplored [90-92]. For ex-
ample, conductive inkjet has been employed to design a wideband 4x4 mi-
crostrip patch array on flexible Polyethylene Terephthalate (PET) substrates, an-
alysing the performance impact of curving [89]. The work in [90] demonstrates
a full characterization of the inkjet-printing process on paper substrates to design
and fabricate high-gain Ultra-Wide Band (UWB) Vivaldi antennas and minia-
turized log-periodic arrays [90]. Furthermore, a multilayer inkjet process was
demonstrated for fabricating patch arrays on Liquid Crystal Polymer (LCP) sub-
strates working at 24 GHz [91]. Lastly, the inkjet process was adapted for eco-
friendly fibrous substrates, such as cardboard [92]. This adaptation involved a
dielectric ink pretreatment, which minimizes high-frequency conductor losses.
Fabry-Pérot Antennas (FPAs) have gained significant attention due to their abil-
ity to achieve high directivity and a low profile [93]. This performance is
achieved by placing a simple radiator within a resonant cavity, where multiple

in-phase reflections between a total reflector and a Partially Reflective Surface
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(PRS) coherently enhance the directivity of the radiator [94]. The resulting im-
provement is critically dependent on the reflective properties of the PRS, which
can be designed using various strategies, such as metalized frequency-selective-
surfaces (FSSs) non-metalized all-dielectric slabs, and electromagnetic band-
gap structures [93-98]. In this thesis, an FPA is designed and fabricated using
unconventional and low-cost materials, such as ultra-thin PET (Polyethylene
Terephthalate) substrates, conductive inkjet patterns, and all-dielectric 3D-

printed PETG (Polyethylene Terephthalate Glycol) layers.
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2 Recall of Theory

In this chapter, the fundamental theory required for the design of Mid-IR optical
and microwave devices, investigated in this Ph.D. research activity, is briefly
recalled. The first part presents the analytical models of the fiber laser and optical
fiber amplifier; the second describes the working principle of a tapered fiber
sensor based on the Mach-Zehnder Interferometry (MZI) effect; and finally, the
last part details the analytical models of AVA, FPA, and TA antennas.

2.1 Analytical Models for Pr**: InF3 Glasses

In this section, analytical models of the fiber laser and optical fiber amplifier are
reported. The praseodymium-doped fluoroindate glass can be modelled by a 6-
level diagram, when pumped at wavelength A, = 1550 nm. Fig. 2.1 shows the
6-level energy scheme and the energetic transitions considered [99]. The emis-
sion phenomena to be considered are depicted with solid arrows, while the ab-
sorption phenomena are depicted with dashed arrows. In particular, the energetic
transitions reported are: i) pump absorption; ii) stimulated emission; iii) radiative
and non-radiative emissions; and iv) Excited-State Absorption (ESA), Upcon-

version (UP) and Cross-Relaxation (CR) phenomena.



Figure. 2.1
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(solid red arrow); radiative (solid green arrows) and non-radiative (solid curved black
arrows) emissions; and ESA (dashed blue and violet arrows), UP (light-blue dotted
arrows), and CR (orange and yellow dotted arrows) phenomena [99].

The following rate equations can be written and solved to evaluate the ion pop-

ulations of each level Ny, ... , Ng:

N,
at

N,
ot

= —WiyNy + WyyNy + AgiNg + AsiNs + AyyNy + A31N3

2.1
+ ANy, — WegpiNgNy + Wyga1 Ny — WepaNyNs @D

+ Wygs1Ns
1
—WysN, + WsaNs ——— Ny + AgyNg + AspyNs + Ay N,y
TR2 (2.2)
+ A3yN3 + WepaNiNs + WypNE + WygsaNz — Wygai N,
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ON; 1
W = —W34N3 + W4,3N4 _£N3 +A63N6 + A53N5 + A43N4- (23)
— Wygr32N3 + WypgasNy
N,
7 = W14N1 - W41N4 - W43N4 + W34N3 +W54N5 _W45N4
1 2.4)
- T_N4 + AgalNg + A5yNs + WeriNgNy + WegaNiNs
R4
— WygrasNs
N, 1
7 = W25N2 - W52N5 + W65N6 - W56N5 - W54N5 + W45N4- - EN5
, 2.5)
+ AgsNeg + Weri NNy — WepaNyNs — 2Wyp NE
— Whygrs1Ns
6N6 1 2
7 = _W65N6 + W56N5 - T_NG - WCR1N6N1 + WUPNS (26)
6

where A; ; and Wypg ;; are the radiative decays and the non-radiative decay rates
between the i-th and j-th levels, respectively. The radiative decays A4; ; are de-
fined as A;; = B;j/t; where t; are the i-th level lifetimes and f; ; are the
branching ratios for the i — j transition. The coefficient Wy is the cross-relax-
ation rate, while the coefficients W;; are the transition rates for the i — j tran-

sition. The term Wyp is the up-conversion coefficient, whereas the transition

rates for the pump W7 i,sj,

j» the signal and the Amplified Spontaneous Emission

ASE) WASE are defined by the following equations:
LJj
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s _ 91 (Ross) T(ys)
i h Co / Ap,s Ad

*® 0;;() T

ASE  _
Wiy~ = fo hco/hns A Sase(2,4) (2.8)

Pys(2) 2.7)

where g; ;(4) is the cross section between the i-th and j-th levels at the wave-
length A; I'(1) is the overlap coefficient; h is the Planck constant, ¢ is the speed
of light in vacuum; A, is the core doped area; P, ;(z) is the pump or signal
power, and S,5z(z,1) is the ASE power spectrum density. The rate equation
system (2.1-2.6) can be solved in steady-state conditions, considering the con-
servation of the total ions concentration Np,. = N; + N, + N3 + N, + N5 + Ng.

The overlap coefficient I'(A) is defined by the following expression [24, 99-101]:

[ |Ei(x,y)|?dx dy
rQ) = A
S, [Ei(x, y)|2dx dy

(2.9)

where E;(x, y) is the distribution of the electric field in the doped cross-section
area A, within the total cross-section fiber area A. The following three equations

have been considered to model the pump power P,, the signal power Py, and the

ASE power spectral density S ;—FSE as a function of the fiber length z:

0P,
= = 9@ = a)]h(2) (2.10)
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+
- @ - «IRE@ 210
S5
aAZSE = +{[ —03,(A)N3(2) + 043(DNLDIT ) — a(D)} - Sise (A, 2) (2.12)

t ags (D)

where a is the glass attenuation at the wavelength 4, and ag,(1) =
2hcy /A (043 (A)N4(2) + 054(A)Ns (z))F(A) is the spontaneous emission term.
The superscripts + and — denote respectively the forward and backward com-

ponents of ASE power spectral density S,z, and the signal power P;. The terms

9p(z) and g,(z) are the pump and signal gains along the fiber length z defined

as follows:
gp(2) = [—014(/1;))1\’1(2) + 041(/1p)N4(Z) - Uzs(lp)Nz(Z) (2.13)
+ GSZ(Ap)NS(Z) — 056(/1P)N5 + 065(/1P)N6]F(/1p)
9s(2) = [—034(Vs)N3(2) + 043(Vs)N4(2) — 045(As)Ny(2) (2.14)
+ 054(As) N5 (2)]1" (As)

In the case of a fiber laser, the following boundary conditions are imposed:
P,(0) = Py (2.15)

Ps+(0) = RinF5 (0) (2.16)
P (L) = RoutPs+(L) (2.17)
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where z = Oand z = L represent the ends of the laser cavity, R;,, and R,,,; are
respectively the input and output mirror reflectivity, and Py, is the input pump
power. The initial conditions for level populations are also imposed as follows:
N;(0) = Np, (2.18)
N»(0) = N3(0) = Nu(0) = N5(0) = 0 (2.19)

In the case of an optical fiber amplifier, the following boundary conditions are

imposed:
P,(0) = Py (2.20)
P; (0) = Py (2.21)
Sase(0,2) = 0 (2.22)
Sase (LA =0 (2.23)

where P is the input signal power. The gain G and the noise figure NF for small
signal operation of the fiber optic amplifier are defined by the following equa-

tions:

_P(L)
~ P(0)

1 Sase T (L, A
NF = 101log (E(l + %)) (2.25)
S

(2.24)
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2.2 Tapered Fiber Sensor

The fabrication of an optical fiber taper involves the diametrical reduction of the
core and cladding radii by heating and pulling the fiber [102, 103]. The adiabatic
or non-adiabatic nature of this transition defines the behaviour of the guided
light. In a single-mode optical fiber, an adiabatic taper maintains power confine-
ment within the fundamental mode LPo; [103]. In a non-adiabatic taper, the
power of the fundamental mode (LPo1) is coupled into Higher Order Mode
(HOM), which co-propagates within the transition and waist regions. Fig. 2.2(a)
shows a schematic of the non-adiabatic taper regions (down-taper, waist, and up-
taper), in which the fundamental mode LPo; co-propagates with the LPom mode.
Due to the varying optical paths of these co-propagating modes, a MZI effect is
produced. The interference between the fundamental mode LP¢; and the HOM
mode (LPom) generates a periodic series of transmission maxima and minima at
the spectrum output, forming a comb spectral response [104]. Fig. 2.2 (b) shows

this operating principle, illustrating the comb spectrum at the output.
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Figure 2.2 a) Diagram of a non-adiabatic taper's regions: down-taper, waist, and up-taper. b)
Operating principle of the non-adiabatic taper as a Mach-Zehnder interferometer.

[7].
The following equation is used to estimate the output intensity of the interference

between the core and cladding modes [48, 49]:

I =1, + I, + 2T, cos (Ad) (2.26)
_ 2ThNesrlery (2.27)
A

where I, I, are the intensities of the LPo; mode and of the LPom mode in the
waist region, respectively, A¢ and An, s are the phase difference and the effec-
tive refractive index difference between the aforementioned modes, Losy is the

effective length of the taper, and A is the wavelength. The output intensity [
changes when an external quantity (i.e., strain or environmental temperature)
induces a variation in the refractive index difference An, s, and effective length

of the taper Lof.



Recall of Theory | 25

2.2.1 Optical Fiber Taper
The tapering method involves heating and stretching an optical fiber. Fig. 2.3
shows a representation of a fused biconical taper with the main parameters: the
original cladding diameter d;, the original core diameter d,, the waist region
diameter d.; ,,, the waist region length L,,, and the transition region length Z,
The process of fiber tapering is characterized by two parameters: e the total elon-
gation of the fiber after heating and stretching, and L, the starting length of the
fiber [105]. The reduction of the waist radius 7, follows an exponential decay
profile as a function of elongation e [106, 107]:

r(e) = ro‘(%) (2.28)
Under the assumption that the final waist length L,, is equal to the initial heated
length Ly, i.e. L,, = L, and considering the conservation of the total geometry
during the fabrication process, i.e. 2Z, + Ly, = e + L, the taper profile r de-
pends on the longitudinal coordinate z [106, 107]:

r(z) = ro"(E) (2.29)
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Figure 2.3 Sketch of a taper optical fiber with the main geometrical parameters.

Propagation losses in optical fiber devices are mainly due to two primary mech-
anisms: scattering, where light radiates out of the core, and coupling, where
power is transferred from core modes to cladding radiation modes [108, 109].

Scattering losses are negligible if the following condition is verified:

A < Z 2.30

=<7 (2:30)
where A is the wavelength in vacuum of the light signal, and n; is the refractive
index of the fiber cladding. The modal coupling losses are negligible if the fol-

lowing condition is verified:

Zy <1 231
* =i - f 231
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where f3; is the propagation constant of the core mode and S, is the propagation
constant of the cladding mode closest to ;. If both conditions are met, a low-

loss fiber taper is designed:

L2 (2.32)

na~ 07 1B — Bl '
To maintain the adiabatic condition in a tapered optical fiber, the tapering angle
Q) must be kept sufficiently small, i.e. the transition must be gradual. The taper-

ing angle Q) is defined as the angle between the longitudinal axis of the fiber and

the core-cladding interface in the transition region [110]:

T0(2)

0<
21

181 — Bl (2.33)

where 7, 1s the core radius of the fiber.
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2.3 Antipodal Vivaldi Antenna

The design of AVA is based on well-known formulas that model its exponential

flares [111, 112]:
x; = Cp,eRY 4+ Gy, (2.34)

where R is the exponential opening rate. The start P;; (x1;y1;) and end
P, ; (x2,:,¥2,;) points of the exponential curves are used to determine the coeffi-
cients Cy; and Cy;, according to the following equations:
o e (2.35)
1i ™ gRiV2i — gRiVa,i

xl'ieRiyZ,i — xzrieRiyl,i
i eRiv2i — oRiV1i (2.36)

G2

Fig. 2.4 shows the top and bottom layout of the designed AVA and the main

geometrical parameters.
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Figure 2.4  a) Top and b) bottom layer of the designed AVA with the main geometrical parame-
ters. Image taken from [113].

A novel MTM is designed in this thesis to improve the radiation performance of
the AVA. The effective electric permittivity (&.7¢) and the effective magnetic
permeability (uerr) of the MTM are determined by averaging its local charge,
current, and field distributions. These parameters can be numerically extracted
using the S-Parameter Retrieval Method (SPR), based on the Kramers-Kronig
relationship [114, 115]. This method utilizes the S-parameters (S;1) and (S,;) to
first obtain the complex wave impedance (Z.ss) and refractive index (Negy),
from which the effective permittivity (&.57) and permeability (uss) are calcu-
lated [114, 115]. In particular, the complex wave impedance (Z,s) and refrac-

tive index (N,sf) are calculated using the following equations [114-115]:

(1+51)%? -S54
Zopr = — 3 (2.37)
(1—-511)% =53



Recall of Theory | 30

1 _ 1_Sfl+5221
Neff = ——Co0Ss 1<T21

2.38
o (2.38)

Finally, the effective permittivity (.¢) and permeability (iesf) are calculated

using the following equations [114, 115]:

N
ff
Corr =7 (2:39)
Herr = Negr ~ Zery (2.40)

2.4 Analytical Model of the Fabry-Perot Antenna

The analytical modelling of the FPA is performed using the ray-tracing method
[116, 117]. The operating principle of the antenna is illustrated in Fig. 2.5.

PRS

v GP

Feed

Figure 2.5  Operating principle of the FPA based on antenna ray-tracing model. Image adapted
from [117].
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The feeding source is modelled as a central point source located on the metal
Ground Plane (GP), emitting an electromagnetic field. A PRS is positioned at
distance h above the ground plane, creating a cavity that supports multiple re-
flections with tapering magnitudes. The complex reflection coefficient of the
PRS is defined as pe/®Prs where p denotes the reflection magnitude and ¢pps
denotes the reflection phase [117]. In the case of an infinite transverse dimension

and a lossless structure, the magnitude of the direct ray (ray 0) is proportional to
\/1——}92, the magnitude of the first reflected ray (ray 1) is proportional to
p+/1 — p?, the magnitude of the second reflected ray (ray 2) is proportional to
p%/1 — p?, and in general, the magnitude of the n-th reflected ray is propor-
tional to p"\/l——p2 . Taking into account the geometric path differences and
also the phase shifts induced by reflections at the ground plane and the PRS, the
total phase difference of the n-th ray relative to the direct ray (ray 0) is derived
as [117-119]:

Ancf (2.41)

An =n|Pprs — Ppor —ThCOSB

where ¢pgs 1s the reflection phase response of the PRS, ¢ 1s the phase intro-
duced by the ground plane, which is ¢pgor = 7 in the case of a Perfect Electric

Conductor (PEC), f is the resonance frequency of the cavity, h is the cavity
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thickness (i.e. the distance between the PRS and the ground plane), c is the speed
of light, and n is an integer number n = 0,1,2, ...
To achieve maximum directivity in the broadside direction, the PRS reflection

phase ¢prs should satisfy the following condition [95, 117-119]:

¢PRS = @ + (27’1 - 1)7'[ (242)

The total directivity of the FPA Dgp, can be approximated by combining the
directivity of the feed source D and the directivity contribution of the PRS Dpgg

[117-119]. This latter contribution depends on the magnitude of the reflection
coefficient p of the PRS:

1+
DPRS (dB) =10 X 10g10 (1 — Z) (244)

Standard PRS structures generally exhibit a negative reflection phase ¢prs gra-
dient with respect to frequency. Consequently, the resonance condition is satis-
fied only at a specific frequency, leading to a very narrow —3 dB gain bandwidth
BW¢ [120, 121]. To improve the gain bandwidth, a PRS with a positive phase
gradient is required. Various approaches have been proposed to achieve this, in-
cluding single-layer printed PRSs, multilayer printed PRSs, and unprinted die-
lectric slabs [93-95, 120-122].
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2.5 Analytical Model of the Transmitarray Antenna

2.5.1 Working Principle

The operating principles of the two architectures for a DLP regime are illustrated
in Fig. 2.6: a) the traditional configuration, namely DLP-TA and b) the folded
configuration, namely DLP-FTA. The traditional configuration consists of a pri-
mary feed and a TA layer; whereas the folded version consists of a TA layer
(orange layer), a reflector or ground plane (green layer), and a primary feed an-
tenna embedded within the ground plane. The elementary Unit Cell (UC) is de-
signed ad hoc to operate in a DLP regime at the same frequency. In particular,
in the TA configuration, the DLP-UC employed in the TA layer is a Phase Com-
pensator (PC) with a transmission magnitude coefficient close to unity [70]. In
the FTA configuration, the DLP-UC is based on a PC combined with a PRS.
When an x-polarized (or y-polarized) incident wave hits the UC, half of the
power is transmitted and phase compensated considering the focal distance F /3,
and half of the power is reflected from the TA layer towards the ground plane.
After double reflection in the cavity, the x-polarized (or y-polarized wave) is
transmitted and compensated considering the focal distance F. The TA layer has
a dual function: i) to transmit and compensate the co-polarized (with respect to
the incident wave) components, and i7) to minimize the cross-polarized (with
respect to the incident wave) components. Afterwards, these components will be

referred to as co-polarized and cross-polarized components.
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2.5.2 Phase Compensator

The PC should be designed to transform the spherical wavefront radiated by the
feed antenna into a planar wavefront. The phase compensation, introduced by
the UC, compensates the spatial phase delay due to the distance dp, between the
phase center of the feed antenna and the position of the i-th UC. According to
array theory, if the beam direction is (8, ¢), the phase of the transmitted electric
field of the i-th UC of the TA, denoted as ®(x;, y;), is given by [123]:

F/3
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D(x;,y;) = —kgo sin 0 (x; cos ¢ +y; sin @) (2.45)

where (x;,y;) are the coordinates of the i-th UC and kj, is the free space wave-
number. The phase ®(x;,y;) can be also calculated by summing the phase con-
tribution due to the propagation path of the incident electric field (—kydp) and
the transmission phase shift introduced by the UC itself, denoted as @y (x;, y;)
[123]:

P(x;, ¥i1) = —kodp + Pyc(xi, ¥i) (2.46)

where dp is the distance between the feed phase center (xgp, Yrp, Zrp) and the

position of the i-th UC of the TA (x;, y;, z;). The distance is defined as:

dp = \/(xi — i) + i —ypp) + (@ — Zpp)? (2.47)

Combining equations (2.45) and (2.46), the required transmission phase shift in-
troduced by the UC @y (x;, y;) is [123]:

Dyc(xi,¥i) = ko [dp — sin 6 (x;cos ¢ +y;sin ¢)] (2.48)

For the broadside direction (6, ¢) = (0°,0°) the equation simplifies as follows:

Dyc(x,yi) = kO\/(xi —xpp)? + (Vi = Yrp)? + (2i — Zpp)* + ¢y (2.49)
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where the term ¢, has been added in the equation for the DLP-FTA configura-
tion to account for the additional phase shift due to the reflection within the cav-
ity. A 2-bit or 3-bit phase quantization scheme is applied to each element of the

TA, selected based on the following criteria [51, 52]:

0° | 0° < Pyc < 90°
90° | 90° < @y < 180°
180°[180° < @ < 270°
270°270° < @y < 360°

( 0° 0° <Py <45°
45° | 45° < @y <90°
90° | 90° < &y, < 135°
135°(135° < &y < 180°
180°|180° < @y < 225°
225°(225° < @y < 270°
270°)1270° < dy < 315°
315°1315° < @y < 360°

(2.50)

2.5.3 Geometrical Dimensions

The focal distance F and aperture size D of the TA define the spillover efficiency
Nspit» the illumination efficiency 7;;;, and the total efficiency 7.

The spillover efficiency is the ratio of the power intercepted by the TA aperture
to the total power radiated by the feed. It can be expressed in closed form as a
function of the F /D ratio [124-126]:

Us'pill =1- C052q+1 90 (252)
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where q represents the exponent of the function cos? 6, assuming that the nor-
malized gain profile of the feed antenna can be approximated by this function,
and ,is the illumination angle at the aperture edge defined as 8, = tan~1 2D /F
The illumination efficiency 1;;; represents the aperture utilization of the TA and
can also be written in closed form as a function of the ratio F/D according to

[124-126]:

[((1 —cos?™8)/(q + 1)) + (1 — cos™1 6)/q) ]?

= 2.53
Mt 2tan? 6 [(1 —cos29*10)/(2q + 1) 2:53)

Finally, the total efficiency 7 is equal to [124-126]:
n = Niu * Nspiu (2.54)

2.5.4 Analytical Model of Phase Compensator

An electric incident wave E;,,, characterized by arbitrary linear polarization, can
be decomposed into its orthogonal linear components Ej, , and Ej;, ,, according
to [127]:

Epyp = Ein,xk\ + Ein,yy (2.55)

When the electric incident wave E; hits a UC, the electric transmitted compo-
nents E,y¢ » and E,y; y are related to the electric incident wave E;,, via the trans-

mission matrix T according to [127]:
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(Eout,x> — (Txx Txy) (Ein,x ) (2.56)
Eout,y Tyx Tyy Ein,y
where Ty, T,, are the co-polarized transmission coefficients, while Ty,,, T, are

the cross-polarized transmission coefficients. For a device operating in a DLP

regime, the off-diagonal terms T,

xy»> Iyx should be null. For dual-polarized oper-

ation, the transmission matrix T simplifies to a diagonal matrix [127]:

T = |Txx|ej4Txx 0 257
- 0 |Tyy|ejLTyy ( . )

where |Tj;|, and £T;; are the modulus and the phase shifts applied to x- and y-

polarized incident waves, respectively.

Figure 2.7 UC structure obtained from the cascade of three metallic layer and two dielectric
substrates.

A symmetric geometry is chosen for each metallic layer to operate in the DLP

regime. The method reported in [72] is employed to obtain the desired phase and
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amplitude of the transmitted wave. The UC is composed of three metallic layers
and two dielectric substrates, as shown in Fig. 2.7.

The desired phase and amplitude of the scattering parameter S, can be obtained
by changing the admittance Yy, and Y, of the three metallic layers, namely Yy
and Y;, layers. For analytical modelling, the ABCD matrix of the UC can be
expressed as [70, 128]:

1 0 cos(Bqd)  jng sin(Bgd) 1 0

(21 g):(Ysl 1)X j% cos(Byd) X(Ysz 1>><

cos(Bqd)  jngsin(Byd)

. 1 0
% j—Slngﬁdd) cos(fd) % (Ysl 1)
d

(2.58)

where d, n4 and S, are the thickness, the intrinsic impedance, and the phase
constant of the dielectric substrate, respectively. The conversion from ABCD pa-

rameters to scattering parameters S is given by [72, 128]:

B/ny — Cny 2
(511 512) _|24+B/my +Cno 24+ B/ne + Cno (2.59)
So1 S22 2 B/ny — Cng '

2A+B/ny +Cny 24+ B/ny, +Cnyg
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where 7, is the intrinsic impedance of free space. The phase delay ¢ of the trans-
mitted wave through the UC and the image impedance Z; of the UC structure are

related to the scattering parameters S,; and S;; by [72, 128]:

1-S4 + 5S4

21
7. = + (1+511)2 _5221 (2 61)
' o (1 - 511)2 - 5221

Finally, the admittance values Y, and Y, are related to the phase delay ¢ and
the image impedance Z;, by the following equation [72]:
J J

o = natan(Bed) 7 tan (¢) (2.62)

2

v, =] [—Zl-sin (%) — Z;sin (%) + 2n45in(2B,d)cos (g)]
s 27](21COS(¢/2) sin2 (.[))dd)

(2.63)

2.5.5 Analytical Model of Partially Reflective Surface

The Dual Split Ring Resonator (DSRR), reported in [68] allows one to divide
the magnitude of the incoming wave into two orthogonal components if suitably
rotated with respect to the incident polarization. In fact, if the DSRR has a sym-
metry axis along @ = 45° in a cartesian orthogonal system, a x-polarized (or y-

polarized) incident wave generates two transmitted orthogonal waves polarized
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along the x-axis and the y-axis with transmission amplitude A = —6 dB [68].

Fig. 2.8 shows the transmission amplitude of co-polarized components E},,; (red

y

curve) and the cross-polarized component E ,

(black curve), when an x-polar-
ized incident wave hits the DSRR with the parameters reported in [68]. Due to
the symmetry of the structure, analogous behaviour is observed when a y-polar-

ized wave hits the metamaterial.

Magnitude S21 [dB]

20 25 30 35 40 45
Frequency [GHz]
Figure 2.8  Co-polarized (blue curve) and cross-polarized (red curve) transmission magnitudes

of the DSRR under an x-polarized incident wave excitation. Figure adapted from
[68].
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3 Mid-IR Laser and Amplifier
Design

In this chapter, the design and optimization of a Mid-IR fiber laser and an optical
fiber amplifier are presented, using a commercial single-mode praseodymium-
doped fluoroindate fiber. The devices are designed and optimized to operate at
the wavelength 1; = 4 um, employing a six-level energy system, by taking into
account experimental spectroscopic parameters. After the electromagnetic inves-
tigation of the fiber, the modelling of the devices has been performed via a home-
made computer code solver, employing measured spectroscopic parameters. The
validated code solves the rate equation and the power propagation equation con-
sidering the first- and second-order phenomena.

The simulations demonstrate very interesting results with reference to the state
of the art and promise the fabrication of high beam quality optical sources and
amplifiers based on a commercially available fiber, with the aim of proposing an

all-in-fiber system operating in the Mid-IR range.
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3.1 Model Validation

The home-made solvers used to design the fiber laser, and the optical fiber am-
plifier have been validated using the measured emission intensity I, reported in
[31] at signal wavelength A, = 4 um for the bulk fluoroindate glass. The emis-
sion intensity I, can be compared with the gain coefficient g, [19, 31, 129]. For
comparison purposes, both parameters are normalized with respect to their max-
imum value obtained at Np,, = 4000 ppm. The gain coefficient g5 has been cal-
culated using equations (2.13) — (2.14) at signal wavelength 1; = 4 um for dif-
ferent concentrations of praseodymium Np,, and normalized. The gain coeffi-
cient g, has been calculated by considering the absorption and emission cross
section values reported in paragraph 3.2 and solving the rate equations.

Fig. 3.1 shows the measured normalized emission intensity I, ;o7 (red crosses)
[31] and the simulated normalized gain coefficient gg ,orm (blue circles) at sig-
nal wavelength A; = 4 um as a function of the dopant concentration Np,. The
figure shows a good agreement between the experimental data and the simula-
tion results, confirming the accuracy of the proposed model. Similar solver
codes, based on the rate equation approach and power propagation equations

have been employed for the design of various optical devices [14, 16,19,37,130].
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Figure. 3.1 Measured normalized emission intensity I, ;o (red crosses) and simulated normal-
ized gain coefficient g norm (blue circles) at signal wavelength A; = 4 um as a func-
tion of the dopant concentration Np, [99].

3.2 Modelling, Design and Numerical Analysis

The fiber laser and the optical fiber amplifier have been designed considering a
double-cladding single-mode praseodymium-doped fluoroindate fiber, produced
by Le Verre Fluoré, with a praseodymium concentration of Np,, = 8000 ppm
[131]. The fiber has a double cladding with the following geometric parameters:
core diameter d., = 7.5 um, inner cladding diameter d.; = 125 um, outer
cladding diameter d.;, = 180 um. The inner cladding has a D shape, obtained
by making a cut at distance d = 115 um. The D-shape of the inner cladding is

highly relevant to the device performance. Indeed, in perfectly circular fiber, a
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significant portion of the pump propagates as skew rays, limiting the pump ab-
sorption. The D-shape breaks this symmetry, ensuring a higher absorption effi-
ciency. The refractive index of the core n,,, inner cladding n,;, and outer clad-
ding n,;, at pump wavelength A4,, = 1.55 um and signal wavelength A, = 4 um
is reported in Table 3.1, and has been taken from [131, 132]. According to the
Le Verre Fluoré datasheet [131], the attenuation coefficient & depends on the
wavelength; it is 0.08 dB/m at the pump wavelength 4, and 0.02 dB /m at the
signal wavelength A¢.Table 3.1 reports also the attenuation coefficient for the
pump and signal wavelength, equal to @ = 0.2 dB/m. This value is higher than
the actual one at the pump wavelength A,, thus chosen in precautionary way
[131]. It is worth noting that higher propagation losses in the active fiber impact
the laser performance by increasing the overall intracavity losses. This leads to
a higher threshold power, a reduced slope efficiency, and a lower laser output
power.

Fig. 3.2 shows the fiber cross-section geometry and the electric field norm |E|
of the fundamental mode HE1: at the signal wavelength A;. The FEM simulation
confirms that the fiber is multimode at the pump wavelength 4,,. In particular,

the LPo1 and LP1 are both guided.
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Figure. 3.2  Fiber cross-section geometry and the electric field norm |E | of the fundamental mode
HE1 at signal wavelength Ag [24].

The electromagnetic investigation of the fiber has been performed via a Finite
Element Method (FEM) software. In particular, the modal analysis of the fiber
has been carried out to calculate the modal propagation constants, the electro-
magnetic field profiles, and the overlap coefficient for the pump I3, and the signal
I;. The fiber exhibits single-mode behavior at the signal wavelength 1, = 4 um.
The calculated pump overlap coefficient is I, = 0.899 at wavelength 4, =
1.55 um and I; = 0.312 at signal wavelength A; = 4 um. The overlap coeffi-

cient, around the central signal wavelength A; = 4 um, decreases almost linearly
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TABLE 3.1 MODELING PARAMETERS EMPLOYED IN FEM SOFTWARE

Symbol Value Description

Ap 1550 nm Pump wavelength

Ag 4000 nm Signal wavelength
a(/’lpls) 0.2dB/m Glass attenuation at pump/signal wavelength
Neo (/11,) 1.4881 Core refractive index at pump wavelength
Neo(As) 1.4721 Core refractive index at signal wavelength
Nen (/11,) 1.4746 Inner cladding refractive index at pump wavelength
N1 (As) 1.4585 Inner cladding refractive index at signal wavelength
N (Ap) 1.3872 Outer cladding refractive index at pump wavelength
N (Ag) 1.3785 Outer cladding refractive index at signal wavelength

with the wavelength, from I; = 0.57 at A, = 3 umto[; = 0.21 at A; = 4.5 um.
Fig. 3.3 shows the absorption and emission cross section between the F, 3 —» Hg
levels (blue lines) and G, — F, 5 (black lines) levels for fluoroindate glass. The
emission cross section (solid curves) is taken from literature [31], while the ab-
sorption cross sections (dashed curves) are calculated using the McCumber
equation [31, 133]. The absorption cross-section calculated at the wavelength

As = 4 um agrees with the value reported in [31].
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Figure. 3.3  Cross sections o of Pr3*:InF3 glass as a function of the wavelength A, for emission
F43 = Hg (blue solid curve), and G, — F, 3 (black solid curve) [31], absorption
Hg = Fy3 (blue dashed curve), and absorption Fy 3 — G, (black dashed curve) cal-
culated via McCumber equation [99].

The absorption cross section o values for the pump between the H, — Fj 3 levels,
and the emission cross section for the ESA between the G, — Hj levels and the
D, — G, levels are taken from the literature [ 133-137]. The corresponding emis-
sion and absorption cross section g are derived via the McCumber equation.

Considering the absorption spectrum of Pr** ions [138], it can be observed that
the effective pumping wavelength range is from 1.5 to 1.6 um. At the boundaries
of this band, the absorption is approximately 50% of the peak value, which is

located at 1.55 um.
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The design has been performed with a home-made code solver, employing the
spectroscopic parameters taken from the literature [31, 134, 138-140]. In the case
of the fiber laser, the code solves the rate-equations system and power propaga-
tion equations for the pump, as well as for backward and forward components
of the signal. In the case of the optical fiber amplifier, the code solves the rate-
equations system and power propagation equations for the pump, the signal, and
for the backward and forward ASE noise components.

Table 3.2 reports the spectroscopic parameters of the praseodymium-doped

fluoroindate glass fiber employed for the six-level energy [31, 134, 138-140].
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TABLE 3.2 SPECTROSCOPIC PARAMETERS: 6-LEVEL ENERGY DIAGRAM (PART I)

Symbol Value Description
014(4p) 1.2 X 10724 m? Absorption cross section H, = F, 5
041(2) 1.2 x 10724 m? Emission cross section Fy 3 —» H,
025(1p) 2.0 X 10725 m? Absorption cross section Hs = G,
0s2(1p) 4.8 X 10725 m? Emission cross section G, - Hs
034(As) 6.5 X 10725 m? Absorption cross section F,, Hg — F, 3
043(As) 14.4 X 10725 m? Emission cross section F, 3 = F,, Hg
045(Ag) 1.52 x 10725 m? Absorption cross section Fy 3 = G,
O45(As) 2.4 x 10725 m? Emission cross section G, = F, 5

T 0.41ms Radiative lifetime D,

() 2.35ms Radiative lifetime G,

Ty 2.28ms Radiative lifetime Fj 5

T3 57 ms Radiative lifetime Hg

T, 79 ms Radiative lifetime Hg

Ay 12.63s71 Radiative rate Hg — H,

Az 1092571 Radiative rate H, — H,

Az, 6.63s71 Radiative rate Hg — Hc

Ay 276.58 571 Radiative rate F, 3 = H,




TABLE 3.2 SPECTROSCOPIC PARAMETERS: 6-LEVEL ENERGY DIAGRAM (PART II)
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Symbol Value Description

Ay 121.54 s71 Radiative rateF, ; = Hs

Ay 40.53 571 Radiative rate F, 3 — F,, Hg

Ay 24.72 s71 Radiative rate G, — H,

As, 260.68 s71 Radiative rate G, — Hs

Acg 120.60 571 Radiative rate G, — F,, H

Ag, 19.45s71 Radiative rate G, — F, 3

Agt 800571 Radiative rate D, — H,

Agz 14571 Radiative rate D, - Hs

Ags 840571 Radiative rateD, — F,, H

Ags 555571 Radiative rate D, = F, 3

Ags 230571t Radiative rateD, — G,
Wirs1 14514 571 Non-radiative rate G, — H,
Wiras 7305 st Non-radiative rate F, 3 = Hg
Whyr32 6664 s71 Non-radiative rate Hg, — Hs
Whyr21 499987 s71 Non-radiative rate Hs —» H,

Were 1800 s71 Cross relaxation rate Hy — Fy 3, G, > Hs

Wera 2670 x 10* 571 Cross relaxation rate Hy, = Gy, D, = F, 3

47 s71

Up conversion rate G, = Hs , G, = D,
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3.3 Optical Laser Design and Discussion

In this chapter the Mid-IR optical laser based on praseodymium-doped fluoroin-
date fiber, employing a six-level energy scheme is presented. The simulations
predict a slope efficiency n of about n = 17.2 %, and a pump power threshold

Py, of about Py, = 75 mW, when the fiber length L, and output mirror re-

flectivity Ry, are fixed at Lgjper = 0.4 m and Ry, = 50 %, respectively.

3.3.1 Laser Design Employing 6-Level Energy Diagram
Numerical simulations have been carried out to study the laser output power P;
as a function of i) the fiber length L¢;p.,, and ii) the output mirror reflectivity
Ryt The dopant concentration Np, is fixed at Np,, = 8000 ppm, while the input
mirror reflectivity R;, is fixed at R;;,, = 95%, representing a cautionary value to
simulate a Fiber Bragg Grating (FBG) in an all-in-fiber setup. The fiber length
Lfiper varies in the range Lsper = 0.3 + 0.7 m, and the output mirror reflectiv-
ity R,y in the range R, = 30 +~ 90 %.

In the design of rare-earth-doped fiber devices, the accuracy of the model is cru-
cial. It should take into account all the phenomena occurring in the real glass to
ensure a realistic simulation of the device and be based on experimental spectro-
scopic parameters. The inclusion of ESA phenomena corresponding to the
Hs - G, levels, and G, — D, levels; as well as the second-order phenomena,

such as the first CR phenomenon involving the D, = F, and H, — G, levels, the
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second CR phenomenon involving the G, - Hs and H, — F, levels, and the UP
phenomenon between G, — D, and G, — Hs, enhances the accuracy of the
model.

Fig. 3.4 shows the laser output power P; as a function of the input pump power
B,, for different values of the fiber length Ly;pe,, with the output mirror reflec-
tivity fixed at R,,; = 80%. The simulations show that the saturation pump
power P, increases when the fiber length Lg;p,, increases. The simulations also
show that a maximum laser output power P, = 303 mW is achieved for a fiber
length of Lfper = 0.7 m. On the other hand, the slope efficiency 7 slightly re-
duces as the fiber length Lg;,, increases. The best slope efficiency n = 14.8%
is obtained for Ly;pe = 0.3 m, limiting the maximum laser output power to P, =
135 mW. To find a trade-off, for a fiber length Lg;p,, = 0.4 m, laser output
power P, = 183 mW and slope efficiency n = 14.3% have been chosen. For
this case the pump power threshold is Py, = 25 mW.
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Figure. 3.4  Laser output power Py versus input pump power P, for different values of the fiber

length Lyiper, with input mirror reflectivity fixed at Ry, = 95%, and output mirror
reflectivity at R,,,; = 80% [141].

Fig. 3.5 shows the laser output power P; as a function of the input pump power
By, for different values of the output mirror reflectivity R,,, with the fiber length
fixed at Lgjper = 0.4 m. As the output mirror reflectivity R,,; decreases, the
maximum laser output power P; and the slope efficiency 7 increase, for the same

saturation pump power Py, but the pump power threshold Py, increases too.
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Figure. 3.5  (a) Laser output power P versus input pump power B, for different values of the
output mirror reflectivity R,,¢, with input mirror reflectivity fixed at Ry, = 95%,
and fiber length at Lf;per = 0.4 m; (b) Enlarged view of the pump power threshold
Py, [141].
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The maximum laser output power P, = 204 mW is obtained for R,,; = 30 %,
with a corresponding slope efficiency n = 18 % and pump power threshold
P, = 150 mW. To reduce the pump power threshold to Py, = 75 mW, an out-
put mirror reflectivity of R,,; = 50 % can be chosen, corresponding to a laser
output power P; = 202 mW and slope efficiency n = 17.2 %.

The numerical simulations presented in this section do not include a dedicated
thermal model. The laser device is assumed to operate under ideal and isothermal
conditions. Under high power operation, an adequate cooling system can be in-

vestigated in future experimental validation.

3.3.2 Comparison with State of the Art

Table 3.3 reports a comparison between the Pr’**-doped fluoroindate fiber laser
proposed in this work and other fluoroindate fiber lasers emitting in the Mid-IR
[13-15,17-19, 22, 141]. In particular, the comparison with literature is performed
in terms of doping ion, emission signal wavelength A, pump wavelength 4,,,
pump power threshold Py, and slope efficiency 7. The lasers reported in Table
3.3 emit between A = 3.4 um and Ay = 4.4 um, when they are pumped in the
visible or near-infrared (NIR) range. The lasers reported in [13,17,18] propose
dual-wavelength pumping schemes to increase the slope efficiency and to reduce
the pump power threshold. In comparison with the state-of-the-art of fiber lasers

based on fluoroindate glasses, the designed fiber lasers, employing six-levels
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energy system, exhibit a good slope efficiency and a low pump power threshold
P;p,, while achieving one of the longest emission wavelengths A, using a single-
wavelength pumping scheme. The use of a single- wavelength pumping scheme
simplifies the construction of the laser system. The proposed optical laser, based
on a commercially available praseodymium-doped fiber, can be pumped by a
commercial erbium-doped fiber laser, and can be spliced to FBGs used as cavity

mirrors, obtaining an all-in-fiber device.

TABLE 3.3 COMPARISON OF MID-IR OPTICAL LASERS BASED ON InF? FIBERS

Signal Pump [I:(l)lv];lell)“ Slope
length i
Refer Dopant wavelength wavelengt threshold efficiency
A Ay
972 nm
3+ — 0
[13] Er 3.44 ym 1976 nm 19 %
[14] Er’* 3.91 um 635 nm 25 mwW 1.6 %
[15] Ho* 3.92 um 888 nm 43 W 10.2 %
888 nm
3+ — 0
[17] Ho 392 um 962 nm 19 %
888 nm
3+ 0
[18] Ho 3.92 um 1660 nm 2w 121 %
[19] Ho*/Nd** 3.92 um 808 nm 200 mWw 16.7 %
3.3 um
3+ 0
[22] Dy 44 ym 1700 nm 30w 27 %
This Pr* 4 um 1550 nm 75 mW 17.2 %

work
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3.4 Optical Fiber Amplifier and Discussion

In this paragraph, a Mid-IR optical fiber amplifier based on praseodymium-
doped fluoroindate fiber, employing the same energy system is presented. The
designed optical amplifier is very promising, exhibiting high simulated gain G =
32.6 dB and a wide -3dB bandwidth of BW; = 115 nm with noise figure NF =
6 dB around the central signal wavelength A; = 4 pm, for input pump power
B, = 2W, input signal power P, = —30 dBm, and pump wavelength 1, =
1.55 um. In the design of the optical amplifier, several simulations have been
performed. Gain G and noise figure NF have been investigated as function of
input signal power P, input pump power B, fiber length Ly, and signal wave-
length A;. The pump wavelength A,, is fixed at A, = 1.55 um, in order to con-
sider a low-cost feeding diode intended for pumping an erbium doped fiber laser.
The dopant concentration is fixed at Np,, = 2000 ppm. For the laser design, the
Praseodymium concentration proposed by the Le Verre Fluoré catalog is consid-
ered. Conversely, for the optical amplifier, a lower concentration and a longer
fiber are preferred because the simulations show that the noise figure improves.
Fig. 3.6 reports the trend of gain G as a function of input signal power P; for
different values of input pump power B, = 0.5W (solid curve), B, =1W
(dashed curve), B, = 2 W (dot-dashed curve) and B, = 3 W (dotted curve),

with the fiber length fixed at L = 3 m, and the signal wavelength at A; = 4 um.



Mid-IR Laser and Amplifier Design | 59

The saturation input signal power Psifslat, limiting the amplifier linear behavior,
is defined as the input signal power where the gain G drops by —3dB below its
unsaturated value [14, 129]. It decreases with increasing the input pump power
P,, resulting P&, = 8dBm, Pi%,, = —1.5dBm, P, = —14.7 dBm, and
si,’}at = —14.8 dBm, for the input pump powerof B, = 0.5W,P, =1W,B, =
2W,and B, = 3 W, respectively.
Fig. 3.7 reports the trend of gain G as a function of input signal power P, for
different values of fiber length L = 1 m (solid curve), L = 2 m (dashed curve),
and L = 3 m (dot-dashed curve), with the input pump power fixedat B, = 2 W.
The saturation input signal power decreases as the fiber length L increases. Since
the behaviour becomes linear for L > 3 m, a fiber length L = 3 m has been se-
lected as the upper limit, and an input signal power of P, = —30 dBm has been

chosen in order to work in linear small-signal regime.
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Fig. 3.8 reports the trend of gain G as a function of input pump power P, for
different values of fiber length L = 1 m, (solid curve), L = 2 m (dashed curve),
L =3 m (dot-dashed curve), with the input signal power fixed at P; =
—30 dBm. There are three pumping ranges: the under-pumped regime (B, <
P, iny) Where the population inversion is not reached, the non-complete inver-
sion regime (B, > Py iny), and the complete inversion regime (P, >> Py, iny)
[133, 142, 143]. The simulations show that for a fiber length of L = 1 m, the
minimum pump power required to operate in the complete inversion regime is
p,=06W.

Fig. 3.9 reports the trend of gain G as a function of fiber length L for different
values of the input pump power B, = 0.5 W (solid curve), B, = 1 W (dashed
curve), P, = 2 W (dot-dashed curve), and P, = 3 W (dotted curve), with the in-
put signal power fixed at P, = —30 dBm. The gain reaches a maximum value

and then slightly decreases for increasing fiber length.
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Figure 3.8 Gain G versus input pump power B,, for different values of fiber length L, with
the input signal power fixed at P, = —30 dBm, and signal wavelength at A, =
4 um [99].
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Figure 3.9  Gain G versus fiber length L, for different values of input pump power P,, with the

input signal power fixed at P, = —30 dBm, and signal wavelength at A, = 4 um.
[99].
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Fig. 3.10 reports the trend of (a) the gain G and (b) the noise figure NF as a
function of the input signal wavelength A for different values of the input pump
power B, = 0.5W (solid curve), B, =1 W (dashed curve), B, =2 W (dot-
dashed curve), and B, = 3 W (dotted curve), with the fiber length fixed at L =
3 m. At the central wavelength A = 4 um, the maximum gain value is G =
8.57dB, G =17.32dB, G =32.6dB, and G = 32.65dB, when the input
pump poweris B, = 0.5W,B, =1W,P, =2W,and P, = 3 W, respectively.
Fig. 3.10 (a) shows that as the input pump power B, increases from B, = 0.5 W
to B, = 3 W, the bandwidth calculated at —3 dB, around the central wavelength
Ag = 4 um, narrows from BW; = 220 nm to BW; = 95 nm.

Fig. 3.10 (b) shows that the noise figure NF decreases in the range 1, = 3.7 —
4.5 pum, and that for a fixed wavelength 4, as the input pump power B, increases,
the noise figure NF increases. In the wavelength range A, = 3.5 — 3.8 um, the
spontaneous emission phenomenon between the levels G, — F, 3 dominates over
other phenomena, and this increases the noise figure in this range. In the wave-
length range Ay = 3.8 — 4.2 um, the noise figure is about NF = 6.3 dB. In the
wavelength range A; = 4.2 — 4.5 um, the noise figure NF is less than the quan-
tum limit (NF < 3dB) [133, 142, 143].
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Figure. 3.10  (a) Gain G, and (b) noise figure NF versus input signal wavelength A, for dif-
ferent values of the input pump power B,, with the input signal power fixed at
P, = =30 dBm, and fiber length at L = 3 m [99].
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Fig. 3.11 reports the trend of (a) the gain G, and (b) the noise figure NF as func-
tion of input signal wavelength A for different fiber lengths L = 1 m (solid
curve), L = 2 m (dashed curve), and L = 3 m (dot-dashed curve). An input
pump power B, = 2 W is chosen in order to work with complete population in-
version. At the central wavelength A, = 4 um, the maximum gainis G = 11 dB,
G = 21.93 dB,and G = 32.14 dB, when the fiber lengthis L = 1m,L =2 m,
and L = 3 m, respectively.

Fig. 3.11 (a) shows that as the fiber length L increases from L = 1mtoL = 3m,
the bandwidth calculated at —3 dB around the central wavelength A, = 4 um,
narrows from BW; = 165 nm to BW; = 110 nm.

Fig. 3.11 (b) shows that the noise figure NF decreases in the range 1, = 3.7 —
4.5 um. A gain of G > 30 dB is achieved in a wavelength range of over B =
130 nm with noise figure NF = 6 dB.

The optimized amplifier exhibits a gain of ¢ = 32.6 dB, a bandwidth calculated
at —3dB around a central wavelength A =4 um, of BW; = 115 nm, and
maintains a small signal regime up to an input signal power of P/ =
—14.7 dBm, when the input pump power Pp and the fiber length L are fixed at
B, =2 W and L = 3 m, respectively.



Figure. 3.11
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(a) Gain G, and (b) noise figure NF versus input signal wavelength A, for dif-
ferent values of the fiber length L, with the input signal power fixed at Py =
—30 dBm, and input pump power at P, = 2 W [99].
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3.4.1 Comparison with State of the Art

Table 3.4 reports a comparison between the optical fiber amplifier proposed in
this work, and other optical amplifiers taken from literature [32-38, 144, 145].
The comparison takes into account the dopant ion, the pump wavelength A,, the
central emission wavelength A, the input pump power P,, the input signal power
P, the gain G, and the bandwidth BW;;, calculated at —3dB around a central
wavelength A;. In comparison with state-of-the-art fluoride amplifiers, the pro-
posed device exhibits one of the broadest bandwidths, the lowest pump power,
high gain, and a higher operating central emission wavelength A;. Amplification
at comparable central emission wavelengths A is achieved exclusively using

chalcogenide fibers which require much higher input pump powers.
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TABLE 3.4 COMPARISON OF MID-IR OPTICAL FIBER AMPLIFIERS

Input . .
P Input P
Refer Glass Dopant ump Central Input Pump Signal Gain  Bandwidth
A Ag b, P G BW;
S

[32] ZBLAN Erf’* 098um 27um 125W ~18dBm ~154dB 250 nm

[33] ZFG Er* 098um 28um 9.63W ~13dBm >20dB 95nm

[34] ZFG  Er*" 098um279um 58W ~72dBm 20dB 22nm

[35-36] Chale. Pr’** 1.55um 43um 037W —20dBm > 30dB #

36 Chale. Dy* 13um 44um 026W —13dBm > 15dB #
y

[36] Chale. Tb** 2.0um 49um 028W —13dBm > 25dB #

[37] Chale. Dy*" 1.71um 4.4 um 3w 0dBm 28 dB #
[38] Chale. Er*" 098 um 2.8 um 01w —50dBm 33.7dB #
[144] Fluoride Dy** 291um 3.24uym 1096 W ~5.6dBm < 10dB #

[145] Fluoride Er’* 098um278um 12W  ~7.1dBm ~7.1dB 60nm

This work  InF3 Pr3*  1.55um 4.0 um 2w —30dBm >30dB 130nm

* The gain bandwidth BW;; is defined at —3dB for [32, 33, 34] and for the proposed Mid-IR Optical Amplifier.
**The gain bandwidth BW;; is defined at —20dB for [145].
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3.5 Conclusion

A Mid-IR fiber laser and an optical fiber amplifier based on a praseodymium-
doped fluoroindate glass, operating at wavelength A, = 4 um, when pumped at
Ap = 1550 nm, have been designed and optimized, by considering spectro-
scopic parameters taken from the literature. Compared to state-of-the-art
fluoroindate fiber lasers, the designed lasers, based on six-level energy diagrams,
exhibit a good slope efficiency 1 and a low pump power threshold Py, while
achieving one of the longest emission wavelengths A, via a single-wavelength
pumping scheme. Specifically, the six-level model shows a slope efficiency n =
17.2 %, and a pump power threshold Py, = 75 mW.

Furthermore, the performance of the optical fiber amplifier has been investigated
as a function of different input parameters. It proves high gain G = 32.1dB, a
noise figure NF = 6 + 0.2 dB and a wide bandwidth BW; = 130 nm, when the
input pump power B, the fiber length L and input signal power P; are set to P, =
2W,L =3 m,and P; = —30 dBm, respectively. NIR pumping for both devices
can be implemented using a commercial erbium-doped fiber laser, spliced to the
praseodymium fluoroindate fiber, obtaining an all-in-fiber device operating in

Mid-IR range.
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4 Mid-IR ZBLAN Fiber Temper-
ature Sensor

In this chapter, the design, a fabrication and characterization of optical fiber sen-
sors operating in the Mid-IR are presented, using a commercial ZBLAN optical
fiber. The design is carried out via Finite Element Method (FEM) and Beam
Propagation Method (BPM) software tools, while the fabrication is performed
using the pulling and heating technique with a Vytran GPX-2400 glass pro-
cessing station. The characterization of the non-adiabatic tapering demonstrates
good agreement with the simulations, suggesting good potential for the next gen-

eration of optical fiber sensors operating in the Mid-IR.

4.1 Non-Adiabatic Taper Design and Analysis

The non-adiabatic taper design employs a single-mode ZBLAN optical fiber,
model ZFG SM [1.95] 6.5/125 produced by Le Verre Fluoré (Bruz, France)
[146]. The core and cladding diameters are d., = 6.5 um, and d,; = 125 um,
respectively. The core and cladding refractive indices are n., = 1.4954, and
ng = 1.4776, respectively. A 3D-BPM simulation is exploited to calculate the

sensor output spectrum. The mesh grid size is set to M, = M,, = 0.25 um for
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the optical fiber cross-section and M, = 0.5 um is set for the longitudinal direc-
tion. To obtain a non-adiabatic transition, the designed down-taper L;; and the
up-taper L, lengths are L;; = L,,; = 2 mm (refer to Fig. 2.3). Moreover, to pre-
vent the adjacent minima of the interferogram from being too close, the designed
waist length is L, = 8 mm [147, 148]. The simulations are here reported for
L,, = 8.05 mm, according to the fabricated proof of concept and the experi-
mental findings. The waist diameter is d,, = 25 pum. By means of a pathway
monitor, the excitation of the LPo> mode in the down-taper region is verified.

Fig. 4.1 reports the normalized output power P,,,; as a function of the wavelength
A for different temperature changes AT = 0 K (solid curve), AT = 50 K (dashed
curve), and AT = 100 K (dot-dashed curve). A blueshift of the dips is observed
with increasing temperature T, and the simulated temperature sensitivity at the
wavelength 4 ~ 3310 nm is S = —85.3 pm/K. This value has been calculated
as the ratio between the wavelengths 4 where the normalized output power

P,,+ = 1 and the associated temperature variation AT .
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Figure. 4.1 Normalized output power P,,; as a function of the wavelength A for different tem-
perature changes AT = 0 K (solid curve), AT = 50 K (dashed curve), and AT =
100 K (dot-dashed curve), simulated via BPM software [7].

The temperature sensitivity is affected by the thermo-optic effect and the thermal
expansion coefficient [48]. In particular, the refractive index change is given by
én = dn/dT X AT, while the length change is given by §L = aLAT [149]. The
quantities dn/dT, a, and AT are the thermo-optic coefficient, the thermal ex-
pansion coefficient, and the temperature variation AT, respectively [150].

For the zirconium fluoride glass, the thermo-optic coefficient is dn/dT =
—1.475x 1075 K1, and the thermal expansion coefficient is a = 1.72 X
107> K~! [151]. For the silica glass the thermo-optic coefficient is dn/dT =

1.2 X 1075 K~ and the thermal expansion coefficient is « = 5.5 X 1077 K1
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[152]. The blueshift of the spectral response, reported in Fig. 4.1, appears coun-
terintuitive with respect to the attenuation peak A, of the m-th Mach-Zehnder
interference, expressed as A,, = (2 X Angsp X L) /(2m + 1) [46], especially
considering the high positive coefficient of thermal expansion a that increases
the waist length L. [48, 49]. In silica tapers, the red shift of the m-th interference
dip is generally explained in terms of the positive variation of An, s and of the
length L, which is small due to the low thermal expansion coefficient a [48-
50,153]. Furthermore, in silica optical fiber SMF-28 at the wavelength A =
1550 nm, FEM simulations show that the positive thermo-optic coefficient
dn/dT leads to a lower value of An,sr with temperature increasing. Therefore,
a deeper electromagnetic analysis using a commercial FEM software is per-
formed to better understand the described effect, and to predict the behaviour of
the comb-like output spectral pattern as a function of temperature variation AT.
The 2-D electromagnetic modal analysis simulation is computed in the waist re-
gion of the commercial optical fiber, produced by Le Verre Fluoré [146]. The
core diameter d., and cladding diameter d,, in the waist section are d., =
1.3 um, and d,, = 25 um respectively. The simulation considers temperature
variations AT = 0 K, AT = 50 K, AT = 100 K, in the wavelength range from
A =3280 nm to A = 3350 nm, with a step of 44 = 0.1 nm. The effective re-

fractive indices n,fs of the fundamental LPo; and of the cladding mode LPo: are
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calculated considering the influence of the fluoride glass thermo-optic coeffi-
cient dn/dT on the core and cladding refractive indices.

Fig. 4.2 reports the simulated effective refractive index difference An,ss be-
tween the LPo1 mode and the LPo> mode as a function of the wavelength A for
different temperature changes AT = 0 K (solid curve), AT = 50 K (dashed
curve), AT = 100 K (dot-dashed curve). The effective refractive index differ-
ence An, sy between the LPo1 mode and the LPo> mode increases with tempera-
ture T. The inset shows the normalized electric field norm E is reported for x-
polarized and y-polarized components of both modes at the wavelength 4 =
3.34 um, and the temperature variation AT = 0 K.

Fig. 4.3 reports the phase delay ¢ of the modes as a function of the wavelength
A for different temperature changes AT = 0 K (solid curve), AT = 50 K (dashed
curve), AT = 100 K (dot-dashed curve). The phase delay is influenced by two
factors: i) the variation of the effective refractive index difference An,¢s be-
tween the LPo; mode and the LPo> mode with temperature changes, and ii) the
change in length of the waist region L due to the fluoride glass thermal expansion
coefficient a.The spectral positions of the minima are determined by satisfying
the phase condition ¢ = 2m/A X Angpf X L = (2m + 1)m. Graphically, the in-
tersection between the horizontal line ¢ = (2m + 1) and the curve ¢ =
2 /A X Angpr X L shifts to shorter wavelengths A, i.e. blueshift, for increasing

temperature 7.
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The formula shows that an increase in both the effective refractive index differ-
ence An, sy and fiber length L, the latter depending on a positive expansion co-
efficient a, creates an increase of the phase ¢ for a positive temperature varia-
tion. Qualitatively, Fig. 4.2 shows that the negative thermo-optic coefficient of
the ZBLAN glass modifies the modal effective indices. By keeping the fiber
length fixed at the initial condition (i.e. L, = 8mm), the differential effective
index An,sy increases from 1.388 - 1072 to 1.389 - 10~2 when the temperature
difference changes from AT = 0 K to AT = 100 K. According to the formula of
the phase ¢, considering an initial fiber length L, = 8 mm, this variation pro-
duces a phase increase A¢p = 0.152 rad. Moreover, when the temperature dif-
ference changes from AT = 0 K to AT = 100 K, the fiber undergoes a physical
elongation of AL = Ly - a - AT = 13.76 um due to the thermal expansion effect
a. This elongation causes an overall phase increase of A¢ = 2m/A X Angpr X
AL = 0.364 rad. Finally, Fig. 4.3 confirms that the phase increases from
212.7 rad to 213.3 rad when the temperature difference changes from AT =
0 K to AT = 100 K, demonstrating the overall phase shift when the two effects

work together.



Mid-IR ZBLAN Fiber Temperature Sensor | 76

0.0144 T T - T
LP,, 1Py, 1P, LPy,,

& — I
:m 0.0143 F @ o o o E (v/m)
< . .
Q
[¥]

S 0.0142}

1

(]

£

T

x 0.0141}f

Q

k-]

£

£ oo}

k3]

o

=

¢ 0.0139}f

]

2

k3]

g 0.0138 — AT =0K

w - - =AT=50K
=== AT = 100K

0.0137
3280 3290 3300 3310 3320 3330 3340 3350

Wavelength \ (nm)

Figure. 4.2 Effective refractive index difference An, sy between the LPo1 mode and the LPo2 mode
as a function of the wavelength A for temperature changes AT = 0 K (solid curve),
AT = 50 K (dashed curve), AT = 100 K (dot-dashed curve), simulated via FEM soft-
ware. Inset: normalized electric field distribution (£-norm) for x-polarized and y-po-
larized components of both modes at the wavelength A = 3.34 um, and the tempera-
ture variation AT = 0 K, simulated via FEM software [7].
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Figure. 4.3 Phase delay of the modes ¢ as a function of the wavelength A for different tempera-
ture changes AT = 0 K (solid curve), AT = 50 K (dashed curve), and AT = 100 K
(dot-dashed curve), simulated via FEM software [7].

Fig. 4.4 reports the cosine of the phase delay ¢ as a function of the wavelength
A for different temperature changes AT=0 K (solid curve), AT=50 K (dashed
curve), AT=100 K (dot-dashed curve). Fig. 4.4 confirms a blueshift of the output
comb-like spectral pattern. Specifically, if a positive temperature change is con-
sidered in zirconium fluoride glass: i) the negative thermo-optic coefficient
dn/dT leads to an increase of the effective refractive index difference 4An,f
between both modes; and ii) the positive thermal expansion coefficient a leads
to an increase of the cavity length L. Both these effects cause the simulated

blueshift. The simulated temperature sensitivity, calculated at the wavelength
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A~ 3310 nm, via FEM software is S = —85.3 pm/K. This value is in good
agreement with a BPM simulation. The BPM simulations also give information
about the intensity I of the LPo1 and LPo> modes, allowing the calculation of
output intensity I,,,;. Typically, in silica optical fibers, the observed redshift is
due to a decrease of An,.sr with an increase in temperature (positive thermo-
optic coefficient), which dominates over the length increasing effect AL, depend-
ing on the small thermal expansion a. Conversely, in zirconium fluoride fiber

the increase of An, s and L gives a blueshift by increasing the temperature.
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Figure. 4.4 Cosine of the phase delay of the modes ¢ as a function of the wavelength A for dif-
ferent temperature changes AT = 0 K (solid curve), AT = 50 K (dashed curve),and
AT = 100 K (dot-dashed curve), simulated via FEM software [7].
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4.2 Fabrication

The next step involved the fabrication of the optical fiber sensor using a ZBLAN
optical fiber produced by Le Verre Fluoré [146]. The polyacrylate coating is re-
moved from the fiber segment intended for tapering using a chemical stripping
gel. The optical fiber is then cleaned with isopropyl alcohol and cleaved with
Vytran LDC-400, with 95g tension. Then, the optical fiber is mounted on the
fiber holding blocks of the Vytran GPX-2400. Pretension F7 is applied before
starting the process, by moving one fiber holding block. A commercial graphite
filament is chosen by considering the cladding diameter d; of the optical fiber.
It is used for heating the fiber close to the glass softening point T, = 265 °C.
This value of temperature is accurately maintained during the entire fabrication
process, otherwise an increase in heating temperature may lead to crystalliza-
tions and induce losses. Conversely, an inadequate heating of glass could lead to
either fiber breakage or the formation of a thicker waist.

Table 4.1 reports the fabrication parameters employed for the fabrication process

using the Vytran GPX-2400, including the initial filament power Pf, the pulling
speed vy, and pretension Fr. The initial filament power Pr required fine tuning,

as it is slightly dependent on ambient temperature especially when working with

soft glasses [154].



Mid-IR ZBLAN Fiber Temperature Sensor | 80

TABLE 4.1 PARAMETERS EMPLOYED FOR FABRICATION

Parameters Value Description

P (W) 10 Initial filament power
vg (mm/s) 0.5 Pulling speed

Fr (9) 18 Pretension

To prevent reactions with ambient air due to the hygroscopic nature of fluoride
glass [50], the heating process employed the non-reactive Argon gas with a flow
rate F,, = 0.35 L/min. The preheating, applied prior to the movement of the
fiber holding block, has been optimized to avoid optical fiber bending due to
gravity. The room temperature and the room humidity are T = 25 °C, and RH =
30%, respectively. The tapering process takes about 30 s.

Fig. 4.5 shows the micrographs of the fabricated non-adiabatic taper, with a
length of 800 um each, captured with the Vytran GPX-2400 CCD camera, re-
vealing a smooth transition. A good agreement between the designed sensor ge-
ometry and the measured one is apparent. The output power P,,; is measured
during the fabrication process to investigate the quality of the device. The optical
fiber is excited via a laser source Thorlabs HLS635, emitting at wavelength A =

635 nm (i.e. red light).
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800 um

Figure. 4.5 Micrographs of the longitudinal section of the non-adiabatic tapered optical fiber,
captured with the Vytran GPX-2400 CCD camera [7].

Fig. 4.6 reports the output power P, (left axis) and tension F (right axis) as a
function of drawing time t, measured during the fabrication process. The down-
taper region and non-adiabatic taper are completed att ~ 17 s, and at t = 37 s,
respectively. Most losses are attributed to the down-taper: power meter data and
visual inspection of red-light scattering confirm that this region is the primary
source of loss. The measured insertion loss IL = 0.8 dB at the wavelength 1 =

635 nm indicating good taper quality.
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Figure. 4.6  Output power P,,,; (left axis) and tension F (right axis) as a function of drawing time
t, measured during the fabrication process [7].

4.3 Characterization

The excitation source is an Interband Cascade Laser (ICL) emitting at the wave-
length A = 3.34 um, coupled to the fabricated non-adiabatic optical fiber sensor
using a Bare Fiber Terminator (BFT). Fig. 4.7 shows the measured farfield beam
profile, captured with Pyrocam IIIHR at the wavelength A = 3.34 um; a) before
the down-taper, and b) in the waist region. As confirmed by 3D-BPM simulation,
also in the waist region the LPo; mode is the one with the highest intensity, see

Fig. 4.7 (b).
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Fig. 4.8 illustrates the experimental setup used to evaluate the sensing perfor-
mance as a function of temperature T. The fabricated sensor is placed in an elec-
tric furnace and the output power at the wavelength A = 3.34 um is recorded by
a Power Meter (PM), at fixed values of temperature T = 20°C, T =40°C, T =

60 °C, and T = 80 °C. A three-minute waiting time is observed to stabilize the

1

06

temperature T, before acquiring each measurement.

104

02

0

Figure. 4.7 Measured farfield beam profile, captured with Pyrocam IITHR at the wavelength 1 =
3.34 um, a) before the down-taper, b) in the waist region [7].

PM

Electric furnace

ICL
Non-adiabatic taper

BFT

Figure. 4.8 Experimental setup used to evaluate the sensing performance as a function of temper-
ature T, composed of the ICL, non-adiabatic fiber sensor, PM and electric furnace.

[7].
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Fig. 4.9 compares the experimental results (circle markers) and the BPM simu-
lations (cross markers), demonstrating a good agreement between both results.
The output powers of the BPM simulation have been normalized considering a
reference power P,,; = 1.1 mW,atT = 20 °C. The best fit line of the measured
points (dash-dotted line) is also reported.

Fig. 4.10 shows a second experimental setup used to demonstrate interferometry
between the LPo; and LPo> modes. The setup consists of a broadband halogen
lamp, a monochromator Horiba iHR550 to sample the wavelength A, an InSb
detector cooled with liquid nitrogen, and a lock-in amplifier. The measurements
cover the wavelength range 1 = 3.00 <+ 4.00 um with a resolution step of 41 =
10 nm. Firstly, the power guided by the ZFG 6.5/125 optical fiber is measured.
Then, the ZFG 6.5/125 optical fiber is aligned with the non-adiabatic tapered
optical fiber based on zirconium fluoride glass and the power at the output port
is measured.

Fig. 4.11 shows the measured comb-like spectrum at the output of the non-adia-
batic tapered optical fiber.

The temperature sensitivity depends on the operating wavelength. In principle,
the simulated sensitivity could be experimentally verified by performing meas-

urements around A = 3310 nm using a broadband source in combination with
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an optical spectrum analyzer. However, at the time of the experiments, broad-
band measurements were carried out using a monochromator with a spectral res-
olution of 5 nm, which is insufficient to accurately resolve the sensor sensitivity.
The measurement reported in Fig. 4.9 should therefore be considered qualitative;
nevertheless, it can be employed to justify the blue shift of the spectral peak. In
conclusion, a broadband spectral interrogation approach is preferable to inten-
sity-based measurements at a fixed wavelength. It is worth noting that the dy-

namic response (response time) of the sensor has not been characterized.
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Figure. 4.9 Output power P,,; at the wavelength 1 = 3.34 um, for different temperatures T;
measurements (circle markers), best fit line of the measured points (dash-dotted line),
and BPM simulation (cross markers) [7].
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Figure. 4.10 Experimental setup used to evaluate the comb-like spectrum at the output of the op-
tical fiber sensor, composed of a broadband halogen lamp, a monochromator, an InSb
detector, and a lock-in amplifier [101].
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Figure. 4.11 Measured normalized output power P,,; as a function of the wavelength A for the

optical fiber sensor [101].
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4.4 Comparison with State of the Art

A comparison between the proposed device and other temperature optical fiber
sensors reported in the literature is summarized in Table 4.2. For multiparameter
devices, only the temperature sensitivity values are listed. The proposed non-
adiabatic optical fiber taper sensor exhibits temperature sensitivity Sy perfor-
mance higher than several silica sensors, even when based on more complex
structures. The proposed sensor exhibits a negative temperature sensitivity St
(blueshift) unlike the positive sensitivity (redshift) typically observed. This fea-
ture can be fundamental for multiparameter sensing: the condition number can
be lowered, leading to a better-conditioned problem [155]. In addition, the pro-
posed sensor is low-cost compared to most of the devices reported in Table 4.2,
which are often based on more sophisticated geometries. Although fluoride glass
cannot be employed for high-temperature sensing like silica, it represents a
promising candidate for cryogenic temperature measurements. Specifically, sil-
ica glass exhibits a low coefficient of thermal expansion a even at room temper-
ature, and its thermo-optic coefficient dn/dT drops at cryogenic temperatures,
rendering the temperature sensitivity unsuitable for such applications. Con-
versely, fluoride glass could offer a valid alternative to improve temperature sen-
sitivity in the cryogenic regime without the need to attach external materials with
high thermal expansion coefficients a to the fiber, a common technique em-

ployed to enhance the sensitivity of sensors based on silica glass.
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TABLE 4.2 PERFORMANCE COMPARISON WITH STATE OF THE ART

Ref. Sensitivity St Description

[46] 77.0 pm/°C Double taper Mach-Zender interferometer

48] 48.8 pm/°C Core offset multimode fiber ts)gilsced with two single mode fi-

[148] 16.5 pm/°C Inner air cavity Fabry-Perqt interferometer with double direc-

tion offset

[152] 14.7 pm/°C Step-structured fiber inline Michelson interferometer

[153] 63.9 pm/°C Taper and lateral shifted junction

[156] 13.92 pm/°C Core-offset single mode, multimode, single mode fiber

[157] 59.1 pm/°C Long-period grating and misaligned fusion splicing point

[158] 81.7 pm/°C Two-point CO laser irradiations

[159] 41.9 pm/°C Hollow-core fiber segment spliced between two single-mode

fibers
[160] 67.4 pm/°C Two cascaded Fabry-Perot interferometers
o Vernier effect based on Fabry-Perot interferometer cascaded

[161] 706.9 pm/°C with FBG on hollow-core fiber

[162] —790 pm/°C Polymer-overlaid two-mode microfiber knot resonator
This work —85.3 pm/°C Non-adiabatic taper on zirconium fluoride optical fiber
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4.5 Conclusion

A single-mode non-adiabatic tapered optical fiber has been designed and fabri-
cated based on zirconium fluoride glass, offering a low-cost solution for Mid-IR
sensing. Specifically, the proposed sensor exhibits higher sensitivity than equiv-
alent silica devices due to specific thermo-optic and thermal expansion coeffi-
cients of fluoride glass, and the capability to operate at longer wavelengths. The
sensitivity principle is investigated via FEM and BPM simulations, and a com-
prehensive explanation is proposed. A blueshift of the dips is simulated for in-
creasing temperature value. The simulated sensitivity is S; = —85.3 pm/K.
The characterization is performed in the Mid-IR range, by observing the output
power variation versus temperature. The experimental results show good agree-
ment with the simulations. Finally, broadband characterization confirmed the

expected comb-like spectral pattern at the output of the tapered fiber.
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In this chapter, a wideband AVA is designed, fabricated using a standard and
low-cost Printed Circuit Board (PCB) fabrication process, and characterized.
The design is carried out via CST Studio Suite® Software, while measurements
are performed using the N5224A PNA Microwave Network Analyzer and the
Satimo StarLab Antenna Pattern Measurement System. To maximize the gain G,
the AVA is enhanced by employing multiple metalenses, based on a modified
version of circular Split Ring Resonators (SRRs). Three configurations of
metalenses have been designed, fabricated and characterized; the third one
achieved a measured peak gain of G,,,, = 12 dB at operating frequency f =
8.6 GHz, and operative bandwidth f = 3 — 13 GHz. A good agreement is ob-
tained between the simulated and the measured results. The AVA is designed to
operate in the X-Band range to facilitate fabrication and characterization, em-
ploying the instrumentation available in the MOE Laboratory of Politecnico di

Bari.



Design and Fabrication of Antipodal Vivaldi Antenna with

MTMs o1

5.1 Antipodal Vivaldi Antenna Design

The AVA is designed using a commercial substrate Rogers RO4350B, with a
dielectric permittivity &,. = 3.66 and a loss tangent tand = 0.0037. The com-
mercial substrate thickness is tg,;, = 0.762 mm and the standard copper clad-
ding has a thickness t, = 0.035 mm. The layout of the designed AVA is shown
in Fig. 2.4. The AVA has three-flares and an operating bandwidth f = 3 —
13 GHz. To minimize the antenna size, two tapered slots have been optimized
[112]. The multiparametric optimization has been carried out using CST Studio
Suite® Software. The simulations are performed via parametric sweeps of the
key degrees of freedom, namely: i) the flare widths w;, w,, and w3, and ii) the
distances between the flares d; and d,. During the optimization, the profile of
each flare was geometrically constrained by equations (2.35) - (2.36), and the
parameters were bounded to maximize the realized gain while preserving a
—10 dB impedance matching. Table 5.1 lists the optimized geometric parame-
ters that maximize the gain over the whole operating bandwidth.

Fig. 5.1 shows the reflection magnitude |S;;| (right axis) and the gain G (left
axis) as a function of the frequency f, considering the geometrical parameters

reported in the Table 5.1.



Design and Fabrication of Antipodal Vivaldi Antenna with

MTMs 92

TABLE 5.1 GEOMETRIC PARAMETERS OF THE AVA

Parameters Value Description
Ly (mm) 73.7 Antenna length
Wi, (mm) 48 Antenna width
P, (mm) 15 x-position of the inner point of the first tapered slot
Py (mm) 22 y-position of the inner point of the first tapered slot
P,,(mm) 19 x-position of the inner point of the second tapered slot
Py, (mm) 58.4 y-position of the inner point of the second tapered slot
w; (mm) 5 First flare width
w,(mm) 5 Second flare width
ws(mm) 8.7 Third flare width
d,(mm) 5 Distance between the first and the second flares
d,(mm) 10 Distance between the second and the third flares
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Figure. 5.1 Reflection magnitude |S;4| (right axis) and realized gain G (left axis) as a function of
the frequency f of the AVA [113].

5.2 Unit Cell Design and Simulation

Fig. 5.2 shows the geometry of the unit cell with the geometrical parameters
considered for the modelling and the simulations. It consists of a modified ver-
sion of an SRR. The unit cell geometry has been optimized by numerical simu-
lations in planar array configurations integrated on the AVA substrate. During
the optimization phase, geometries characterized by the presence or absence of

a central dot have been considered by varying: i) the ring radius 1;; ii) the angular
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aperture of the split ; iii) the strip width w; and iv) the unit cell lattice lengths
dy, dy, and d,. Table 5.2 lists the geometrical parameters of the UC.

dy

(b)

Figure. 5.2 Schematic of the modified SRR unit cell with geometrical parameters: a) Top and
bottom views, and b) 3D view [113].

TABLE 5.2 GEOMETRIC PARAMETERS OF THE UNIT CELL

Parameters Value Description
d,(mm) 3 Unit cell lattice length along x-axis
d, (mm) 2.5 Unit cell lattice length along y-axis
d,(mm) 3 Unit cell lattice length along z-axis
1.(mm) 1.125 Ring radius
Ta0t(MmM) 0.275 Dot radius
a (deg) 50 Angular aperture of the split

w(mm) 0.275 Strip width
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Fig. 5.3 shows the equivalent resonant circuit of the modified SRR unit cell. When
a unit cell is traversed by an electromagnetic wave, inductive and capacitive ef-
fects are induced in the unit cell, resulting in currents and local charges. These
phenomena depend on the electric field orientation of the traveling wave with
respect to the unit cell orientation. The equivalent capacitor, namely Cgp ¢, TEp-
resents the capacitive effects occurring at the non-parallel capacitive gap. A
metal dot, placed in the center of the circular ring, induces a coupling capacitive
effect C.oyp With the ring, which increases the global effective capacitance of
the metalens. The equivalent inductor, namely L., 4, represents the self-induct-
ance effects occurring along the circular ring. The metal inclusions are placed
on both sides of the substrate, resulting in strong mutual coupling effects be-

tween the top and bottom layers of the unit cell.

(b)

Figure. 5.3 a) Schematic of the modified SRR unit cell with main inductive and capacitive effects:
b) equivalent circuit [113].
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The transmission properties of the designed unit cell are investigated using two
distinct numerical approaches. In the first step, a single unit cell is analysed un-
der specific boundary conditions, as shown in Fig. 5.4. Port 1 acts as the excita-
tion port, with open boundary conditions applied along the propagation direc-
tion, and Perfect Electric Conductor (PEC) and Perfect Magnetic Conductor
(PMC) boundary conditions applied to the lateral walls.

Fig. 5.5 shows the simulated reflection |S;;| and transmission |S,4| magnitude,
and the retrieved effective parameters of the unit cell, based on the geometric

values listed in Table 5.2.

[] PEC
O pmc
| Open

Figure. 5.4 Simulation setup and boundary conditions of the unit cell [113].
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Figure. 5.5 Simulated reflection |S;; | and transmission |S,;| magnitude and retrieved effective
parameters of the unit cell as a function of the frequency f: (a) Simulated S-parame-
ters; (b) complex refractive index (Ngss); (c) effective electric permittivity (¢55);
and (d) effective magnetic permeability (uqrr) [113].
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In particular, Fig. 5.5 (a) shows the simulated reflection |S;;| and transmission
|S21| magnitude obtained by CST Studio Suite Software; while Fig. 5.5 (b), 5.5
(c), and 5.5 (d) show the retrieved effective parameters for complex refractive
index (Nsf), effective electric permittivity (€.¢5), and effective magnetic per-
meability (.fy), respectively. The unit cell effective parameters have been cal-
culated using the S-Parameter Retrieval Method [88, 114, 115]. Fig. 5.5 (a)
shows that the modulus of the reflection magnitude |S;4| is smaller than —4 dB
for frequencies below f < 13 GHz. Fig. 5.5 (b) shows that the complex effective
refractive index Ngsr = Nerr + jkefs is a constant non-resonant value over the
whole bandwidth. These results, even if approximated, give valuable infor-
mation regarding a non-resonant and promising good behavior for all the con-

sidered metalenses over the bandwidth of interest [163,164].

5.3 Antipodal Vivaldi Antenna Simulation with Unit
Cells

Different unit cell configurations with AVA have been considered and simu-
lated. Fig. 5.6 shows three of the most interesting and optimized antenna config-
urations. Fig. 5.6 (a) shows the layout of the first configuration, denoted as AVA
SRR#1. The unit cells, placed between the flares of the antenna in the end-fire

direction, consist of a triangular array of fifteen SRR elements. Fig. 5.6 (b) shows
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the second layout configuration, denoted as AVA SRR#2, derived from AVA
SRR#1 by introducing a rectangular unit cell array at a distance h; from the
triangular one, separated by an air gap. The rectangular metalens consists of sixty
elements arrangedina N X M = 4 X 15 array. Fig. 5.6 (c) shows the third layout
configuration, denoted as AVA SRR#3. This design is similar to the AVA
SRR#2 configuration, but variable unit cell sizes have been exploited to achieve
a good behaviour for different frequencies. The optimization of the AVA inte-
grated with the three proposed SRR metalenses has been performed in the fre-
quency range f = 3 — 13 GHz, varying: i) the metalens position; ii) the number
of unit cells for both triangular and rectangular arrays; iii) the distance between
triangular and rectangular metalenses hy; iv) the scaling factor k of the unit cells

in the case of alternate rows, i.e. for AVA SRR#3.
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(c)

Figure. 5.6 Layout of the designed AVA with metalenses: (a) AVA SRR#1, (b) AVA SRR#2,
and (c) AVA SRR#3 [113].
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Table 5.3 reports the optimized geometric parameters of the AVA SRR antennas.
An optimized scaling factor of k = 1.125 has been identified, after several sim-
ulations, to scale up the unit cells of the alternate rows for both triangular and
rectangular metalenses of AVA SRR#3.

Fig. 5.7 shows the simulated input reflection coefficient |S;;| as a function of
the frequency f. The optimized AVA SRR#1 (dashed line) maintains the wide-
band pristine behavior of AVA. For the optimized AVA SRR#2 (dash-dotted
line) and AVA SRR#3 (dotted line), the introduction of the rectangular metalens
in addition to the triangular one slightly reduces the -10 dB bandwidth at high

frequencies.

TABLE 53 GEOMETRIC PARAMETERS OF THE AVA SRR

Parameters Value Description
Lspra1 (mm) 92.15 AVA SRR#1 length
Lspra, (mm) 106.7 AVA SRR#2 length
Lspraz(mm) 106.7 AVA SRR#3 length
h;(mm) 15 Distance between triangular and rectangular metalens

h,(mm) 13 Rectangular metalens length
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Figure. 5.7 Simulated input reflection coefficient |S;1| as a function of the frequency f, for AVA
without metalens (solid line), AVA SRR#1 (dashed line), AVA SRR#2 (dash-dotted
line), and AVA SRR#3 (dotted line) [113].

Fig. 5.8 reports the simulated gain G (black lines) and gain increase AG (red
lines) as a function of frequency f. Specifically, simulations of AVA SRR#1
indicate a peak gain of Gp,q = 10.8dB and a maximum gain increase of
AGpax = 1.7 dB at the frequency f = 12.9 GHz, compared to AVA without the
metalenses. Improved gain performance is observed for AVA SRR#2 across the
entire operative bandwidth, with a peak gain G,,,, = 11.2 dB at the frequency
f = 8.1 GHz and a maximum gain increase 4G,,, = 2 dB at the frequency f =
11.8 GHz. AVA SRR#3 exhibits the highest gain only for f < 10.3 GHz,
achieving a peak gain G, = 11.4dB at f = 8.2 GHz and a maximum gain
increase of AGy,q = 2.1 dB at the frequency f = 10.1 GHz.
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Figure. 5.8 Simulated gain G (black lines) and gain increase AG (red lines) as a function of fre-
quency f, for AVA without metalens (solid line), AVA SRR#1 (dashed line), AVA
SRR#2 (dash-dotted line), and AVA SRR#3 (dotted line) [113].

5.4 Antipodal Vivaldi Antenna Fabrication and Char-
acterization

Fig. 5.9 shows the four AVA prototypes realized on a Rogers RO4350B dielec-
tric substrate via a standard and low-cost PCB fabrication process. The geomet-
rical parameters used for the fabrication are listed in Tables 5.1-5.3. Experi-
mental characterization is performed using the N5224A PNA Microwave Net-

work Analyzer and the Satimo StarLab Antenna Pattern Measurement System.
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Figure. 5.9 AVA Prototypes: a) AVA without metalens, b) AVA SRR#1, ¢c) AVA SRR#2, and
d) AVA SRR#3.

Fig. 5.10 shows the measured input reflection coefficient |S;;| as a function of
frequency f for the four AVA prototypes. The measurements confirm the simu-
lated result; in fact, across the band f = 3 GHz — 13 GHz, the scattering param-
eter |S;1| remains below —10dB.

Fig. 5.11 shows the comparison between simulated (solid lines) and measured
(dotted lines) gain G as a function of frequency f for the four AVA antennas.
The experimental results agree with the simulations, confirming that the de-
signed metalenses allow a gain improvement over the entire band in the case of
AVA SRR#1 and AVA SRR#2 and at low frequencies for AVA SRR#3. A peak
gain of Gy,4, = 11.5 dB at a frequency of f = 13 GHz has been measured for
the AVA SRR#1 prototype. Furthermore, peak gains of G,,,, = 11.4 dB, and
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Gmax = 12 dB have been measured at the frequency f = 8.6 GHz for AVA
SRR#2 and AVA SRR#3, respectively.

Fig. 5.12 shows the gain increase AG of the three AV As with metalens compared
to the AVA without metalens as a function of the frequency f, comparing the
simulated (solid lines) and measured (dotted lines) results. The measured curves

are close enough to the simulated ones.
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Figure. 5.10 Measured input reflection coefficient |S;1| as a function of the frequency f, for AVA
without metalens (black line), AVA SRR#1 (magenta line), AVA SRR#2 (green line),
and AVA SRR#3 (cyan line) [113].
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Figure. 5.11 Simulated (solid lines) and measured (dotted lines) gain G as a function of frequency

f, for AVA without metalens (black line), AVA SRR#1 (magenta line), AVA SRR#2
(green line), and AVA SRR#3 (cyan line) [113].
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Figure. 5.12 Simulated (solid lines) and measured (dotted lines) gain increase AG as a function of

frequency f, for AVA without metalens (black line), AVA SRR#1 (magenta line),
AVA SRR#2 (green line), and AVA SRR#3 (cyan line) [113].
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Table 5.4 lists the simulated and measured peak gain G,,,, and the respective
frequencies f. Table 5.5 reports the simulated and measured gain increase AG of
the AVA with metalens compared to AVA without metalens at the respective
frequencies f.

Fig. 5.13 plots the measured E- (left column) and H-plane (right column) radia-
tion patterns of the AVA with metalens compared to that of the AVA without
metalens as a function of the elevation angle 6. These measurements are per-
formed at the frequencies where the maximum gain increase AG occurs. The
measured Half-Power Beamwidth (HPBW) of the AVA is reduced over the en-
tire band when the metalenses are integrated on the antenna. For AVA SRR#I,
the measured —3 dB beamwidth in H-plane decreases from HPBWjy,, =
46.36° to HPBWggpz1 = 40.70° at frequency f = 12.3 GHz; for AVA SRR#2
from HPBWjy,4 = 51.27° to HPBWgpru, = 33.6° at frequency f = 12 GHz,
and finally for AVA SRR#3 from HPBW,y, = 62.91° to HPBWsgpus =
43.29° at frequency f = 9 GHz.
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TABLE 5.4 SIMULATED AND MEASURED PEAK GAIN
Simulated Measured
Freq. Gmax Freq. Gmax
(GHz) (dB) (GHz) (dB)
SRR#1 129 10.8 13 11.5
SRR#2 8.1 11.2 8.6 11.4
SRR#3 8.2 11.4 8.6 12
TABLE 5.5 SIMULATED AND MEASURED GAIN INCREASE AG
Simulated Measured
Freq. Gmax Freq. Gmax
(GHz) (dB) (GHz) (dB)
SRR#1 129 1.7 12.3 2.3
SRR#2 11.8 2 12 2.4

SRR#3 1.1 2.1 9 2.5
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function of the elevation angle 8 for AVA without metalens (solid line), compared to
AVAs with metalens (dotted lines): a) AVA SRR#1, b) AVA SRR#2, and c) AVA

SRR#3 [113].



Design and Fabrication of Antipodal Vivaldi Antenna with

MTMs 109

5.5 Conclusion

In this chapter, microstrip antipodal Vivaldi antennas integrated with metalenses
have been designed, fabricated, and characterized in the frequency band f = 3 —
13 GHz. Good agreement between simulated and measured performance has
been observed, confirming the gain enhancement over a wide frequency range,
while preserving the operating bandwidth. The measurements revealed a peak
gain of about G4, = 12 dB at the operating frequency f = 8.6 GHz, and a
maximum gain increase of about AG = 2.5 dB at the operating frequency f =

9 GHz for AVA SRR#3.
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6 Design and Fabrication of
Fabry-Perot Antenna

In this chapter an unconventional fabrication technique for FPA is proposed. The
prototype is fabricated via a hybrid manufacturing process that integrates inkjet
printing and 3D printing. The measured results are in good agreement with the
design. The antenna exhibits a maximum measured gain of G,,,, = 13.2 dB at
frequency f = 8.2 GHz, a measured impedance bandwidth of BW = 31.3 %,
and a -3 dB gain bandwidth of BW; = 24.5% inside the impedance bandwidth.
The obtained results allow for low-cost fabrication of conformal antennas exhib-
iting good performance, even when compared to expensive and sophisticated
manufacturing technologies. The FPA is designed to operate in the X-Band range
to facilitate fabrication and characterization, employing the instrumentation

available in the MOE Laboratory of Politecnico di Bari.
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6.1 Design of the Partially Reflective Surface

The UC design of PRS aims to achieve the required phase response ¢prs, and
an appropriate magnitude of the reflection coefficient p. These conditions are
crucial to obtain a good improvement of the directivity. A positive phase gradi-
ent can be achieved in a frequency band around the PRS resonance frequency,
where the steepness of the gradient is directly proportional to the strength of the
resonance [120]. However, strong resonances are not desirable; the reflection
coefficient magnitude p decreases, thereby reducing the directivity Dpgg, as in-
dicated by eq. (2.44).

Fig. 6.1 shows the geometry of the proposed FPA, detailing the architecture, the
UC composition, and the feeding element. In particular, Fig. 6.1 (a) shows the
schematic of the FPA architecture, comprising a V-slot loaded patch and a dou-
ble-layer PRS. The double-layer PRS is formed by two PRS surfaces PRSs, de-
noted as PRS1 and PRS2. Fig. 6.1 (b) details the UC structure of one of the two
layers of the double-layer PRS. Each layer features a sandwich structure wherein
a thicker PETG substrate is interposed between two ultra-thin PET substrates
with a mesoporous coating, i.e., Novele™ 1J-220. The conductive ink is depos-
ited on Novele™ 1J-220 substrates with a printed periodic array of square aper-
tures (inductive element) on one side, and a periodic array of square patches
(capacitive element) on the other side, constituting a complementary FSS [120,

165, 166]. In this way, both PRS1 and PRS2 contribute to the antenna operation
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by inducing a resonance. The inclusion of the 3D-printed PETG inside the two
single-sided Novele™ [J-220 substrates allows for fine-tuning and optimization
of the PRS reflection phase ¢. Fig. 6.1 (c) shows the top layer of the V-slot feed
antenna with the main geometrical parameters considered in the design.

It consists of a patch radiator featuring a V-shaped slot aperture. Fig. 6.2 shows
the equivalent circuit of the double-layer PRS [118].

a
X ) PRS,

| PRS, 1z
h

¢ h, V-slot loaded patch

1 PEC
Ll:r SMA connector
b) a

f z
hppr — |y

| y B Metalon JS-B25P
b{ M PETG
Novele 1J-220

Figure 6.1  a) Schematic of the FPA, comprising a feed antenna and a double-layer PRS. b) Sche-
matic of the square patches (top) and square apertures (bottom) of a single layer of
the double-layer PRS. c) Sketch of the V-slot feed antenna [167].
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Figure. 6.2 Equivalent circuit of the double-layer PRS [167].

The optimization of the double-layer PRS UC has been performed using the fre-
quency-domain solver of CST Microwave Studio Suite, applying periodic
boundary conditions to the four walls of the UC. The antenna is designed to
operate in the considered frequency range from about 7 GHz to about 9.5 GHz.
The target of the unit cell optimization in CST Microwave Studio was to achieve
a positive reflection phase gradient over the entire operating frequency range
(7 — 9.5 GHz) and to maintain the reflection coefficient magnitude p > 0.5, en-
suring high antenna directivity Dgp4, according to equation (2.44).
Consequently, the frequency region exhibiting a positive phase gradient must
include the aforesaid range. In order to accurately evaluate the reflection phase,
de-embedding for the Floquet ports is taken into account, with the phase refer-
enced at the closest surface of PRSI, corresponding to the square aperture of
PRS1. The Novele™ 1J-220 PET-based substrate is characterized by a substrate
thickness of hyoy = 0.14 mm, dielectric constant €,, = 2.95, and loss tangent

tand = 0.025[167, 168]. Similarly, PETG is modelled with dielectric constant



Design and Fabrication of Fabry-Perot Antenna | 114

€, = 2.85, and loss tangent tand = 0.025 [167, 169], and since this material

is 3D-printed, its thickness can be freely optimized. The conductive ink is

Metalon JS-B25P with a silver content of 25 wt%.

Table 6.1 lists the parameters considered in the design of the UC.

TABLE 6.1 GEOMETRICAL PARAMETERS OF THE PRS UNIT CELLS

Parameters Value Description
a; (mm) 8.6 lengths of the square apertures
a, (mm) 7.7 lengths of the square apertures
b, (mm) 8.8 lengths of square patches
b,(mm) 9.2 lengths of square patches

hpgre (mm) 1.2 PETG thickness

hpgrs(mm) 1.48 PRS thickness (PETG+PET)
h,(mm) 2.52 distance between PRS1 and PRS2
Loy (mm) 11.2 length of the unit
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Fig. 6.3 shows the simulated reflection coefficient magnitude p and phase ¢pgs
of the double-layer PRS for incidence angles 6 = 0° (solid line), and 8 =
20° (dashed line) as a function of the frequency f. For comparison, the plot also
includes the ideal reflection coefficient magnitude p and the ideal reflection
phase ¢prs (dotted line) calculated by eq. (2.42), considering a cavity height
heqr = 19.70 mm (corresponding to a half wavelength at the frequency f =
7.6 GHz). Additionally, the reflection coefficient magnitude p and the reflection
phase ¢pgrs obtained through equivalent circuit analysis (dotted line) are re-
ported. The positive phase slope of PRS reflection coefficient and the reflection
amplitude coefficient higher than 0.5 ensure that the FPA can resonate with high
directivity Dppr,4 also in case of angled incidence. The figure highlights a slight
discrepancy between the simulated phase response and the ideal phase slope.
The ideal phase represents the theoretical condition required to maintain a con-
stant resonance across the entire spectral band, as defined by Eq. (2.42). Alt-
hough the simulated phase exhibits a non-linear slope, it preserves a positive
phase gradient over the design range. As a result, the Fabry—Pérot resonance
condition is satisfied, still leading to the expected gain enhancement.

Table 6.2 lists the optimized parameters of the equivalent circuit model for the

double-layer PRS, which yield a good agreement with the full-wave simulations.
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Figure. 6.3 Reflection magnitude p and reflection phase ¢ of the double-layer PRS obtained via
i) CST Microwave Studio full-wave unit cell simulation for incidence angle 8 = 0°
(solid line) and 8 = 20° (dashed line); ii) equivalent circuit model (dash-dotted line);
and iii) ideal reflection phase for a FPA with cavity height h, = 19.7 mm (dotted
line) [167].
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TABLE 6.2 OPTIMIZED PARAMETERS OF THE EQUIVALENT CIRCUIT MODEL

Parameters Value Description

Z () 377 Free-space impedance

Zi () 219.5 Novele substrate impedance

Z, () 223.3 PETG substrate impedance
Csa1(pF) 0.055 PRSI square aperture capacitance
Cp1 (PF) 0.1 PRSI square patches capacitance
Lggq (nH) 1.97 PRSI square aperture inductance
Ly (nH) 0.31 PRSI square patches inductance
Csar (DF) 0.019 PRS2 square aperture capacitance
Cp2 (PF) 0.074 PRS2 square patches capacitance
Lggnr (nH) 2.76 PRS2 square aperture inductance
Ly, (nH) 0.4 PRS2 square patches inductance
Cm (PF) 0.039 Inter-layer coupling capacitance

L,, (nH) 4 Inter-layer coupling inductance
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6.2 Design of the V-Slot Feed Antenna and the Fabry-
Perot Cavity

For a practical implementation, a realistic finite-size antenna configuration has
been designed. The primary source is an optimized pin-fed rectangular patch that
incorporates a V-slot to improve bandwidth enhancement [170]. This component
is fabricated via inkjet printing on two ultra-thin PET substrates serving as the
ground plane and the patch, respectively. Table 6.3 lists the geometrical dimen-

sions considered in the design of the V-slot feed antenna.

TABLE 6.3 GEOMETRICAL PARAMETERS OF THE V-SLOT FEED ANTENNA

Parameters Value Description
d; (mm) 1.15 V-slot base width (y-axis)
d, (mm) 1.65 Feed position offset (y-axis)
dg1or (mm) 6.45 V-slot base length (x-axis)
a (deg) 5 V-slot angle
Wgor (IMM) 1.15 Slot arm width
lsi0r (mm) 9.7 Slot arm length
wy, (mm) 18.7 Patch width

L, (mm) 13.5 Patch length
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The PRS is composed of a 7x7 element array and considering a UC size of
lcenn = 11.2 mm, the total dimensions of the array are 78.4 mmx78.4 mm. The
same dimensions are chosen for the ground plane. The cavity height is h =
19.7 mm, while the optimized distance between the patch and the ground plane
is hy; = 3.3 mm. Fig. 6.4 shows the input reflection coefficient |S;;| and the re-
alized gain G as a function of the frequency f for the antenna without PRS (solid
line) and with PRS, i.e. the FPA (dashed line). The results demonstrate that the
bandwidth of the primary radiator is preserved, and an improvement of the real-

ized gain G, due to the Fabry-Pérot resonance, is obtained.

Realized Gain G (dBi)

Input reflection coefﬁcientlSlll (dB)

w/o PRS (sim)
= = -w/ PRS (sim)

6 7 8 9 10 11
Frequency f (GHz)

Figure. 6.4 Simulated input reflection coefficient |S;4| and realized gain G of the antenna as a
function of the frequency f without PRS (solid line) and with the 7 X 7 PRS array
size (dashed line) [167].
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6.3 Fabrication of the Fabry-Perot Antenna

Fig. 6.5 shows the fabricated prototype. Specifically, Figs. 6.5 (a) and (b) show
the V-slot loaded patch antenna, and a zoom of the antenna taken with Dine-Lite
Digital Microscope; Figs. 6.5 (c¢) and (d) detail the periodic array of square ap-
ertures, and square patches of PRS2, respectively; and Fig. 6.5 (e) shows the

assembled FPA in the anechoic chamber.

iﬂmnu\lw

Figure. 6.5 a) Fabricated V-slot loaded patch via conductive inkjet printing, b) Zoom of the fab-
ricated V-slot loaded patch via conductive inkjet printing, c) Periodic array of square
apertures, bottom layer of PRS2, d) Periodic array of square patches, top layer of
PRS2, ¢) Assembled FPA with V-slot loaded patch and double-layer PRS in the ane-
choic chamber [167].
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An EPSON Ecotank ET-M1170 printer is employed to deposit the Metalon JS-
B25P conductive inkjet on the Novele™ [J-220 substrate. The SMA connector
is glued via MG Chemicals 83318 silver conductive epoxy adhesive and cured
for 2 hours at 65°C. A low-cost Creality K1C 3D printer is employed to fabricate
the PETG components, serving as the PRS and spacer. The printing process uti-
lizes a 0.2 mm nozzle and 100% infill density. The fabricated FPA prototype
features a total weight of 52 g and an estimated total material cost of $6.50,
representing a significant cost reduction compared to conventional manufactur-

ing technologies.

6.4 Characterization of the Fabry-Perot Antenna

The input reflection coefficient |S;,| of the antenna without and with the PRS
has been measured using the Agilent Technologies N5224A PNA Network An-
alyzer. The radiation performance measurement of the antenna without and with
the PRS has been characterized in the anechoic chamber StarLab SATIMO.

Fig. 6.6 (a) shows the simulated (solid lines) and measured (dashed lines) input
reflection coefficient |S;| as a function of the frequency f for the antenna with-
out PRS (black line) and with PRS (red line). The plot demonstrates a good
agreement between simulation and measurement, despite a slight shift toward
higher frequencies. This frequency shift is likely attributed to a combination of

manufacturing and assembly tolerances such as the 3D-printing process, the
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manual assembly of the double-layer PRS structure, and the connector gluing.
Since the resonance frequency of the Fabry-Perot Cavity is dependent on the
cavity height, small variations in the PETG spacer thickness or the alignment of
the substrates can result in the measured frequency offset. The measured imped-
ance bandwidth of the FPA covers the frequency range f =7.0GHz —
9.6 GHz.

Fig. 6.6 (b) shows the simulated (solid line) and measured (circle markers) real-
ized gain G and total efficiency 7 of the antenna as a function of the frequency
f without PRS (black) and with PRS (red). The plot reveals a peak gain of
Gmax = 13.2 dBi at the frequency f = 8.2 GHz, and a measured —3 dB gain
bandwidth of BW,; = 24.5% within the impedance bandwidth of the FPA. Fur-
thermore, the measured aperture efficiency is approximately 35.3%.

Fig. 6.7 shows the (a) H-plane, and the (b) E-plane of the simulated and meas-
ured radiation patterns for the antenna with PRS, at the frequency f = 8 GHz.
The radiation patterns demonstrate that the antenna generates a well-defined
broadside beam, maintaining adequate side-lobe levels and cross-polar discrim-

ination.



Figure. 6.6
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a) Simulated (solid line) and measured (dashed line) input reflection coefficient
|S11] as a function of the frequency f for the antenna without PRS (black line) and
with PRS (red line); b) simulated (solid line) and measured (circle markers) realized
gain G and total efficiency 7 as a function of the frequency f for the antenna without
PRS (black) and with PRS (red) [167].
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300° 60°
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= = Co-pol (meas)
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Figure. 6.7 Simulated and measured normalized radiation patterns at the frequency f = 8 GHz
for the antenna with PRS in a) H-plane, b) E-plane [167].
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6.5 Comparison with State of the Art

A comparison between simulation and measurement reveals slight deviations.
These are likely attributed to fabrication tolerances, including factors such as
inkjet printing precision, SMA pin position accuracy, alignment of the PRS lay-
ers, potential tilting of the top layer, and the use of conductive glue for connector
attachment. Table 6.4 reports a comparison between the proposed FPA, and
other conductive inkjet-printed antennas [89, 90, 171, 172]. Compared to [89],
the proposed solution exhibits a smaller planar area and does not require a com-
plex feed structure. With reference to [90] and [171], the wideband performance
is traded for higher gain.

TABLE 6.4 COMPARISON WITH STATE-OF-THE-ART INKJET-PRINTED ANTENNAS

Ref. Size Imped. -3dB Max Gain Ap. Ef.
) WXLXZ BW (%) BWg (%)  Gmax (dBi) Ngp(%)
[89] 2.515 X 2.54g X 0.054, 7.5 7.5 16.7 59.6
[90] 1.645 X 1.94; X N.A. 133 > 90 7.8 7.0
[171] 1.329 X 1.24, X 0.014, >34 > 42 8.5 36.1
[172] 1.01, x 1.04, x 0.044, 11.6 12 9.2 54.6
This
2.225 X 2.249 X 0.704, 31.3 24.7 13.2 36.2

work
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6.6 Conclusion

In this chapter the design of a high-gain antenna based on Fabry-Pérot resonance
is presented. The prototype is realized using a hybrid fabrication technique that
combines inkjet printing and 3D printing. In particular, the PRS elements (square
apertures and square patches) and the V-slot feed antenna are obtained by de-
positing conductive ink onto ultra-thin PET substrates with a mesoporous coat-
ing; while the dielectric PETG layers used for the PRS, and as spacers were fab-
ricated via fused deposition modelling 3D printing. The measured results are in
good agreement with the simulations. The maximum measured gain is G4y =
13.2 dBi at the frequency f = 8.2 GHz. The measured impedance bandwidth is
BW,, = 31.3 % and the -3 dB gain bandwidth is BW; = 24.5% inside the im-
pedance bandwidth. The obtained results are particularly promising, showing the
possibility to construct complex antennas by employing low-cost and fast proto-
typing techniques, offering a valid alternative to expensive and rigid conven-

tional manufacturing methods.
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7 Design and Fabrication of a
Transmitarray for Beam Steering

In this chapter, a low-profile dual-polarized Transmitarray Antenna (TA), made
of three identical layers, is designed, fabricated, and characterized for the Ku-
band range for beam-steering applications. The TA consists of 22 X 22 sym-
metrical Unit Cells (UCs). A 3-bit phase compensation layer with less than a; =
1.3 dB transmission loss and 2n transmission phase coverage for both linear
polarized components at the central frequency f, = 12 GHz is designed. The
fabricated TA exhibits a measured peak gain of G,,, = 21 dB and an aperture
efficiency of 74,0 = 17% at the frequency f, = 12 GHz. The measured
—1 dB gain bandwidth is BW; = 10.8%, covering the frequency range f =
11.1 —12.4 GHz. The TA can be used for beam steering up to an angle of
Ymax = T30° with a measured scan loss A G; = 2.73 dB at frequency f; =
12.4 GHz.
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7.1 Unit Cell Design

Rogers RT/duroid 5880 (¢, = 2.2, and tand = 0.0009) is used to design the
UC with a substrate and metal thickness of t5,;, = 1.575mm and t,,,; =
35 pm, respectively. The UC has a square shape with a periodicity of P =
8.65 mm. Fig. 7.1 shows the top and side views of the proposed UC. The sub-
strate and the metallization are represented in green and yellow colours, respec-
tively. The UC is composed of three layers that are optimized to compensate the
phase of the incident beam from the feed. A symmetric geometry is chosen to
operate in a dual-polarization regime. The metallic layer consists of a ring with
an outer radius R; and inner radius R,, and an inner circle of radius R5. Table
7.1 lists the ranges for optimizing the dimensions of the UC. Eight UCs are de-
signed by changing the values of R;, R, and R; to achieve a 3-bit phase com-
pensation with low transmission loss. Table 7.2 reports the specific dimensions

of the eight UCs with their corresponding transmission magnitude and phase.

Figure. 7.1 a) Top and b) side views of the proposed UC [173].
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TABLE 7.1 RANGES FOR GEOMETRICAL PARAMETER OPTIMIZATION.

Parameters Value Description
P(mm) 8.65 UC periodicity
R;{(mm) 3.8 —4.325 Outer radius of metal ring
R,(mm) 3.7 —4.225 Inner radius of metal ring
R3;(mm) 2.55—-4.11 Radius of inner circle
teup (Mmm) 1.575 Substrate thickness

TABLE 7.2 GEOMETRICAL DIMENSIONS FOR 3-BIT PHASE COMPENSATION.

UC No. R; (mm) R, (mm) R; (mm) |S21| (dB)  £S,4 (deg)

Uuc, 4.325 4.225 4.11 —0.86 46

uc, 4.325 4.225 4.07 —0.58 89

UG, 4.325 4.225 3.96 —0.92 136
uc, 4.20 4.10 3.83 —0.20 179.3
UCs 4.25 4.15 3.60 -0.71 225
UCq 4.325 4.20 3.07 —-1.23 270.6
uc, 4.20 4.10 2.63 -0.17 314
UCg 3.80 3.70 2.55 -1.16 359.6
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The CST Studio Suite Software is employed to design the UC and simulate the
magnitude and the phase of the transmission coefficient for co-polarized com-
ponents. The transmission coefficients correspond to the scattering parameter
magnitude |S; ;| and phase £S5, ; between ports 1 and 2. Due to the symmetry of
the structure, the x- and y-polarized transmission coefficients are identical.

The Frequency-Domain Solver in CST Microwave Studio Suite has been used
for the simulations, applying periodic boundary conditions along the x- and y-
directions to simulate an infinite array, while open boundaries are imposed along
the z-direction. The Floquet ports along the z-axis are used to excite the incident
plane waves.

Fig. 7.2 plots a) the transmission magnitude |S, ;| and b) transmission phase
£S5, 4 as a function of the frequency f for co-polarized components. The highest
transmission loss, obtained at the frequency f, = 12 GHz, is ar = 1.23 dB,
corresponding to UCg. Fig 7.2 b) shows that the eight UCs cover the 3-bit phases
required for co-polarized components at the frequency f,. Fig. 7.2 c) plots the
transmission magnitude |S; 1| as a function of the frequency f for cross-polar-
ized components. The highest transmission magnitude value among all these

cross-polarized components is about — 51 dB.
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Figure 7.2 (a) Transmission magnitude |S |, and (b) transmission phase 45, ; as a function of
frequency f* for co-polarized components; (c) Transmission magnitude |S, ;| as a
function of frequency f for cross-polarized components [173].
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In TAs designed for beam steering purposes, it is crucial to investigate the UC
behaviour when subjected to oblique incidence angles 6. For this purpose, the
transmission magnitude and phase for the co-polarized components are simu-
lated for different incidence angles 6. Fig. 7.3 plots a) the transmission magni-
tude [S, ;| and b) transmission phase 45, ; as a function of the frequency f for
co-polarized components when an incident wave hits a UC at an incidence angle
6 = 30° For 8 = 30°, the transmission phase is close to the value obtained at
6 = 0° with a maximum simulated displacement of about A P = 20°. Fur-
thermore, the UCs will transmit the incidence ray in the proper direction with

low transmission loss.
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Figure 7.3 (a) Transmission magnitude |S, |, and (b) transmission phase £S5, ; as a function of
frequency f for co-polarized components for incident angle of & = 30°[173].
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An Equivalent Circuit Model (ECM) of the UC was developed using the same
principle followed in the literature [174] for a better understanding of its opera-
tion. It was simulated with Advanced Design System (ADS) software, and the
simulated S-parameters from ADS software were compared with those obtained
by the CST simulations. Fig. 7.4 shows two adjacent UCs together with their
ECM.

Figure 7.4  (a) Top layer of the two adjacent UCs and (b) ECM of the UC [173].
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The inductive and capacitive properties of the metallic structure are represented
by discrete components, such as capacitors and inductors. More specifically, the
gap slot between the metal circle and the outer ring is represented by a capacitor
Cy. The capacitive coupling between the metallic circles of two adjacent cells is
represented by C;. Similarly, the capacitive coupling between the outer metal
rings of neighbouring UCs is modeled as C,. Furthermore, the inductances of the
inner circular patch and the outer ring are modeled by inductors L. and L,., re-
spectively. The substrate is treated according to transmission line theory. It is
modeled as a transmission line with a substrate impedance of Zg = Z,/\/€, =
255 2, where Z, = 377 () is the free-space impedance, and €, = 2.2 is the sub-
strate dielectric constant.

UCs is chosen for computing the circuit component values of ECM. Table 7.3
lists the circuit component values of the ECM used to simulate the UCs. These
values are computed using a gradient-based optimization method by ADS soft-
ware. The optimization aims to match the magnitude |S; , |, and the phase £5; 4
of the scattering parameters obtained from CST by tuning the values of the cir-
cuit components, in the same frequency range. Fig. 7.5 plots a) the transmission
magnitude |S; ;| and b) transmission phase £S,; of UCg as a function of the
frequency f obtained by CST (red solid curve) and ECM (blue dashed curve)

simulations, confirming a good agreement between the two methods.
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TABLE 7.3 CIRCUIT COMPONENTS VALUES OF THE ECM FOR UCg

Parameters Value Description
Co (pF) 0.323 adjacent ring coupling
Cy (PF) 0.042 gap capacitance
C; (pF) 0.019 adjacent patch coupling
L, (nH) 3.727 ring inductance
L. (nH) 1.729 patch inductance
0 ——CST ° ——CST
-—-ECM -—-ECM

-45

-135

Transmission magnitude |Sz1| (dB)
Transmission phase 4821 (degree)

2 N N -180 N N
1 1.5 12 12.5 " 11.5 12 125

Frequency f (GHz) Frequency f (GHz)
(a) (b)
Figure 7.5 a) Transmission magnitude |S, ; |, and b) transmission phase £5,; of UCg as a func-

tion of frequency f obtained by CST (red solid curve) and ECM (blue dashed curve)
simulation [173].
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7.2 Transmitarray Antenna Design

The eight designed UCs are employed to implement a 22 X 22 element TA.
Considering a UC periodicity of P = 8.65 mm, and a focal length-to-diameter
ratio of F/D = 0.6, the aperture size D and focal distance F of the TA are D =
190.3 mm and F = 114.18 mm respectively.

A Substrate Integrated Waveguide (SIW)-based 2 X 2 array antenna is selected
as primary feed [175]. Fig. 7.6 shows a stack-up of the SIW feed antenna array.
The SIW feed antenna array has been designed using two Rogers RT/duroid
5880 substrates (g, = 2.2, tand = 0.0009) with thicknesses T; =
0.381 mm, and T, = 1.575 mm, respectively. The length and width of the
substrates are L = 35mm, and W = 35 mm, respectively. The complete list

of parameters considered in the design is listed in [175].

224 Ground

20d Substrate
15t Ground

15t Substrate

Top Metal

Figure 7.6  SIW feed antenna array stack-up [173].



Design and Fabrication of a Transmitarray for Beam Steering | 137

This antenna has been chosen as the primary feed due to its —10 dB beamwidth
of approximately 66°, which aligns with the chosen F /D ratio and the target
aperture size D. The SIW feed antenna array exhibits a bandwidth of BW =
2.5GHz (10 — 12.5 GHz) with an impedance bandwidth of BWz = 20.83%.
The peak gain values are Gy, = 12.93 dB and G, = 12.83 dB at frequencies
fo = 12GHzand f; = 12.4 GHz, respectively [175].

A home-made software is used to calculate the 3-bit phase distribution of the
TA. Fig. 7.7 shows the phase compensation profile required to achieve the broad-
side pointing direction (6y, o) = (0° 0°) assuming a focal distance of F =

114.18 mm and an operative frequency f, = 12 GHz.
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Figure 7.7  Phase compensation profile for the broadside pointing direction assuming a focal dis-
tance of F = 114.18 mm and operative frequency f, = 12 GHz [173].
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7.3 Characterization and Discussion

The TA antenna has been fabricated and characterized. Fig. 7.8 shows the fabri-
cated prototype in the anechoic chamber. Fig. 7.9 plots the simulated (red solid
line) and measured (red dashed curve) peak gain G, along with the measured
aperture efficiency (green solid line) as a function of frequency f. The figure
shows that the simulated and measured realized peak gain values are Gy =
23.35dB, and G, = 21 dB, respectively, at frequency f, = 12 GHz. Fur-
thermore, at frequency f; = 12.4 GHz, the simulated and measured peak gain

values are Gg; = 22.46 dB and G,,; = 19.97 dB, respectively.

Figure 7.8  Fabricated prototype in the anechoic chamber [173].
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Figure 7.9 Simulated (red solid line) and measured (red dashed curve) peak gain G, along with

the measured aperture efficiency 7, (green solid line) as a function of frequency f

[173].
The —1dB gain bandwidth is BW; = 10.8% in the frequency range f =
11.1 — 12.4 GHz. Finally, the figure indicates that the measured aperture effi-
ciency is Ngpo = 17% and 14,1 = 13% for frequencies f, = 12 GHz and
fi = 12.4 GHz, respectively, and that the highest measured aperture efficiency
Nap,max = 19% is reached at frequency fr,q = 11.2 GHz.
Fig. 7.10 shows the a) E- and b) H-plane of the simulated (green solid line) and
measured (violet dashed line) radiation pattern as a function of the elevation an-
gle 6 at frequency f, = 12 GHz.
Fig. 7.11 shows the a) E- and b) H-plane of the simulated (green solid line) and
measured (violet dashed line) radiation pattern as a function of the elevation an-

gle 6 at frequency f; = 12.4 GHz.
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The measured peak gains at frequencies f, = 12 GHzand f; = 12.4 GHz are
lower than the simulated ones by A G, = 2.35dB and A G; = 2.03dB, in
both E- and H- plane, respectively. The measured peak side lobe levels are
SLLy = —20.8dB and SLL; = —18.5dB at frequencies f; = 12 GHz and
fi = 12.4 GHz, respectively.

This discrepancy can be attributed to higher insertion losses, due to a thin air
layer between the substrates, which were not bonded together with prepreg, and
other fabrication tolerances. Regarding the first aspect, it is worth noting that, in
the design, the substrates are considered perfectly bonded, while in the prototype
fabrication they were assembled with Teflon screws [173]. Consequently, the
influence of an airgap with a thickness t,;- = 50 pum between substrates in the
UC has been investigated. Regarding the second aspect, to evaluate the effects
of the fabrication tolerances, several simulations have been performed by
slightly varying the optimized geometrical parameters of the eight UCs and the
displacement of the focal distance F of the feed antenna along the z direction.

All these variations confirmed a reduction in the realized gain [173].
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Figure 7.10 a) E- and b) H-plane of the simulated (green solid line) and measured (violet dashed
line) radiation pattern as a function of the elevation angle 0 at frequency fy = 12 GHz
[173].
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Figure 7.11 a) E- and b) H-plane of the simulated (green solid line) and measured (violet dashed
line) radiation pattern as a function of the elevation angle 0 at frequency f, =
12.4 GHz [173].
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7.3.1 Beam Steering Performance

The beam-steering performance of the TA is investigated by moving the SIW
feed antenna array. The feed antenna is shifted along the x-axis by discrete Feed
Shifting Lengths (FSLs) in both positive and negative directions.

Fig. 7.12 plots the simulated (solid line) and measured (dashed line) farfield gain
patterns G as a function of the elevation angle 6 for different FSL values at fre-
quencies a) fo = 12 GHz,and b) f; = 12.4 GHz. The figure shows good agree-

ment between the simulated and measured patterns.
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Figure 7.12 Beam-steering performance: Simulated (solid lines) and measured (dashed lines)
Farfield gain patterns G as a function of elevation angle 8 for different FSL values at
frequencies a) fy = 12 GHz,andb) f; = 12.4 GHz [173].
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It is worth noting that the required transverse displacement of the SIW feed is
not related to the size of the TA unit cell. The FSL values were selected for the
system characterization, in order to obtain specific steering angles, i.e. y; =
+10° y, = +20° and y; = +30°.

Experimental results indicate that, for a steering angle of y; = +30°, the scan
loss is AGy = 4.03dB and A G, = 2.73dB at frequencies f, =
12 GHz and f; = 12.4 GHz, respectively. Furthermore, the figure shows that
in all cases the measured gain is slightly lower than the simulated one, as previ-
ously observed and discussed. This discrepancy may be attributed to fabrication

errors, and to the air gap between the adjacent layers.
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7.4 Comparison with State of the Art

Table 7.4 presents a comparison between the proposed TA and the state of the
art. The proposed structure exhibits a competitive trade-off in terms of low pro-
file, reduced array size, and a low F /D ratio, compared to the state of the art [51,
79, 176-178]. Unlike [79, 176], the proposed design does not require an air gap,
ensuring improved mechanical robustness. Moreover, the 3-bit phase quantiza-
tion with less than @y = 1.3 dB transmission loss with dual-linear polarized
components transmission capability is not achieved in [51, 176, 177]. Regarding
the beam-steering capabilities, the proposed TA offers a scanning range of
Ymax = T30°, which is greater than [51] and [176], while achieving a lower
scan loss compared to [79, 176-178], with a measured scan loss of A G; =
2.73 dB at frequency f; = 12.4 GHz. However, the aperture efficiency 74, is
not better in comparison with the reference papers reported in Table 7.4, except

[53].
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TABLE 7.4 COMPARISON WITH STATE-OF-THE-ART BEAM-STEERING TAs

Ref. [511  [791 [176] [177) [178]  This work
Freq. f (GHz) 125 15 275 10 12 12 124
No. of Layers 3 3 2 3 5 3 3
Thickness p (1) 0083 0.165 018 0.133 0582 0126 0.13
Array Size A (A2) 90.9 3848 86.06 160 640 579 6235
Gain G (dB) 227 2306 242 193 230 210 19.97
Sean Range yinax +21 430 427 460 435 +30 430
(deg)
Scan Loss AG (dB) 2.7 3.6 3.7 4.15 3.0 4.03 273
F/D 059 075 050 060 078 060 0.60
poaion Shale pudl bul Sigle - puat bu
SideSLLLOlgzg"el -150 -35.0 —184 —17.7 —150 —20.8 —185
Phase States 360°  360° 240° 180°  360° 360° 360°
Air Gap No Yes Yes No No No No
Aperture Efficiency 14,(%) 152 423 245 402 34.64 170 13.0
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7.5 Conclusion

This chapter presents the design, fabrication, and characterization of a TA for
beam-steering applications. The proposed structure features a low profile
(0.1264,), dual-polarized operation, and efficient beam steering up to Vyax =
+30°. Specifically, low scan losses of A Gy= 4.03dB and A G; =
2.73 dB have been measured at frequencies f, = 12 GHzand f; = 12.4 GHz,
respectively. Furthermore, the measured peak gain is G,,p = 21 dB at fre-
quency fo = 12 GHz with an aperture efficiency of 14,0 = 17%, reaching a
maximum aperture efficiency of 7gpmaxr = 19% at frequency fiax =
11.2 GHz. Finally, the —1 dB gain bandwidth of BW; = 10.8% is achieved
in the frequency range f = 11.1 — 12.4 GHz, and a measured peak side lobe
level SLL; = —20.8dB at frequency f, = 12 GHz is obtained. These char-
acteristics render the proposed TA suitable for Ku-band satellite and 5G com-

munications.
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8 Dual-Linear-Polarized Folded
Transmitarray Antenna Operating
in Ka-Band

This chapter illustrates the design and optimization of a compact DLP-FTA op-
erating in the Ka-band. The proposed system consists of a TA layer, a reflector
plane, and a horn feed antenna embedded within the reflector plane. The TA
layer is composed of 14 X 14 symmetrical UCs, and each of them is designed
to operate in the DLP regime at the same frequency. The proposed UCs provide
a transmission coefficient of about—3dB and full 2m phase coverage. The com-
plete DLP-FTA exhibits a simulated maximum realized gain of G = 23.2 dB
and an aperture efficiency of n,, = 58.8 % at the frequency f = 26 GHz. Fur-
thermore, the proposed DLP-FTA exhibits a relative impedance bandwidth of
BW = 14%, and a —3dB gain bandwidth of BW; = 7.3%. These radiative
characteristics are particularly promising, making this device a competitive can-
didate for high-performance applications, including Ka-band satellite links and
5G networks. The DLP-FTA fabrication will be completed by assembling dif-
ferent parts of the structure obtained via LPKF ProtoLaser U3 prototyping equip-

ment. A proper characterization will be performed to test the actual performance.
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8.1 Unit Cell Design

For the design a Rogers Duroid RT 5880 substrate (¢ = 2.2, tan (§) = 0.0009
@10 GHz) with a thickness of hg,;, = 0.787 mm and a copper metallic layer
with a thickness of h.,, = 35 um is considered. The CST Studio Software has
been employed for simulations. A multilayer solution has been proposed for the
design of the UCs employed in the TA layer, see Fig. 2.7. Fig. 8.1 shows the

stack-up composed of three dielectric layers with four metallic elements.

————— 4th

I | Top Part : Phase
I I 3rd Compensator (PC)

I I I I 2nd .

I I Bottom. Part: Partially
1 ) 1st Reflective Surface (PRS)

b
Figure. 8.1  a) Stack-up of the UC employed iri ”l)“A layer.
The bottom part of the UC is a PRS, implemented as a metasurface based on
DSRRs [68] coupled with a Modified Double Cross Dipole (MDCD). The
DSRR-MDCD allows to divide the power of the x-polarized (or y-polarized)
incident wave into reflected and transmitted co-polarized components, ensuring
that the cross-polarized components are negligible. The geometry was optimized
through a trial-and-error process until the amplitude of the co-polarized trans-

mission and reflection coefficients reached equal levels of approximately -6 dB,
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while the cross-polarized components were minimized. The top part of the UC
is a PC, and it is designed employing the method reported in [70]. The shape of

the metamaterial is based on the Jerusalem cross [70].

8.1.1 Bottom Part: Partially Reflective Surface

Fig. 8.2 shows the PRS geometry of the UC with the pertaining geometrical pa-
rameters. It is composed of one dielectric and one metallic layer. The PRS ge-
ometry is the same for the four UCs for 2-bit phase compensation. This novel
and sophisticated pattern allows a higher degree of freedom in the design, and a
stronger inductive and capacitive coupling between the different metallic parts.
Table 8.1 lists the optimized values of the geometrical parameters of the PRS

layer.
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Figure. 8.2 Geometry of PRS layer of the UC with the pertaining geometrical parameters includ-
ing a zoom of the central part (in the corner).
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TABLE 8.1 PRS LAYER OF UC: GEOMETRICAL PARAMETERS

Parameters Value Description
Lgyp (mm) 4.5 Length substrate
gap (mm) 0.15 Split ring resonator gap
a (deg) 45 Rotation angle
r (mm) 1.50 Inner radius
r, (mm) 1.85 Outer radius
dt (mm) 0.70 Inset length
w (mm) 0.15 Cross width
l (mm) 1 Cross length

Fig. 8.3 (a) shows the simulated transmission and reflection magnitudes of the
co-polarized components for the PRS of the UC. In particular, the reflection
magnitude |S;1| (red curves) and the transmission magnitude |[S,4| (black
curves) as a function of the frequency f for the co-polarized components are
reported, for both the x-polarized incident wave (solid curves) and the y-polar-
ized incident wave (dashed curves) At the frequency f = 27 GHz, the reflection
and transmission magnitudes are about |S,4| = |S11| = — 3dB for both co-po-

larized components.
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Fig. 8.3 (b) shows the simulated transmission and reflection magnitudes of the
cross-polarized components for the PRS of the UC. In particular, the reflection
magnitude |S;;]| (red curve) and |S;,| transmission magnitude (black curves) as
a function of the frequency f for the cross-polarized components are reported,
for both the x-polarized incident wave (dash-dotted curve), and the y-polarized
incident wave (dotted curve). At the frequency f = 27 GHz, the cross-polarized
components are less than —20 dB, indicating that they are negligible.

Fig. 8.3 (c) shows the simulated transmission phase ¢(S,;) of the co-polarized
components as a function of the frequency f for the PRS of the UC, for the x-
polarized incident wave (solid green curve) and the y-polarized incident wave
(dashed blue curve). The figure shows an excellent overlap in the range of inter-
est. At the frequency f = 27 GHz, the transmission phase is ¢(S,1) = —72°

for both co-polarized components.



Dual-Linear-Polarized Folded Transmitarray Antenna
Operating in Ka-Band

Co-polarized Components [dB]
A & [ a

&

—_—8

== =Sqyyy
—s

21xx

11xx

24 25 26 27 28 29 30
Frequency [GHZ]
(a)
=10 T r T T T
= \ 7= s11yx
% """"" s11)(y y
< 1 === So1yx s
@ g
g 15 F s21)(y /// 74
a P
£ Vda
o i
o // o
o L
8 Ao
- - //
= %
820 T 1
g P
"y T
—
i e
o |
25 a a A A A
24 25 26 27 28 29
Frequency [GHz]
(b)
-60 r v r T T
—S21xx
[ — 1} H65 ¢ o -
_g,, S21\()(
2 70
z \
c B &
K] N
g 75k \ L
£
@ £
c
E 80 F \\ 4
\\
S
85 a a a A a
24 25 26 27 28 29 30
Frequency [GHZ]
(c)

152

Figure 8.3 Reflection magnitude |S;;| (red curves) and transmission magnitude |S,;| (black
curves) as a function of the frequency f for: a) co-polarized components for x-polar-
ized (solid curves) and y-polarized (dashed curves) incident waves; and b) cross-po-
larized components for x-polarized (dash-dotted curves) and y-polarized (dotted
curves) incident waves. ¢) Transmission phase ¢ (S,;) as a function of the frequency
f for co-polarized components for x-polarized (solid green curve) and y-polarized
(dashed blue curve) incident waves.
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8.1.2 Top Part: Phase Compensator

The shape of the metasurface is based on the Jerusalem cross [70]. Equations
(2.62) - (2.63) are implemented in a home-made software, providing the theoret-
ical values of admittance Yyq, and Y;,, see Fig 2.7.

Fig. 8.4 shows the transmission (a) magnitude and (b) phase as a function of
admittances Y, and Y;,, at the frequency f = 27 GHz. These theoretical values
allow obtaining the desired phase of the transmitted waves by indicating an in-
ductive or capacitive effect of each metallic layer. As previously underlined, in
Fig. 8.3 (¢) the PRS of the UC introduces a transmitted phase ¢(S,;) = —72°
at the frequency f = 27 GHz. This value is taken into account for obtaining the
total phase of the complete UC.

Table 8.2 reports the theoretical values of admittances Y;; and Y, in order to
obtain the transmission magnitude |S,; | = 1, and the desired phase for 2-bit
phase compensation for x-polarized and y-polarized incident waves, taking into

account the PRS phase contribution of ¢(S,1) = —72°.
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Figure 8.5 Transmission a) magnitude and b) phase as a function of admittance Y, and Y, at the
frequency f = 27 GHz.
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Fig. 8.5 (a) illustrates the geometry and geometrical parameters under optimiza-
tion in the design of the PC of the UCs. Fig. 8.5 (b) shows the shape of the
metamaterial employed in PC of the UCs for transmitted phases ¢p = 0° and ¢p =
—270°. Fig. 8.5 (c) shows the shape of metamaterial employed in the PC of the
UCs for transmitted phases ¢ = —90° and ¢ = —180°. In particular for trans-
mitted phase ¢ = —90° and ¢ = —180°, a single Jerusalem cross has been con-
sidered in Yyq, and Y, layers; for transmitted phases ¢ = 0° and ¢p = —270°, a
single Jerusalem cross has been considered in the layer Y;,, and four Jerusalem

Crosses in the layer Y4, due to the high capacitance required, see Table 8.2.

STACK-UP #02 PC: THEORETICAL Yy, AND Y;, VALUES FOR 2-BIT PHASE

TABLE 8.2 cOMPENSATION
DeSi(r;g;)hase m(vi)y  mm(vi)y |s§,| (linear) £S¥,(deg)
0° 3.26 9.48 0.99 288
~90 ~3.39 1.67 0.99 ~18
~180° 123 ~2.24 0.99 108

—-270° 2.06 6.22 0.99 —200
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Figure 8.5  a) Jerusalem cross employed in the Y, and Yg, layers of the PC of UC with geomet-
rical parameters. Shape of the metamaterial employed in PC of UC for transmitted
phases b) ¢ = 0°, ¢ = —270° and c¢) ¢ = —90°, p = —180°.
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This geometry has been preliminarily optimized via UC simulations, considering
only the presence of the PC (neglecting the PRS), according to Grbic theory [70].
A set of preliminary geometrical dimensions has been obtained for each PC of
the four UCs in order to balance the phase contribution of the PRS. The results
are not presented here for the sake of shortness. These preliminary geometrical
parameters were further tuned to obtain the required phases, by considering UC

simulations, including the PRS and the PC.

8.1.3 Complete UC Design

Table 8.3 reports the optimized geometrical parameters for the complete UC,
including the PRS and the PC for 2-bit phase compensation. For each transmitted
phase ¢, the optimized values are reported for the PRS and two sub-columns
corresponding to Y, and Y;, layers for the PC. In the following paragraph, the
four UCs will be referred to as UC,, UC_qgq, UC_;g9,and UC_,-,, the subscript
indicating the transmission phase (0°, -90°, - 180°, -270°) of the scattering pa-

rameters ¢ (S, ) for the co-polarized components.



Dual-Linear-Polarized Folded Transmitarray Antenna

TABLE 8.3

158

Operating in Ka-Band

OPTIMIZED VALUES FOR STACK-UP #02: PRS-PC FOR 2 BIT PHASE

COMPENSATION
Uc, UC_q UC_130 UC_370
Symbol @=0  (p=-90° (¢p=-180° (¢=—270°
Ya Yo Yg Ys2 Ya Yo Yga Yo

Ly (mm) 45 45 45 45
gap(mm) 0.15 0.15 0.15 0.15
a(deg) 45° 45° 45° 45°

7, (mm) 15 1.47 1.46 1.38

7, (mm) 18 1.82 1.81 1.78
dt(mm) 0.7 0.7 0.6 0.6
w(mm) 0.15 0.15 0.15 0.15

I[(mm) 1 1 1 1
S1(mm) 0.25 0.73 0.45 0.85 0.8 0.2 0.55 1.07
S,(mm) 127 255 36 120 17 33 152 23
S;omm) 036 057 045 03 04 04 03 039
S,(mm) 1.14 3.69 0.45 0.85 1.75 0.75 0.94 1.84
Zi(mm) 0.25 0.73 0.45 0.65 0.5 0.2 0.5 1.07
Z,(mm) 1.27 2.55 3.6 1.20 1.5 3.3 1.52 2.3
Z,(mm) 036 057 045 03 04 04 03 039
Z,(mm) 114 369 045 1 13 075 094 184
v(deg) 0°  0°  0°  45° 45 0° 45  Q°
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Fig. 8.6 (a) shows the simulated transmission and reflection magnitudes of the
co-polarized components for UC,. In particular, the reflection magnitude |S;4|
(red curves) and the transmission magnitude |S,;| (black curves) as a function
of the frequency f for the co-polarized components are reported, for both the x-
polarized incident wave (solid curves) and the y-polarized incident wave (dashed
curves). At the frequency f = 27 GHz, the reflection and transmission magni-
tudes are about |S,;| = |S11| = — 3.3dB for both co-polarized components.
Fig. 8.6 (b) shows the simulated transmission and reflection magnitudes of the
cross-polarized components for UCy. In particular, the reflection magnitudes
|S11] (red curve) and the transmission magnitude |S,; | (black curves) as a func-
tion of the frequency f for the cross-polarized components are reported, for both
the x-polarized incident wave (dash-dotted curve), and the y-polarized incident
wave (dotted curve). At the frequency f = 27 GHz, the cross-polarized compo-
nents are about —15 dB, indicating that they are negligible.

Fig. 8.6 (c) shows the simulated transmission phase ¢ (S,;) of the co-polarized
components as a function of the frequency f for UC,, for the x-polarized incident
wave (solid green curve) and the y-polarized incident wave (dashed blue curve).
The figure shows an excellent overlap in the range of interest. At the frequency
f = 27 GHz, the transmission phase is ¢(S,,) = —14° for both co-polarized

components.
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Figs. 8.7-8.9 report the same physical quantities for the UC_go, UC.180, UC-270.

Specifically, the co-polarized components (panel 'a’ in each figure) show that the
reflection and transmission magnitudes are about |S,;| = |S;1| = — 3dB at the
frequency f = 27 GHz. Regarding the cross-polarized components (panel 'b' in
each figure), the reflection and transmission magnitudes are kept below —12 dB
at the frequency f = 27 GHz, confirming that the cross-polarization compo-
nents are negligible. Finally, the transmission phase ¢(S,;) (panel 'c' in each
figure) shows the required progressive phase shifts, ie. ¢(S,;) =
{—90°; —180°; —270°}. Together, the four UCs provide a full 2 phase cover-

age.
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Figure 8.6 UC, simulation. Reflection magnitude |S;1| (red curves) and transmission magnitude
|S21] (black curves) as a function of the frequency f for: a) co-polarized components
for x-polarized (solid curves) and y-polarized (dashed curves) incident waves; and b)
cross-polarized components for x-polarized (dash-dotted curves) and y-polarized
(dotted curves) incident waves. c¢) Transmission phase ¢(S,;) as a function of the
frequency f for co-polarized components for x-polarized (solid green curve) and y-
polarized (dashed blue curve) incident waves.
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Figure 8.7 UC_q, simulation. Reflection magnitude |S;;| (red curves) and transmission magni-
tude |S,1] (black curves) as a function of the frequency f for: a) co-polarized compo-
nents for x-polarized (solid curves) and y-polarized (dashed curves) incident waves;
and b) cross-polarized components for x-polarized (dash-dotted curves) and y-polar-
ized (dotted curves) incident waves. ¢) Transmission phase ¢(S,1) as a function of
the frequency f for co-polarized components for x-polarized (solid green curve) and
y-polarized (dashed blue curve) incident waves.
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Figure 8.8 UC_;g, simulation. Reflection magnitude |S;4]| (red curves) and transmission magni-
tude |S,1] (black curves) as a function of the frequency f for: a) co-polarized compo-
nents for x-polarized (solid curves) and y-polarized (dashed curves) incident waves;
and b) cross-polarized components for x-polarized (dash-dotted curves) and y-polar-
ized (dotted curves) incident waves. ¢) Transmission phase ¢(S,1) as a function of
the frequency f for co-polarized components for x-polarized (solid green curve) and
y-polarized (dashed blue curve) incident waves.
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Figure 8.9 UC_,,, simulation. Reflection magnitude |S;4]| (red curves) and transmission magni-
tude |S,1] (black curves) as a function of the frequency f for: a) co-polarized compo-
nents for x-polarized (solid curves) and y-polarized (dashed curves) incident waves;
and b) cross-polarized components for x-polarized (dash-dotted curves) and y-polar-
ized (dotted curves) incident waves. ¢) Transmission phase ¢(S,1) as a function of
the frequency f for co-polarized components for x-polarized (solid green curve) and
y-polarized (dashed blue curve) incident waves.
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8.2 Folded Transmitarray Antenna

A horn antenna Narda ATM-28-441 has been considered as feed. The actual
geometrical dimensions of the feed [179] and of the rectangular waveguide
WR28 [180] are considered for the modelling in CST Studio Software.

Fig. 8.10 (a) shows a comparison between the normalized simulated gain G of
the horn antenna (dashed blue curve) and the function cos? 8 (solid black curve)
as a function of the elevation angle 0 for azimuth angle ¢ = 90°. The optimal
exponent to obtain a closed form approximation of Gy is q,p: = 13.3.

Fig. 8.10 (b) shows the spillover efficiency 75y, the illumination efficiency 1,
and the total efficiency 1., as a function of the ratio F /D, for the optimum ex-
ponent ¢,,; = 13.3, obtained via equations (2.52) - (2.54). The ratio F/D that
maximizes the total efficiency is the range F /D = 1.1 <+ 1.3. The maximum to-
tal efficiency is 1¢o¢ = 0.74 for F/D = 1.2.

Fig. 8.11 shows the scheme of the DLP-FTA with dual phase compensation re-
gions. The 2-bit phase compensation for both x-polarized and y-polarized inci-

dent waves has been obtained using the equation (2.50).
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Figure 8.10 a) Comparison between the normalized simulated gain Gy of the horn antenna
(dashed blue curve) and the function cos? 6 (solid black curve) as a function of the
elevation angle 6 in dB scale, for azimuth angle ¢ = 90. b) Spillover 7y, (black
curve), illumination n;;; (blue curve), and total 1,,, (red curve) efficiencies as func-
tion of the ratio F /D, for the optimum exponent q,p,; = 13.3.

TA Layer

F/3

Reflector Layer

Feed
Figure 8.11 Scheme of DLP-FTA with dual phase compensation regions.
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Fig. 8.12 shows the 2-bit phase compensation of the TA layer of the DLP-FTA.
Two regions are considered in the design: i) the central region, consisting of
4 X 4 UCs; and ii) the external region, consisting of 10 X 10 UCs. The central
region, within the grey square, is made up of UC.o, as required by the distribu-
tion phase calculated via equation (2.49) considering a focal distance (or propa-
gation path) F /3 and a phase ¢, = 0°. Conversely, a focal distance F (or prop-
agation path) and a phase ¢, = 180° + 135° are used for the phase compensa-
tion of the external region, after a double reflection in the TA cavity. Here, the
reflection phase of the ground plane is 180° , while the reflection phase ¢(S11)
of the unit cell UC.90 is —135°. The dimension of the central region has been
chosen considering the —3dB gain angular beamwidth of the horn antenna. The
focal distance F has been fixed at F = 91.8 mm. This value has been chosen
because i) it is close to the value that maximizes the total efficiency 14, (F/D =
1.45, see Fig. 8.10 (b)), and ii) it allows using 16 identical cells (4 X 4 UCs) in
the central region, providing the same reflection phase ¢(S;;) after the first re-

flection.
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Figure 8.12 Phase compensation of internal and external regions of TA layer of DLP-FTA, con-
sidering a focal distance F /3 = 30.6 mm and focal distance F = 91.8 mm, respec-
tively at working frequency f = 27 GHz.

In the folded configuration, the optimization of the distance between the top and
bottom layer becomes more complex due to additional factors, such as the pres-
ence of standing waves and nonideal plane wave incidence [62]. A lot of simu-
lations have been performed changing i) the focal distances F between the TA
layer and the reflector layer and ii) the feed z-shift h, between the horn antenna
and the reflector layer in order to maximize the realized gain G, and to minimize
the Side Lobe Levels (SLLs) for azimuth angle ¢¢ = 90° and ¢p = 0°. The best
result is obtained when the focal distance is F = 72.5 mm and feed z-shift is

h, = 0 mm.
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For a TA, the theoretical directivity Dry is approximately evaluated using the
equation D,, = 4mwA/A? [181], where A is the geometrical area of the antenna,
and A is the wavelength. For the frequencies considered in Table 8.4, the theo-
retical directivity D, should change in the range D;, = 25.5 — 26.3 dB. The
simulation of the DLP-FTA, including the horn feeding antenna and the reflector
layer, has been performed in CST Studio software.

Table 8.4 reports the directivity D, the realized gain G, the side lobe level
SLLg-g¢ (for azimuth angle ¢ = 90°), the side lobe level SLLg—- (for azimuth
angle ¢ = 0°), the radiation efficiency 7,44, and the aperture efficiency 7y, for
different frequencies, when the feed z-shift h, and focal distance F are set to
h, =0mmand F = 72.45 mm. The aperture efficiency 74, is evaluated using
the equation 74, = A% -G /(4mA) [74, 76, 176, 181]. The radiation efficiency

Nraa 18 €valuated using the equation 1,.,4 = G /D [65].
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TABLE 8.4. DLP-FTA SIMULATION: RADIATIVE PARAMETERS

Frequency D G SLL =90 SLL o Nap Nrad
(GHz) (dB) (dB) (dB) (dB) [%] [%]
25.5 14.2 13.8 -7.3 —4.6 6.7 90.5

26 20.2 19.6 -16 —10.6 24.4 87

26.5 221 21.8 —13.6 —-16.3 38.9 93.4
27 21.1 20.5 —-11.3 —15.2 27.8 87.6

27.5 211 20.5 —-13.7 —14.6 30.8 86

8.2.1 Optimization Process

The radiative parameters, i.e., the directivity D, the realized gain G, the side lobe
levels SLL, the radiation efficiency 7,44, and the aperture efficiency 1, of the
DLP-FTA have been improved, by optimizing the phase of the electric field in
the xy-plane, in order to obtain a planar wavefront. The optimization is reached
by employing the suitable UC type and distribution. In the optimization, the feed
z-shift h, = 0 mm and the focal distance F = 72.45 mm are set.

Fig. 8.13 shows the electric field amplitude in the a) xz-plane and b) yz-plane,
and the electric field phase in the c) xz-plane and d) yz-plane, for y-polarized
incident wave, at the operating frequency of f = 26.5 GHz. The figures show
that the wavefront is not planar at the output of the TA layer.
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Figure 8.13  Electric field amplitude in a) xz-plane and b) yz-plane of DLP-FTA, at the working
frequency of f = 26.5 GHz for y-polarized incident wave. Electric field phase in
c) xz-plane and d) yz-plane of DLP-FTA, at the working frequency of f =
26.5 GHz for y-polarized incident wave.
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For an x-polarized incident wave, the results are completely overlapping and are
not presented here for the sake of shortness.

Different transverse planes (xy-planes of FTA-DLP) are considered at different
distances from the output of TA layer and at different operative frequencies f =
27 GHz, f = 26.5 GHz and f = 26 GHz. Fig. 8.14 shows the xy-plane selected
for verify the optimization degree of the phase. Taking into account the phase
distribution of Fig 8.14, the UCs distribution is modified in order to obtain a
uniform phase across the xy-plane, i.e., a constant phase of ¢ = 120° corre-

sponding to the green colour.

Figure 8.14 Phase distribution of electric field in xy-plane of FTA-DLP, at a distance of 3.5 mm
from the TA layer, and at working frequency of f = 26.5 GHz for y-polarized inci-
dent wave.
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Fig. 8.15 shows the updated phase distribution after applying a phase correction.
Table 8.5 reports the optimized radiative parameters. A comparison between Ta-
ble 8.4 and Table 8.5 shows a significant improvement of radiative parameters

after optimization.

1 0

-180

‘ 0

4 -2 0 2 4 6

Figure 8.15 Updated phase compensation of the FTA-DLP after applying a phase correction.
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DLP-FTA SIMULATION: RADIATIVE PARAMETERS AFTER PHASE

TABLE 8.5 OPTIMIZATION

Frequency D G SLLy-90° SLLy-o Nap Nrad
(GHz) (dB) (dB) (dB) (dB) [%] [%]
25.5 21.9 21.4 —15.1 —-13.9 38.3 89.0

26 23.6 23.2 —15.6 —15.4 55.8 91.3

26.5 22.9 22.7 —19.2 —16.1 479 94

27 21.3 21.1 —13.9 —-16.3 319 94

27.5 17.2 16.9 -7.8 —-12.1 11.7 93.3

Fig. 8.16 shows the electric field amplitude in the a) xz-plane and b) yz-plane,
and the electric field phase in the c¢) xz-plane and d) yz-plane at operating fre-
quency of f = 26.5 GHz, after the optimization.

The figures show that the wavefront is more planar at the output of the TA layer,
when compared with Fig.8.13. Subsequently, a second optimization of the phase
has been performed, but it has not yielded improvements in terms of radiative

parameters and wavefront planarity with respect to the previous results.
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Figure 8.16 Electric field amplitude in a) xz-plane and b) yz-plane of DLP-FTA, at working fre-
quency of f = 26.5 GHz for y-polarized incident wave. Electric field phase in c) xz-
plane and d) yz-plane of DLP-FTA, at working frequency of f = 26.5 GHz for y-
polarized incident wave, after the optimization.
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8.3 Polarization Analysis

In this section, comparisons are reported to evaluate the DLP-FTA antenna re-
sponse when illuminated by the horn antenna with polarization along the x-axis
and y-axis.

Fig. 8.17 shows the input reflection coefficient |S;4| as a function of frequency
f for an x-polarized incident wave (black curve) and a y-polarized incident wave
(red curve). An excellent overlap between the two curves can be observed. The
impedance bandwidth, calculated at —10 dB, covers the range BW = 25.35 —
29 GHz.

Fig. 8.18 shows the realized gain G as a function of frequency f for x-polarized
incident wave (black marks) and y-polarized incident wave (red marks). The
—3dB gain bandwidth is about BW; = 25.3 — 27.2 GHz.

Fig. 8.19 shows the simulated realized gain G as a function of elevation angle 6
for an x-polarized incident wave (black curve) and y-polarized incident wave
(red curve), for azimuth angle a) ¢ = 0°, and b) ¢ = 90° at operating frequency
f =26GHz.
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Figure 8.17 Simulated input reflection coefficient |S;;| as a function of frequency f for x-polar-
ized (black curve) and y-polarized (red curve) incident waves.
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Figure 8.18 Simulated realized gain G as a function of frequency f for x-polarized (black marks)
and y-polarized (red marks) incident waves.
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Figure 8.19  Simulated realized gain G as a function of elevation angle 6 for x-polarized (black
curve) and y-polarized (red curve) incident waves, for azimuth angle a) ¢ = 0° and b)
¢ = 90° at operative frequency f = 26 GHz.
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8.4 Comparison with State of the Art

Table 8.6 reports a comparison between the proposed DLP-FTA and other DLP
antennas in RA, TA, and FTA configurations. The proposed DLP-FTA com-
pared with the DLP-FTA antenna [62] shows a comparable gain bandwidth BW;;
and a higher aperture efficiency 714, and higher impedance bandwidth BW .

Furthermore, it shows a higher aperture efficiency with respect to the TA [74,
77,79, 173,176] and RA [75]. Moreover, the proposed DLP-FTA achieves com-
parable aperture efficiency 74, and gain bandwidth BW,; with respect to the TAs

[76, 78], but with a significantly reduced profile due to the folded architecture.
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TABLE 8.6 COMPARISON BETWEEN THE PROPOSED DLP-FTA AND LITERATURE

Retr, AT UGS fo F L gL g ARER
G [dB] BW,[%] BW[%]

[62] FTA 16x16 10 0.55 22 ~9* ~5 ~25
[74] TA 381 28 04 214 # # 36.8
[75] RA 30x30 155 0.86 .245 15%* # 37.4
[76] TA 22 x 22 31 1.27 28.7 10.3%* # 61.3
[77] TA 21 x21 30 1.5 21 9.6%* # 40
[78] TA 20x20 1425 14 29.2 6.8%* # 60.3
[79] TA 351 15 0.75 231 37.3%%* # 42.3
[173] TA 22 x 22 12 0.6 21 10.8** # 17
[176] TA # 275 05 242 12.4%** 10.5 24.5

This work FTA 14x14 26 115 232 7.3%* 14x%* 55.8

* The gain bandwidth BW; is defined at —3dB for [62, 176] and the proposed DLP-FTA:

**The gain bandwidth BWj; is defined at —1dB for [75-79, 173]

***The —10 dB relative impedance bandwidth BW is calculated with respect to the frequency corresponding to the
maximum realized gain, i.e. f = 26 GHz.
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8.5 Conclusion

This chapter illustrates the design and optimization of a DLP-FTA operating in
the Ka-band. The FTA consists of 14 X 14 symmetrical UCs, designed to provide
a transmission coefficient of about —3dB and 2= full phase coverage for both
linear polarized incident waves. The proposed DLP-FTA exhibits a realized gain
G of G = 21.1 dB and an aperture efficiency of n = 31.5% at the frequency
f = 27 GHz, reaching a maximum realized gain of G = 23.2 dB and an ap-
erture efficiency of n = 58.8 % at the frequency f = 26 GHz. Moreover, the
device demonstrates a relative impedance bandwidth of BW = 14%, and —3dB
gain bandwidth of BW; = 7.3% making this device competitive with the state
of the art. The next step will involve the complete fabrication and experimental
characterization of the proposed DLP-FTA. At the moment the fabrication has
been partially performed.
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Conclusions

In this Ph.D. thesis, novel microwave and optical devices for telecommunica-
tions and IoT applications have been designed, optimized, and characterized.
Regarding the optical devices, the main results concern the design and optimi-
zation of a Mid-IR i) fiber laser and ii) optical fiber amplifier based on praseo-
dymium-doped fluoroindate glass (Pr**: InF3) operating at A = 4 um; and iii) the
design, fabrication and characterization of a non-adiabatic tapered optical fiber
sensor based on ZBLAN glass. In particular:

i) The fiber laser has been designed, and the simulations predict a slope effi-
ciency ofn = 17.2% and a pump power threshold of P;;, = 75 mW. Com-
pared to the state of the art of fluoroindate fiber lasers, the proposed laser
demonstrates competitive performance achieving longer emission wave-
lengths A through single wavelength pumping at A, = 1.55 um;

ii) The optical fiber amplifier provides high-performance amplification,
achieving a high gain ¢ = 32.1 dB, a low noise figure NF = 6 dB, and a
wide bandwidth BW; = 130 nm around the central wavelength A =
4 pym, with an input signal power P, = —30dBm and a pump wavelength

A, = 1.55 um.
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iii)The non-adiabatic tapered optical fiber sensor based on ZBLAN glass has

been designed, fabricated, and characterized for temperature sensing in the
Mid-IR range; the sensor exploits the thermo-optic dn/dT and thermal ex-
pansion a properties of fluoride glass and the interference pattern shift,
achieving a simulated and a measured sensitivity of S = —85.3 pm/K,
demonstrating a competitive and low-cost sensor compared to the state of

the art;

Regarding microwave devices, the main results concern the design, fabrication

and characterization of the following structures: iv) an AVA with and without

MTMs, v) an FPA, vi) a DLP-TA; and the design and optimization of vii) a DLP-

FTA.

In particular:

iv) The AVA without MTMs is compared with the AVA integrated with three

MTM configurations based on SRRs. The simulations and the measure-
ments have demonstrated that the integration of MTMs has allowed max-
imizing the measured peak gain G,,,, = 12 dB at the frequency f =
8.6 GHz, with a maximum gain enhancement of AG = 2.5 dB compared
to the AVA without the MTMs, while maintaining a wide operating band-
width of f = 3 — 13 GHz.

The FPA has been realized using an unconventional hybrid fabrication
technique combining conductive inkjet and 3D printing; this cost-effective

prototype demonstrated excellent performance with a maximum measured
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gain G4, = 13.2 dB at the frequency f = 8.2 GHz, an impedance band-
width BW = 31.3%, and a —3 dB gain bandwidth BW; = 24.5 %, prov-
ing the possibility of low-cost antenna manufacturing;

vi) The DLP-TA for beam-steering applications in the Ku-band has been re-
alized showing a measured peak gain G,,, = 21 dB, and an aperture effi-
ciency Ngp0 = 17 % at the frequency f, = 12 GHz, while the best beam
steering performance is obtained at frequency f; = 12.4 GHz with a
beam steering up to Y = £30° and a scan loss of AG; = 2.73 dB

vii) The compact DLP-FTA operating in the Ka-band range has been de-
signed and optimized; thanks to the ad-hoc design of the unit cells, the
antenna operates with both linear polarizations, achieving a simulated re-
alized gain G = 21.1dB and a high aperture efficiency 74, = 31.5 % at
frequency f = 27GHz, reaching a maximum realized gain G,q, =
23.2 dB and an aperture efficiency 1qp max = 58.8 % at frequency f =
26 GHz. The device demonstrates a relative impedance bandwidth of
BW = 14%, and a —3dB gain bandwidth of BW; = 7.3% making this
device in line with the state of the art. The next step will be the fabrication
and characterization.

Part of these research activities have been published in International Journals and
presented at National and International Conferences, as detailed in the next par-

agraph.
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These research activities pave the way for multiple future developments. Re-
garding the optical devices, future work will primarily focus on the experimental
fabrication and characterization of the simulated Mid-IR fiber laser and optical
amplifier to practically validate their high-performance theoretical models. Ad-
ditionally, the proposed non-adiabatic tapered optical fiber sensor could be inte-
grated into larger IoT networks for real-time, distributed environmental moni-
toring. Concerning the microwave devices, the immediate next step will be the
simulation of the beam-steering performance, followed by the manufacturing
and experimental testing of the Ka-band DLP-FTA. Furthermore, the low-cost
and unconventional fabrication techniques investigated in this work, such as the
combination of 3D printing and conductive inkjet printing, can be further opti-
mized for large-scale manufacturing and improved resolution. Finally, the de-
sign methodologies applied to the proposed antennas and transmitarrays could
be scaled to higher millimeter-wave and sub-THz frequency bands, integrating
active electronic elements for dynamic, continuous beam-steering in order to sat-

1sfy the requirements of future communication systems.
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